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ABSTRACT

Water contaminants in oxidized form can be preferably removed or transformed to less
harmful species by chemical or biological reduction. Hydrogenation metal-catalyzed reduction
has emerged as a promising treatment technology for oxidized pollutants (e.g., oxyanions, halo-
and nitro-organics). To date, Pd-based catalysts have received significant attention and
demonstrate good activity and stability in reducing a number of contaminants relevant to
drinking water or groundwater, but the deployment of catalytic reduction systems remains
limited, in large part, by the high cost and volatile market price of this metal. The narrow focus
on Pd-based materials also hinders the advancement of catalytic reduction technology because
other hydrogenation metals are being overlooked which may have exhibited higher activity for
specific contaminants. In addition, demonstrating catalytic activity with multiple metals can
reduce uncertainty in the cost of the technology by allowing for metal substitution during market
SULFH VSLNHV 7KXV LW LV QHFHVVDU\ WR H[SDQG FDWD
applications and to integrate catalysts with other technologies (e.g., separations processes) to
advance the development of practical water catalysis technologies.

To develop alternative hydrogenation metal catalysts for water purification, several
supported platinum group metals catalysts vemsessed with a suite of representative ooya
pollutants. Rh, Ru, Pt and Ir were found to exhibit higher activity, wider substrate selectivity or
variable pH dependence in comparison to Pd. A detailed investigation, coupling experiments
with computational work, was then conducted to identify mechanisms controlling nitrate and
nitrite reduction by supported Ru catalysts. Pseudo-first-order rate constants and turnover

frequencies were determined for carbon- and alumina-supported Ru, and this work demonstrated
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Pretreatment of the catalysts was found to enhance nitrate reduction activity by removing
catalyst surface contaminants and exposing highly reducible surface Ru oxides. Ru reduces
nitrate selectively to ammonia and nitrite to a mixture of ammonia andvith the product
distribution determined by the initial aqueous nitrite concentrations. Experimental observation
and Density Functional Theory calculations together support a reaction mechanism wherein
sequential hydrogenation of nitrate to nitrite and NO is followed by parallel pathways involving
the adsorbed NO that lead to ammonia and N

The activity of supported Ru catalysts was further evaluated for redNemitgosamines,
including the toxic disinfection byprodudt-nitrosodimethylamine (NDMA) and other organic
water contaminants. Using NDMA as a representative contaminant, commerciab@3u/Al
catalyst showed high activity with an initial turnover frequency (dQff 58.0 + 7.0 H. A
second Ru/AlOs catalyst was synthesized using an incipient wetness impregnation technique,
and this catalyst exhibited higher initial pseudo-first-order rate constant than the commercial
catalyst due to higher dispersion of Ru nanoparticles on the catalyst support. NDMA was
reduced to dimethylamine (DMA) and ammonia end-products, and a small amount of 1,1-
dimethylhydrazine (UDMH) was detected as a transient intermediate. Experiments with a
mixture of five N-nitrosamines spiked into tap water @ L' each) demonstrated that Ru
catalysts are very effective in reducing a rang&l-ofitrosamine structures at environmentally
relevant concentrations. These results encourage the further development of Ru catalysts as part
of the water purification and remediation toolbox.

Supported Ru catalyst was then integrated into a hybrid catalytic
hydrogenation/membrane distillation process to improve nitrate-contaminated ion exchange
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waste brine management and recover valuable nitrogen resources. The ability of a commercial
Ru/C catalyst to reduce concentrated nitrate was demonstrated in a semi-batch reactor under
typical waste brine conditions. Nitrate hydrogenation exhibited zero-order kinetics, attributed to
saturation of available surface reaction sites, and the apparent rate constant was influenced by
both solution chemistry and reaction temperature. The resulting ammonia product was efficiently
recovered using membrane distillation. At low temperatures (<35 °C), solution pH showed
significant impact on ammonia mass transfer coefficient by controlling the free ammonia species
fraction. Ammonia recovery efficiency was not affected by salt levels in the brine, indicating the
feasibility of membrane distillation for recovering ammonia from waste ion exchange brine. The
hybrid catalytic hydrogenation/membrane distillation process was also applied to a real ion
exchange waste brine and demonstrated high nitrate hydrogenation and ammonia recovery
efficiency. These findings provide alternative catalyst for catalytic treatment of ion exchange
waste brine and design option of efficient, low footprint system for nitrogen resource recovery
from waste ion exchange brines.

In addition, the efforts of catalyst and process development were extended to the field of
bio-renewable energy. Leveraging fuel property predictive models, a non-cyclic branghed C
hydrocarbon (5-ethyl-4-propylnonane) was identified to be a potential target molecule for
renewable diesel applications. This target molecule is accessible from butyric acid through
sequential catalytic reactions of acid ketonization, ketone condensation, and hydrodeoxygenation.
Catalytic activity, product selectivity, and catalyst stability for individual conversion step were
first evaluated, followed by demonstration of hydrocarbon blendstock production from butyric
acid through integrated conversion process scheme. Experimental fuel property testing of the

conversion product validated its suitability for use as diesel blendstock.
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CHAPTER 1
INTRODUCTION AND MAIN OBJECTIVES
1.1  Background
1.1.1 Catalytic treatment of oxyanion water contaminants

Toxic oxyanions, such as nitrate (Y nitrite (NQ), bromate (Br@), chlorate (CI@),
and perchlorate (ClY), are common drinking water contaminants. Nitrate contamination of
surface and groundwater has gradually increased due to excess fertilizer applications, poor
disposal of animal waste, and release of incompletely treated industrial and domestic
wastewatet:® The presence of bromate is mainly due to the ozonation of bromide-containing
source waters, and bromide has various natural and anthropogenic sources, such as seawater
intrusion, pesticide run-off, industrial wastes and impurities from road de-icing* salts.
Perchlorate contamination is attributed to the manufacturing of rocket fuel and explosives,
Chilean nitrate fertilizer, and other naturally occurring soutces.

These contaminants target multiple organs, exhibiting carcinogenic, mutagenic, or
endocrine disrupting properties. For example, nitrate can be converted to nitrite in the human
body and can cause methemoglobinemia (i.e., blue baby syndrome), and nitrite can be
transformed in vivo to potentially carcinogenic nitrosamines via nitrositioBromate was
classified by the International Agency for Research on Cancer in Group 2B (possibly
carcinogenic for humang)The main risks are associated with the kidneys. Perchlorate is an
endocrine disrupting compound (EDC) that interferes with iodine uptake by the thyroid gland
and synthesis of thyroid hormone€urrent regulatory status of these oxyanions is listed in

Table 1.1.



Table 1.1 Current regulatory status of selected oxyanions in drinking water.

Oxyanion Regulation
Nitrate MCL of 10 mg/L NQ iN
Nitrite MCL of 1 mg/L NG iN
Bromate MCL of 10 pg/L as Br@
Perchlorate NPDWR initiated in 2011
Chlorate Listed on the CCL4

MCL: Maximum Contaminant Level
NPDWR: National Primary Drinking Water Regulations
CCL4: Contaminant Candidate List 4

In addition to conventional treatment technologies for oxyanions, including ion exchange
and reverse osmosis which only serve to transfer the contaminant between phases, hydrogenation
metal-based catalyst materials have emerged as a promising alternative. These materials enable
reduction of oxyanion using d), which can be generated from a variety of renewable sources.

In the 1990s, Pd and Pd-Cu were identified in screening studies as the optimum catalysts for
reduction of nitrite and nitrate, respectivélyi! In a more recent screening study, a total of ten
activated carbon-supported metal catalysts were prepared in house and tested for nitrate and
nitrite reduction? Pd, Ir, Pt, and Rh presented significant activities for nitrite reduction, and the
activity was correlated with the hydrogen chemisorption energy per atom of metal. The study
concluded that none of these metals is practically active for nitrate reduction by itself.
Subsequently, 15 bimetallic catalysts were prepared and tested, with Rh-Cu showing the highest
activity and producing a large amount of ammonium. Pd-Cu catalyst was considered most
promising catalyst if selectivity to Ns desiredt> 13 A large body of literature exists on nitrate
reduction with Pd-based bimetallic cataly$t& Our current understanding of metal-catalyzed
nitrate hydrogenation mechanisms has been limited mostly to reactions occurring with these
materials. The prevailing reaction pathway follows a two-step process (Figure 1.1): (1)

hydrogenation of nitrate to nitrite on bimetallic clusters followed by (2) further hydrogenation of

2



nitrite on Pd sites to a mixture of2Mind NH* stable endproductd. 18 224 The proposed
sequential reduction pathway is supported by the observation of nitrite as a transiem reactio
intermediaté? 2°increasing with pH as the rate of Pd-catalyzed nitrite reduction decfé&8es,

and isotope labeling experiments showitdjcatalyzed reduction of NO to the same mixture of
endproducts, but selective conversion @ONo No.?2 The distribution of endproducts, presumed

to be controlled by the Pd-catalyzed reactions of nitrite or its daughter products (e.g., adsorbed
NO), has been reported to vary with catalyst compostfionetal nanoparticle sizé support®

and solution pH?

>N,0 —> N,

Pd-M Pd
NO, —> NO,, —> NO

> NH,*
Figure 1.1 Nitrate hydrogenation pathway on Pd-based bimetallic catalysts.

Catalytic reduction of bromate was first studied with Ru oxide catalyst that couples
bromate reduction with water oxidation, and adding an alcohol (e.g., methanol) as electron donor
increases the reaction rate by promoting reduction ofsRuoQatalytically active Rug®®: 3!

Chen and co-workers for the first time reported catalytic hydrogenation of bromate usaisg H
electron donor. Pd/ADs exhibited higher activity than Pt/ADs, and the activity of Pd was

found to be sensitive to Pd particle stZzeThe Pereira and Neves team assessed $evera
monometallic catalysts supported on activated carbon for the catalytic reduction of bromate
under hydrogei® The Pd catalyst was found to be the most active when normalize by active
metal mass, whereas other metals such as Pt surpass Pd if the activity is normalized to the
available metal surface area. Among zedigported catalysts comprising one or two of four

metals, Pd, Cu, Th, and Rh, Pd-Cu bimetallic catalysts was concluded to be the most promising



catalyst®* 3% While Th also exhibits high activity, it is not suitable for use in water treatment
processes due to its pyrophoricity and radioactivity. Pd catalyst with Cu as a secondary metal
was also found to be the most active catalyst for bromate reduction among 10 combinations of a
noble metal and a secondary non-noble metal screened, and the activity of Pd-Cu bimetallic
catalyst was shown to depend on the atomic ratio between Pd aifdSGpport also affects
catalyst activity. Pd supported on28k showed higher activity than that on Si@r activated
carbon, which was attributed to its higher isoelectric point that enhances adsorption of the
bromate anion under pH conditions testedlhe bromate reduction activity of different
supported monometallic catalysts followed the trend 2TH multiwall carbon nanotube
(MWCNT) > activated carbon, with T&®D and MWCNT exhibiting catalytic activity by
themselves! In all studies of catalytic bromate reduction, stoichiometric reduction to bromide is
observed with no detectable reaction intermediates.

In comparison to the other oxyanions, perchlorate is kinetically inert and few catalysts
have been found to be active under ambient temperature and pressure conditions. In 2007, Pd-Re
catalysts were first proposed to reduce perchlorate to chloride in water. ynddr mild
conditions®® The catalyst was prepared by adsorption of inorganic Re(VIl) precursors onto Pd/C.
Chloride is the only observed product with no detectable intermediates, and mechanistic
investigations linked reduction to an oxygen atom transfer (OAT) mechanism catalyzed by the
immobilized Re ions. Liu and co-workers promoted the development of this innovative
technology by improving the design of catalyst to achieve significantly enhanced activity. The
change of Re precursor from inorganic perrhenate {Ref® organometallic oxorhenium
complexes (e.g.hoz or 2- $hydroxyphenyl)-2-oxazoline) increased perchlorate reduction

activity by approximately 100 foléf. By replacing Pd with Rh, the immobilized Re is also
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stabilized, presumably by reducing proposed intermediates (chlorate, chlorite, and hypochlorite)
at a faster rate, thereby limiting reactions of these intermediates with Re that can lead to leaching
of the Re complex from the support mateffarhe noble metal particles (i.e., Pd or Rh) serve to
activate H to reduce the oxidized Re(VIlI) complexes back to active Re(V) complex to complete
the catalytic OAT cyclé? It has been reported that activity of carbon-supported monometallic
catalysts follow the trend Rh/C > Pd/C > RdfC.
1.1.2 N-nitrosamines as emerging water contaminants and treatment options

In addition to inorganics, multiple organic compounds have also received attention due to
their occurrence in water sources and health concern. ParticiNarlfrosamines are a group of
disinfection byproducts (DBP%) that exhibit carcinogenicity and genotoxicity.These
compounds are widely detected in surface water, ground water, and treatetf {Ratthough
they are not currently regulated by NPDWR, U.S. EPA has included\fivierosamines on the
CCL4/ and the World Health Organization (WHO) has established a guideline value of 0.1 ug
L for N-nitrosodimethylamine (NDMA) in drinking watéf.

Physical treatment technologies are ineffective at remoMimigrosamines. Adsorption
of these compounds to activated carbon or soil is relatively insignificant, especially for lower
molecular weight molecules like NDMZ: 4° They are also able to pass through membranes
used for drinking water treatment including reverse osmosis menfSraife® causing
significant concern for potable reuse of municipal wastewater. Chemical destruction may be
achieved by strongly oxidizing hydroxyl radicals generated in the advanced oxidation processes
(AOPs)>2 However,N-nitrosamines are usually present at pfl&vel, which is comparable to

or much lower than the concentrations of non-target radical scavengers (e.g., natural organic



matter and bicarbonate) commonly found in water matrices, resulting in inefficient utilization of
hydroxyl radical oxidants.

As N-nitrosamines are identified by a characteridlinitroso group, processes targeting
to break the N-NO bond are promising for treating these recalcitrant contaminants. Several
approaches have been reported effective for such purpose, including UV photolysis, metal
reduction, and catalytic reduction (Figure 1.2). Among these approaches, UV photolysis is a
common water treatment technology and has been applied af%sedidthough it is relatively
established, this technology has a major downside of high energy demand and cost associated
with the required UV fluences, which are order-of-magnitude higher than those applied in
disinfection processés. >* The N-nitrosamine removal efficiency by UV processes can be
improved by hydrated electrofs,which requires adding elevated concentrations of photo-
sensitizer such as KI. In contrast, both metal reduction and catalytic reduction reply on surface
hydrogen atom as a reductant to break the N-NO bond. For example, zerovalent metals (e.g., Fe)
form surfae adsorbed atomic hydrogen upon water corrosion. This process is slow, and
hazardous intermediates fronN-nitrosamine reduction were observed to accumulate in the
treated wate?® °’ Earth-abundant metal Ni in the form of porous Raney Ni was found to be
highly active at catalyziny-nitrosamine reductioff However, development of Ni materials for
water treatment is limited by health concerns of Ni leached into treated SW&etased
catalysts have demonstrated fast kinetics and high stabilityi-fotrosamine reductioff.®? As
mentioned earlier, a major barrier for developing and adopting these catalysts for water treatment
is the use of expensive Pd. Therefore, development of active, stable, and lower cost catalysts will

be critical to advancing the treatment technologyNanitrosamines.
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Figure 1.2 Represenative approaches for transforidingrosamines by breaking N-NO bond.
1.1.3 Supported Ruthenium catalysts and their applications

Pt group metals (Os, Ru, Ir, Rh, Pt, and Pd) are transition metals with high resistance to
corrosion and widely used as cataly8tRu has historically had a lower price compared to other
metals in Pt grouif and found applications both as organometallic catalysts and supported metal
cailysts®® Supported Ru catalysts have shown excellent performance in dehydrogé&hation,
oxidation®” 8 glycerol steam reformingf, and hydrogenolysi€. Particularly, recent studies
applied supported Ru catalysts to a variety of hydrogenation reactions, includizgdC3
sugars’* "2organic acids (e.g., levulinic acid and lactic aéfd}*benzené? substituted aren€s,

8 and heteroaromatics (e.g., substituted furdh§he interest in Ru catalysts may be attributed
to the growing research field of biomass conversion, where Ru catalysts have shown outstanding
activity for the aqueous-phase hydrogenation of biosourced carbonyl compdunds.

Supported Ru catalysts have a distribution of surface sites that varies with particle size
and shape. Understanding site-specific activity and developing controlled synthesis strategies are
critical to the design of high-performance catalysts for reactions that are sensitive to catalyst
structure. Ammonia synthesis and decomposition on Ru have been known to beestructu
sensitive reactions, ands®ype step sites have been identified to be the most active*sRgs.

FRQWUROOLQJ WKH SUHW AHDKBR@WL BiRa &I LaveuitRfdtaRdts 5 X
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differing in Ru particle size and shaffeCombining microscopy, chemisorption, and extended
X-ray absorption fine structure (EXAFS) techniques, the Ru particle shape was reconstructed
and shown to change from round for smaller particles to elongated or flat for larger particles. The
number of B sites highly depended on particle shape and increased with particle size up to 7 nm
for flat nanoparticles, leading to the highest ammonia decomposition turnover frequency (TOF).
The size-dependence of catalytic activity has also been observed for sugar hydrogenation using
supported Ru catalysts.Carbon-supported Ru particles of size ranging from 1 to 8 nm were
prepared by incipient wetness impregnation and colloidal method, and the highest TOF was
observed with a catalyst that has an average Ru patrticle size of ca. 3 nm. To differentiate the CO
dissociation activity of step sites and terrace site of 2D-like Ru islands supported on rutile TiO
Liuzzi et al blocked the step-edge sites of Ru by addition of b&rdieir results showed that

initial reaction rate for B-doped Ru/TiOwas lower than that of non-doped Ru/TiO
Interestingly, the steady-state rates were identical for these two catalysts, indicating that the more
active step-edge sites were modified under realistic FisEhmpsch synthesis conditions.

The major role of catalyst support is facilitating active metal phase dispersion to reduce
metal loading and cost. Due to the close proximity with metal particles, catalyst support can also
have an impact on metal activity and stability. Xetoal reported the synthesis of few-layer
graphene (FLG)-supported Ru nanoparticle catalysts using a polyol approach and their high
activity for levulinic acid hydrogenatioff. 7 KH V H O H Filerglacdiéne WaR complete, and
the catalysts demonstrated much higher stability compared with traditional activated carbon-
supported Ru catalysts. The superior catalytic properties of FLG-supported Ru catalysts were
attributed to greater metallic Ru content and large number of defects, wheré tangling

bonds strongly interact with the dsp states of the Ru nanoparticles to mitigate nanoparticle
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migration or aggregation. The ability of graphene to modulate electronic and geometric
structures of Ru nanoparticles was also reported in other studies. For example, thermally
exfoliated graphite oxide (TEGO)-supported Ru catalysts synthesized by incipient wetness
impregnation imparted thermal stability to Ru nanoparticles heated aCC7i00ON: flow.” Ru
nanoparticles on TEGO were observed to be more flat at high temperature reduction due to the
strong interaction between Ru and TEGO. In addition, TEGO is a stronger electron-withdrawing
support than carbon nanotubes, leading to relatively electron-deficient Ru nanoparticles and
subsequently higher activities for benzene anchloronitrobenzene hydrogenation. Legigal
observed chemoselective hydrogenation of nitrobenzene to aniline witbu@ported Ru
nanoparticle$® Density functional theory calculations suggested that the Ru nanoparticles
supported on & are electron-deficient, consistent with experimental observations.

In addition to designing catalyst support, the controlled incorporation of other metals to
Ru can also be utilized to tune catalytic properties. During levulinic acid hydrogenation in a 2-
secbutyl-phenol solvent, the catalytic properties of Ru/C were significantly modified by the
addition of Srf? Specifically, a catalyst containing equal amounts of Ru and Sn showed
complete selectivity for levulinic acid hydrogenation versus the solvent and displayed stable
time-on-stream activity. The ratio between Ru and Sn was found to be critical. While bimetallic
RuSn aOOR\V KDG ORZHU DFWLYLW\ EXW LPSURYG pNadeDELOLW
formation, which was not active for hydrogenation reactions and leached under reaction
conditions. The bimetallic Ru-Fe catalysts were shown to achieve catalytic properties that differ
from individual metals alon€. When hydrogenating multifunctional aromatic and
heteroaromatic substrates, pure Ru nanoparticles exhibited selectivity following C=C > arene >

C=0, while pure Fe nanopatrticles were not active for hydrogenation reactions. At Fe contents in
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>> arene. Bimetallic catalysts provide ample opportunities to new catalyst formulations and
novel catalytic properties. Major challenges in the field include controlled synthesis of bimetallic
nanoparticles and structure-activity relationship elucid&fion.

Although Ru catalysts have received increasing attention in chemical synthesis and
biomass conversion applications, the use of Ru catalysts for catalytic reduction water treatment
remains very limited. The current focus of research is largely on Pd-based materials. The fact
that Pd exhibits poor activity for reduction of selected contaminants, together with the scarcity
and the high cost of this metal, necessitates an expansion of available catalyst formulations.
Given the promising catalytic properties of supported Ru catalysts in hydrogenation reactions,
their potential to be lower-cost alternative to Pd-based materials for water treatment applications
should be explored.

1.1.4 Strategies for regenerating nitrate-contaminated ion exchange waste brine

lon exchange is an established method for removing nitrate from drinking water. It has
advantages including fast start-up, insensitivity to low temperature, stable operation, and ease of
intermittent operatiof.®* However, this process requires large quantities of concentrated NacCl
solution for resin regeneration, resulting in waste brine high in nitrate, chloride, and sulfate
concentrations that requires further management. As a result, there is considerable interest in
treating waste ion exchange brines to allow for brine re-use.

Efforts to biologically denitrify ion exchange waste brine have been pursued for over
three decades. In the 1980s, Van der Hoek and co-workers proposed a combined ion
exchange/biological denitrification process in which nitrate in ground water is removed by an ion

exchange column and the resins are regenerated in a closed circuit through a biological
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denitrification reactof>®” The process demonstrated a reduction of 95% in waste brine volume
and a reduction of 80% in regeneration salt requireffe6tifford and co-workers studied
biological denitrification of spent regenerate brine in a sequencing batch reactorr{&BR)ey
examined higher sodium chloride concentration (0.5 N) and nitrate concentration (up to 835 mg
NOsz-N L) than previous research effort and reported more than 95% denitrification within 8 h
using an optimal methantd-nitrate-nitrogen ratio of 2.7. The salt consumption was lowered
50%, and the salt discharge can be reduced aboufQUBe authors further developed a mixed
culture capable of rapidly reducing nitrate in 60-§NacCl, although the stability of the culture
requires added sulfide, trace metals and phosphate.

The main drawback of biological treatment of waste brine is public perception of the risk
associated with microbes contaminating the drinking water supply. Additionally, biological
treatment may also not be ideal for intermittent treatment applications, such as periodic treatment
of ion exchange waste brines, due to slow start-up. Compared with biological treatment methods,
chemical treatment options have the advantages of higher operational flexibility and minimal risk
of microbial contamination in treated water. Among potential reducing agents, zero valent iron
(ZVI) has relatively high efficiency and low cost. The majority of the studies with ZVI
concluded nitrate is predominantly reduced to ammuiftaStudies of applying ZVI to nitrate
reduction in brine matrix are limited. Although chloride is considered to induce corrosiof of Fe
surface and thereby enhance reactivity or surface’amayated concentrations of NaCl (3-12 g
LY significantly slowed nitrate reduction with nanoscale 2P’ In a most recent study,
however, high level of chloride (1.37 M) showed insignificant effect on nitrate reductioif.rate

Despite fast kinetics and easy operation, the attractiveness of chemical reduction is compromised
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by the requirement of highly excessive amount of ZVI (e.g., Fe to nitrate molar ratf§ an@)
production of metal oxides waste sludge.

Compared with chemical reduction, catalytic reduction treatment leverages metal
catalysts, which enhance reaction rate and enable the utilizatiop af B low cost and more
sustainable electron donor than the carbon-based donors typically employed in biological
denitrification scheme¥. Fast kinetics also decreases the volume and footprint of the reactor.
Pintar and co-workers first proposed a closed loop ion exchange-catalyst system for brine reuse,
in which a 0.25-1 wt% NaCl solution was continuously circulated through the catalyst column
and resin column until all nitrate was remov&tAlternatively, our group proposed a two-stage
hybrid treatment system in which ion exchange process is used for treating nitrate contaminated
water source and the exhausted resins are regenerated by using fresh brine or waste brine that is
catalytically treated with Pd-In/C in a separate reactor (Figur€®118)The catalytic reduction
treatment was investigated in batch reactor, fixed bed reactor (FBR) or trickle bed reactor
(TBR).% 101, 102 A" separate catalytic reactor is more readily incorporated into current ion
exchange process without the need to resizing of the ion exchange column. Elevated levels of
non-target ions such as chloride and sulfate were found to inhibit catalyst &8ttfyA major
limitation of catalytic treatment process is the high capital cost of Pd-based catalysts. Efforts
have also typically focused on converting nitrate tooMer the NH" endproduct. However,
conversion to NkR' may, in fact, be advantageous if a suitable process for recovering the

endproduct as a fertilizer product (e.g., @43Qy) is available.
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Figure 1.3 Flow diagram of the hybrid ion exchange-catalyst treatment system. Reproduced from
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1.2  Main Objectives

This dissertation was designed to address challenges raised in the development o
catalytic reduction technologies, namely identifying alternatives to Pd-based catalysts and
integration of catalytic treatment into existing treatment processes like ion exchange. The main
goals of the dissertation were to develop catalysts and processes to advance the application of
catalytic reduction water treatment technologies. The specific objectives and hypotheses of this
research are as follows:

1. Assess selected Pt group metals for their activity, solution pH dependence, scope of
substrate reactivity, and economic benefit with a suite of oxyanions (chapted-2)
based catalysts have been studied for their activity in catalyzing the hydrogenation of
oxyanions. | hypothesize that other Pt group metals, such as Ru, Rh, Ir, and Pt, will
show activity in reducing one or multiple oxyanion contaminants of concern,
including nitrate, bromate and chlorate. | also anticipate that some of these metals can
be combined with Re (an oxygen atom transfer catalyst) to achieve reduction of

perchlorate, a kinetically inert oxyanion. | also hypothesize that catalyst activity and
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its dependence on solution pH will be determined by the identity of metal and less
affected by the support.

. Evaluate the kinetics and investigate the mechanism of nitrate and nitrite reactions
with supported Ru catalysts (chapter Gatalyst screening experiments revealed that
Ru/C has unexpectedly higher activity of nitrate reduction than other Pt group metals.
The reactivity and mechanistic features of reactions on Ru catalyst surfaces is
unknown. | hypothesize that the high activity observed here results from high
dispersion of Ru nanoparticles in commercial catalysts and catalyst pretreatment
protocols that restore Ru surfaces to their active form. | also hypothesize that nitrate
reacts by a similar mechanism observed for Pd-based bimetallic catalysts.

. Extend the evaluation of Ru catalyst activity to N-nitrosamines and other trace
organic water contaminants (chapter. Hreviously, bimetallic Pd catalysts that react
with nitrate have been shown to also reduce NDMA to less toxic products. Thus, I
hypothesize that Ru catalysts that are reactive with nitrate and nitrite will also exhibit
high reactivity with NDMA and relatedll-nitrosamines. Likewise, | expect reactivity

will extend, to varying degrees, other classes of organic pollutants where Pd catalyst
activity has been previously documented (e.g., halo- and nitro-organics).

. Develop integrated process coupling ion exchange, catalytic nitrate reduction, and
membrane distillation to treat nitrate-contaminated water sources while reducing
brine consumption and producing a value-added fertilizer product (chapt&ebise

of waste brine from regenerating ion exchange resin has been studied with bimetallic
Pd catalysts, which reduces concentrated nitrate in the brine to a mixture of nitrogen

gas and ammonia. The production of ammonia has typically been deemed as
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undesirable but appears to be unavoidable due to the nature of catalyst and limitation
of hydrogen transfer. | hypothesize that substitution of Pd-based catalysts with Ru
catalysts will be technically feasible to remove nitrate from waste brine and be
economic competitive due to the much lower cost of Ru. | further hypothesize that
integrating a third process, membrane distillation, will enable recovery of the
ammonia byproduct as ammonium sulfate, NBOQ:, a commercial fertilizer
product.

,Q DGGLWLRQ WR WKH GLVVHUWDWLRQYMY PDMRU WRSLF
renewable energy and leveraged catalysis and process integration to produce a performance-
advantaged renewable hydrocarbon diesel blendstock from low-cost, biologically-derived butyric
acid. Renewable diesel fuel is critical to reducing the carbon footprint of the transportation sector,
and lignocellulosic biomass is a particularly promising non-food feedstock for such applications.
Short-chain carboxylic acids are among the most abundant bio-intermediates from anaerobic
fermentation of lignocellulosic sugars. In chapter 6,.ahgdrocarbon molecule is predicted to
exhibit desired fuel characteristics, and its synthesis is demonstrated from upgrading butyric acid
through sequential catalytic reaction pathways.

1.3 Intellectual Merits and Broader Impacts

This research work will contribute to a better understanding of catalytic reduction
treatment technology from both fundamental science and process design perspectives. It will
improve fundamental understanding of multiple Pt group hydrogenation metals for reducing
aqueous oxyanion contaminants with different reactivity. Particularly, for the first time, it will
reveal the activities of Ru catalysts for a range of inorganic and organic molecules in aqueous

phase under ambient temperature and hydrogen at atmospheric pressure and the relationship
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between catalyst physical and chemical properties with catalyst activity. This research will also
demonstrate an engineering strategy for simultaneous water purification and resource recovery
by combining catalysts with physical separations technologies.

This research work will have several broader impacts. It will facilitate the future rational
selection of metal catalyst for oxyanion contaminants, providing a suite of options that can be
modified based on prevailing market prices. The results will also provide useful guidance for the
development of lower cost Ru-based catalysts for various water treatment applications, as both
stand-alone or hybrid systems. Outcomes from this work will provide a path forward for the
further development and deployment of practical catalytic water processing technologies.

1.4 References

1. Kapoor, A.; Viraraghavan, T. Nitrate removal from drinking water - Revde®nviron. Eng.-
ASCE1997 123(4), 371-380.

2. Puckett, L. J. Identifying the major sources of nutrient water pollufiowiron. Sci. Technol.
1995 29 (9), 408A-414A.

3. Pintar, A. Catalytic processes for the purification of drinking water and industrial effluents.
Catal. Today2003 77 (4), 451-465.

4. Kirisits, M. J.; Snoeyink, V. L.; Kruithof, J. C. The reduction of bromate by granular activated
carbon Water Res200Q 34 (17), 4250-4260.

5. Dasgupta, P. K.; Dyke, J. V.; Kirk, A. B.; Jackson, W. A. Perchlorate in the United States.
Analysis of Relative Source Contributions to the Food CHamnviron. Sci. TechnoR00§ 40
(21), 6608-6614.

6. Weyer, P. J.; Cerhan, J. R.; Kross, B. C.; Hallberg, G. R.; Kantamneni, J.; Breuer, G.; Jones,
M. P.; Zheng, W.; Lynch, C. F. Municipal drinking water nitrate level and cancer risk in older
women: the lowa Women's Health Stupidemiology2001, 12 (3), 327-38.

7. Gulis, G.; Czompolyova, M.; Cerhan, J. R. An ecologic study of nitrate in municipal drinking
water and cancer incidence in Trnava District, Slovdkimiron. Res2002 88 (3), 182-187.

8. Climent, M. J.; Corma, A.; Iborra, S. Conversion of biomass platform molecules into fuel
additives and liquid hydrocarbon fueGreen Chemistrg014 16 (2), 516-547.

16



9. Greer, M. A.; Goodman, G.; Pleus, R. C.; Greer, S. E. Health effects assessment for
environmental perchlorate contamination: the dose response for inhibition of thyroidal
radioiodine uptake in humarisnviron. Health Perspec2002 110(9), 927-937.

10. Horold, S.; Tacke, T.; Vorlop, K. D. Catalytical removal of nitrate and nitrite from drinking
water: 1. Screening for hydrogenation catalysts and influence of reaction conditions on activity
and selectivityEnviron. Technol1993 14 (10), 931-939.

11. Horold, S.; Vorlop, K. D.; Tacke, T.; Sell, M. Development of catalysts for a selective nitrate
and nitrite removal from drinking wateCatal. Today1993 17 (1 £), 21-30.

12. Soares, O.; Orfao, J. J. M.; Pereira, M. F. R. Activated carbon supported metal catalysts for
nitrate and nitrite reduction in watéatal. Lett.2008 126 (3-4), 253-260.

13. Soares, O. S. G. P.; Orfao, J. J. M.; Pereira, M. F. R. Bimetallic catalysts supported on
activated carbon for the nitrate reduction in water: Optimization of catalysts compoAjan.
Catal. B-Environ2009 91 (1-2), 441-448.

14. Pintar, A.; Batista, J.; Levec, J.; Kajiuchi, T. Kinetics of the catalytic liquid-phase
hydrogenation of aqueous nitrate solutiolygpl. Catal., B1996 11 (1), 81-98.

15. Yoshinaga, Y.; Akita, T.; Mikami, I.; Okuhara, T. Hydrogenation of Nitrate in Water to
Nitrogen over PdCu Supported on Active Carbah.Catal.2002 207 (1), 37-45.

3LQWDU % %DWLVWD - SUPRQ , -Al2(R Guppodrted PA&EUD UD FW |
bimetallic catalysts by EXAFS, AES and kinetic measurement&tud. Surf. Sci. CatalB.
Delmon; P.A. Jacobs; R. Maggi; J.A. Martens; Grange, P.; Poncelet, G., Eds. Elsevier: Louvain-
la-Neuve, Belgium, 1998; Vol. 118, pp 127-136.

17. llinitch, O. M.; Nosova, L. V.; Gorodetskii, V. V.; lvanov, V. P.; Trukhan, S. N.; Gribov, E.
N.; Bogdanov, S. V.; Cuperus, F. P. Catalytic reduction of nitrate and nitrite ions by hydrogen:
investigation of the reaction mechanism over Pd andCBdatalystsJ. Mol. Catal. A: Chem.
200Q 158(1), 237-249.

18. Marchesini, F. A.; lrusta, S.; Querini, C.; Mir6, E. Spectroscopic and catalytic
characterization of P#ih and Ptitn supported on ADs and SiQ, active catalysts for nitrate
hydrogenationAppl. Catal., A2008 348(1), 60-70.

19. Miyazaki, A.; Matsuda, K.; Papa, F.; Scurtu, M.; Negrila, C.; Dobrescu, G.; Balint, I. Impact
of particle size and metal-support interaction on denitration behavior of well-defined Pt-Cu
nanoparticlesCatal. Sci. TechnoR015 5 (1), 492-503.

20. Bae, S.; Jung, J.; Lee, W. The effect of pH and zwitterionic buffers on catalytic nitrate
reduction by TiO2-supported bimetallic cataly@hem. Eng. 2013 232, 327-337.

17



21. Chaplin, B. P.; Roundy, E.; Guy, K. A.; Shapley, J. R.; Werth, C. J. Effects of natural water
LRQV DQG KXPLF DFLG RQ FDWDO\WLF QLWUDWH UHGXFWLRC
catalyst.Environ. Sci. TechnoR00§ 40 (9), 3075-3081.

22. Guy, K. A.; Xu, H.; Yang, J. C.; Werth, C. J.; Shapley, J. R. Catalytic nitrate and nitrite
reduction with Pd-Cu/PVP colloids in water: Composition, structure, and reactivity correlations.
J. Phys. Chem. €009 113(19), 8177-8185.

23. Zhang, R.; Shuai, D. M.; Guy, K. A.; Shapley, J. R.; Strathmann, T. J.; Werth, C. J.
Elucidation of nitrate reduction mechanisms on a Pd-In bimetallic catalyst using isotope labeled
nitrogen speciesChemCatCher2013 5 (1), 313-321.

24. Fan, X.; Franch, C.; Palomares, E.; Lapkin, A. A. Simulation of catalytic reduction of nitrates
based on a mechanistic modehem. Eng. 2011, 175(0), 458-467.

25. Jung, S.; Bae, S.; Lee, W. Development ot€Rdhematite catalyst for selective nitrate
reduction.Environ. Sci. TechnoR014 48 (16), 9651-9658.

26. Centi, G.; Perathoner, S. Remediation of water contamination using catalytic technologies.
Appl. Catal., B2003 41 (1 2), 15-29.

27. Zhang, F. X.; Miao, S.; Yang, Y. L.; Zhang, X.; Chen, J. X.; Guan, N. J. Size-dependent
hydrogenation selectivity of nitrate on Pd-Cu/TiO2 cataly&t$hys. Chem. @008 112 (20),
7665-7671.

28. Xu, Z.; Chen, L.; Shao, Y.; Yin, D.; Zheng, S. Catalytic hydrogenation of aqueous nitrate
RYHU 3G ifcatalysisnd. Eng. Chem. Re2009 48 (18), 8356-8363.

'"f$ULQR O 3LQQD ) and WiXitd XydrogenalianWithCPed/ &#hd Pt/SnO
catalysts: the effect of the support porosity and the role of carbon dioxide in the control of
selectivity.Appl. Catal., B2004 53 (3), 161-168.

30. Zhu, Q.; Wang, Y. Y.; Zhang, H. N.; Duan, R.; Chen, C. C.; Song, W. J.; Zhao, J. C.
Localized Ti-lll mediated dissociative electron transfer for carbon halogen bond activation on
TiO2. Appl. Catal. B-Environ2017, 219, 322-328.

31. Thakur, D. B.; Tiggelaar, R. M.; Weber, Y.; Gardeniers, J. G. E.; Lefferts, L.; Seshan, K.
Ruthenium catalyst on carbon nanofiber support layers for use in silicon-based structured
microreactors. Part Il: Catalytic reduction of bromate contaminants in aqueous Applsed
Catalysis B: Environment&l011, 102 (1 ), 243-250.

32. Chen, H.; Xu, Z.; Wan, H.; Zheng, J.; Yin, D.; Zheng, S. Aqueous bromate reduction by
catalytic hydrogenation over PdA8)s catalystsAppl. Catal., B201Q 96 (3 #), 307-313.

33. Restivo, J.; Soares, O. S. G. P.: Orfao, J. J. M.; Pereira, M. F. R. Metal assessment for the
catalytic reduction of bromate in water under hydro@gdrem. Eng. 22015 263 119-126.

18



34. Freitas, C. M. A. S.; Soares, O. S. G. P.; Orfao, J. J. M.; Fonseca, A. M.; Pereira, M. F. R.;
Neves, I. C. Highly efficient reduction of bromate to bromide over mono and bimetallic ZSM5
catalystsGreen Chemistrg015 17 (8), 4247-4254.

35. Soares, O. S. G. P.; Freitas, C. M. A. S.; Fonseca, A. M.; Orféo, J. J. M.; Pereira, M. F. R.;
Neves, |. C. Bromate reduction in water promoted by metal catalysts prepared over faujasite
zeolite.Chemical Engineering Journ2i016 291, 199-205.

36. Restivo, J.; Soares, O. S. G. P.: Orfdo, J. J. M.; Pereira, M. F. R. Bimetallic activated carbon
supported catalysts for the hydrogen reduction of bromate in Wzatal. Today2015 249, 213-
219.

37. Restivo, J.; Soares, O. S. G. P.; Orfao, J. J. M.; Pereira, M. F. R. Catalytic reduction of
bromate over monometallic catalysts on different powder and structured su@bents. Eng. J.
2017, 309, 197-205.

38. Hurley, K. D.; Shapley, J. R. Efficient heterogeneous catalytic reduction of perchlorate in
water.Environ. Sci. TechnoR007, 41 (6), 2044-2049.

39. Liu, J.; Choe, J. K.; Wang, Y.; Shapley, J. R.; Werth, C. J.; Strathmann, T. J. Bioinspired
complex-nanoparticle hybrid catalyst system for aqueous perchlorate reduction: Rhenium
speciation and its Influence on catalyst actil.S Catal2014 511-522.

40. Liu, J.; Chen, X.; Wang, Y.; Strathmann, T. J.; Werth, C. J. Mechanism and mitigation of the
decomposition of an oxorhenium complex-based heterogeneous catalyst for perchlorate
reduction in waterEnviron. Sci. TechnoR015

41. Krasner, S. W.; Mitch, W. A.; McCurry, D. L.; Hanigan, D.; Westerhoff, P. Formation,
precursors, control, and occurrence of nitrosamines in drinking water: A reweier Res.
2013 47 (13), 4433-4450.

42. Richardson, S. D.; Plewa, M. J.; Wagner, E. D.; Schoeny, R.; DeMarini, D. M. Occurrence
genotoxicity, and carcinogenicity of regulated and emerging disinfection by-products in drinking
water: A review and roadmap for reseandhutat. Res.-Rev. Mut. R&€07, 636 (1 8), 178-242.

43. Han, Y.; Chen, Z.; Shen, J.; Wang, J.; Li, W.; Li, J.; Wang, B.; Tong, L. The role of Cu(ll) in
the reduction oN-nitrosodimethylamine with iron and zinChemospher2017, 167, 171-177.

44. Sen, N. P.; Baddoo, P. A.; Weber, D.; Boyle, M. A sensitive and specific method for the
determination of N-nitrosodimethylamine in drinking water and fruit dritrks.J. Environ. Anal.
Chem.1994 56 (2), 149-163.

45. Mitch, W. A.; Sharp, J. O.; Trussell, R. R.; Valentine, R. L.; Alvarez-Cohen, L.; Sedlak, D. L.
N-nitrosodimethylamine (NDMA) as a drinking water contaminant: A revienviron. Eng. Sci.
2003 20 (5), 389-404.

19



46. Fernandez, Y.; Arenillas, A.; Diez, M. A.; Pis, J. J.; Menendez, J. A. Pyrolysis of glycerol
over activated carbons for syngas productimurnal of Analytical and Applied Pyrolys?909
84 (2), 145-150.

47. World Health OrganizationGuidelines for Drinking-Water QualityWHO: Geneva,
Switzerland, 2011; Vol. 216, pp 303-4.

48. Beita-Sandi, W.; Ersan, M. S.; Uzun, H.; Karanfil, T. Removal-oftrosodimethylamine
precursors with powdered activated carbon adsorpliater Res2016 88, 711-718.

49. Gunnison, D.; Zappi, M. E.; Teeter, C.; Pennington, J. C.; Bajpai, R. Attenuation
mechanisms of N-nitrosodimethylamine at an operating intercept and treat groundwater
remediation systend. Hazard. Mater200Q 73 (2), 179-197.

50. Li, Y.; Kemper, J. M.; Datuin, G.; Akey, A.; Mitch, W. A.; Luthy, R. G. Reductive
dehalogenation of disinfection byproducts by an activated carbon-based electrode \&ztEm.
Res.2016 98, 354-362.

51. Miyashita, Y.; Park, S.-H.; Hyung, H.; Huang, C.-H.; Kim, J.-H. Removhloitrosamines
and their precursors by nanofiltration and reverse osmosis membdargs/iron. Eng2009
135(9), 788-795.

52. Lee, C.; Yoon, J.; Von Gunten, U. Oxidative degradatioiN-oftrosodimethylamine by
conventional ozonation and the advanced oxidation process ozone/hydrogen p@vatgddzes.
2007, 41 (3), 581-590.

53. Plumlee, M. H.; Lépez-Mesas, M.; Heidlberger, A.; Ishida, K. P.; Reinhard, M. N-
nitrosodimethylamine (NDMA) removal by reverse osmosis and UV treatment and analysis via
LC MS/MS. Water Res2008 42 (1), 347-355.

54. Sedlak, D. L.; Deeb, R. A.; Hawley, E. L.; Mitch, W. A.; Durbin, T. D.; Mowbray, S.; Carr,
S. Sources and fate of nitrosodimethylamine and its precursors in municipal wastewater
treatment plantd/ater Environ. Re005 77 (1), 32-39.

55. Sun, Z.; Zhang, C.; Zhao, X.; Chen, J.; Zhou, Q. Efficient photoreductive decomposition of
N-nitrosodimethylamine by UV/iodide processHazard. Mater2017 329, 185-192.

56. Han, Y.; Chen, Z.; Tong, L.; Yang, L.; Shen, J.; Wang, B.; Liu, Y.; Liu, Y.; Chen, Q.
Reduction oiN-nitrosodimethylamine with zero-valent zinater Res2013 47 (1), 216-224.

57. Gui, L.; Gillham, R. W.; Odziemkowski, M. S. ReductionNshitrosodimethylamine with
granular iron and nickel-enhanced iron. 1. Pathways and kinEtieg.on. Sci. TechnoR00Q
34 (16), 3489-3494.

58. Frierdich, A. J.; Shapley, J. R.; Strathmann, T. J. Rapid reductidd-ritrosamine
disinfection byproducts in water with hydrogen and porous nickel cataligstgron. Sci.
Technol.2008 42 (1), 262-269.

20



59. Cempel, M.; Nikel, G. Nickel: A review of its sources and environmental toxicaRugigh
Journal of Environmental Studi2906 15 (3).

60. Davie, M. G.; Reinhard, M.; Shapley, J. R. Metal-catalyzed reductionN-of
nitrosodimethylamine with hydrogen in wat&nviron. Sci. TechnoR00§ 40 (23), 7329-7335.

61. Davie, M. G.; Shih, K.; Pacheco, F. A.; Leckie, J. O.; Reinhard, M. Palladium-indium
catalyzed reduction oN-nitrosodimethylamine: Indium as a promoter metahviron. Sci.
Technol.2008 42 (8), 3040-3046.

62. Shuai, D.; McCalman, D. C.; Choe, J. K.; Shapley, J. R.; Schneider, W. F.; Werth, C. J.
Structure sensitivity study of waterborne contaminant hydrogenation using shape- and size-
controlled Pd nanoparticleACS Catal2013 3 (3), 453-463.

63. Garcia-Segura, S.; Lanzarini-Lopes, M.; Hristovski, K.; Westerhoff, P. Electrocatalytic
reduction of nitrate: Fundamentals to full-scale water treatment applicatipped Catalysis
B: EnvironmentaR018 236, 546-568.

64. http://www.platinum.matthey.com/prices/price-charts. (Accessed January 1, 2019)

.HWWOHU 3 % 3ODWLQXP JURXS PHWDOV LQ FDWDO\VL
precursorsOrganic Process Research & Developm20®3 7 (3), 342-354.

66. Yao, Q.; Lu, Z.-H.; Yang, K.; Chen, X.; Zhu, M. Ruthenium nanoparticles confinddiAn S
15 as highly efficient catalyst for hydrolytic dehydrogenation of ammonia borane and hydrazine
borane Scientific Report2015 5, 15186.

67. Yamaguchi, K.; Mizuno, N. Supported Ruthenium Catalyst for the Heterogeneous Oxidation
of Alcohols with Molecular OxygerAngewandte Chemz002 114 (23), 4720-4724.

68. Muthusamy, S.; Kumarswamyreddy, N.; Kesavan, V.; Chandrasekaran, S. Recent advances
in aerobic oxidation with ruthenium catalyst®trahedron Lett2016 57 (50), 5551-5559.

69. Gallegos-Suarez, E.; Guerrero-Ruiz, A.; Rodriguez-Ramos, I. Efficient hydrogen production
from glycerol by steam reforming with carbon supported ruthenium catafetison2016 96,
578-587.

7 .RED\DVKL + .RPDQR\Dx 7 + D Utblerant meXdgotdudidarbah- :D W H |
supported ruthenium catalysts for the hydrolysis of cellulose to gluCbsenSusChe201Q 3
(4), 440-443.

71. Simakova, I. L.; Demidova, Y. S.; Murzina, E. V.; Aho, A.; Murzin, D. Y. Structure
sensitivity in catalytic hydrogenation of galactose and arabinose over Ru/C cat@htstgsis
Letters2016 146(7), 1291-1299.

72. Aho, A.; Roggan, S.; Simakova, O. A.; Salmi, T.; Murzin, D. Y. Structure sensitivity in
catalytic hydrogenation of glucose over rutheni@atalysis Todap015 241, 195-199.

21



73. Xiao, C.; Goh, T.-W.; Qi, Z.; Goes, S.; Brashler, K.; Perez, C.; Huang, W. Conversion of
OHY XOLQ L al&rélac@naNoRer few-layer graphene-supported ruthenium catayss.
Catal. 2016 6 (2), 593-599.

74. Jones, D. R.; Igbal, S.; Kondrat, S. A.; Lari, G. M.; Miedziak, P. J.; Morgan, D. J.; Parker, S.
F.; Hutchings, G. J. An investigation of the effect of carbon support on ruthenium/carbon
catalysts for lactic acid and butanone hydrogenatys. Chem. Chem. PhyZ016 18 (26),
17259-17264.

75. Wang, Y.; Rong, Z.; Wang, Y.; Qu, J. Ruthenium nanoparticles loaded on functionalized
graphene for liquid-phase hydrogenation of fine chemicals: Comparison with carbon nanotube.
Journal of Catalysi2016 333 8-16.

76. Leng, F.; Gerber, I. C.; Lecante, P.; Moldovan, S.; Girleanu, M.; Axet, M. R.; Serp, P.
Controlled and Chemoselective Hydrogenation of Nitrobenzene over Ru@atalysts. ACS
Catal.2016 6 (9), 6018-6024.

77. Luska, K. L.; Bordet, A.; Tricard, S.; Sinev, |.; Grunert, W.; Chaudret, B.; Leitner, W.
Enhancing the Catalytic Properties of Ruthenium Nanopatrticle-SILP Catalysts by Dilution with
Iron. ACS Catal2016 6 (6), 3719-3726.

78. Michel, C.; Gallezot, P. Why Is ruthenium an efficient catalyst for the aqueous-phase
hydrogenation of biosourced carbonyl compourAiEd Catal2015 5 (7), 4130-4132.

79. Gavnholt, J.; Schigtz, J. Structure and reactivity of ruthenium nanopariciescal Review
B 2008 77 (3), 035404.

80. Karim, A. M.; Prasad, V.; Mpourmpakis, G.; Lonergan, W. W.; Frenkel, A. I.; Chen, J. G,;
Vlachos, D. G. Correlating particle siZ2eQG VKDSH R VX256 catalvsid Gitlo NG
decomposition activityd. Am. Chem. So2009 131(34), 12230-122309.

81. Liuzzi, D.; Perez-Alonso, F. J.; Garcia-Garcia, F. J.; Calle-Vallejo, F.; Fierro, J. L. G.; Rojas,
S. Identifying the time-dependent predominance regimes of step and terrace sites for the Fischer-
Tropsch synthesis on ruthenium based catal@dsalysis Science & Technolo@p16 6 (17),
6495-6503.

82. Wettstein, S. G.; Bond, J. Q.; Alonso, D. M.; Pham, H. N.; Datye, A. K.; Dumesic, J. A.
5X6Q ELPHWDOOLF FDWDO\VWYV IRU VHOHFWIa¥idladdd®.URJIJHQD
Applied Catalysis B: Environmenta012 117-118 321-329.

83. Sankar, M.; Dimitratos, N.; Miedziak, P. J.; Wells, P. P.; Kiely, C. J.; Hutchings, G. J.
Designing bimetallic catalysts for a green and sustainable fulmemical Society Revie@§12
41 (24), 8099-8139.

84. Peyton, B. M.; Mormile, M. R.; Petersen, J. N. Nitrate reductioniveitbmonas campisatis
Kinetics of denitrification at pH 9 and 12.5% NaW@later ResearcB001, 35 (17), 4237-4242.

22



85. van der Hoek, J. P.; Klapwijk, A. Nitrate removal from ground waltetter Researcth987,
21(8), 989-997.

86. van der Hoek, J. P.; van der Ven, P. J. M.; Klapwijk, A. Combined ion exchange/biological
denitrification for nitrate removal from ground water under different process condiater
Researcil1988 22 (6), 679-684.

87. van der Hoek, J. P.; Klapwijk, A. Reduction of regeneration salt requirement and waste
disposal in an ion exchange process for nitrate removal from ground Watste Management
1989 9 (4), 203-210.

88. Clifford, D.; Liu, X. Biological denitrification of spent regenerant brine using a sequencing
batch reactoWater Researcth993 27 (9), 1477-1484.

89. Liu, X.; Clifford, D. A. lon exchange with denitrified brine reusenerican Water Works
Association. Journal996 88 (11), 88.

90. Lehman, S. G.; Badruzzaman, M.; Adham, S.; Roberts, D. J.; Clifford, D. A. Perchlorate and
nitrate treatment by ion exchange integrated with biological brine treativeater Research
2008 42 (4 5), 969-976.

91. Cang, Y.; Roberts, D. J.; Clifford, D. A. Development of cultures capable of reducing
perchlorate and nitrate in high salt solutionsater ResearcB004 38 (14), 3322-3330.

92. Fux, |.; Birnhack, L.; Tang, S. C.; Lahav, O. Removal of nitrate from rinking water by ion-
exchange followed by nZVI-based reduction and electrooxidation of the ammonia product to
N2(g). ChemEngineerin@017, 1 (1), 2.

93. Hwang, Y. H.; Kim, D. G.; Shin, H. S. Mechanism study of nitrate reduction by nano zero
valent ironJ. Hazard. Mater2011, 185(2-3), 1513-1521.

94. Ryu, A.; Jeong, S.-W.; Jang, A.; Choi, H. Reduction of highly concentrated nitrate using
nanoscale ze-valent iron: Effects of aggregation and catalyst on reactitypl. Catal., B2011,
105(1), 128-135.

95. Choe, S.; Liljestrand, H. M.; Khim, J. Nitrate reduction by zero-valent iron under different
pH regimesAppl. Geochen004 19 (3), 335-342.

96. Hwang, Y.; Kim, D.; Shin, H.-S. Inhibition of nitrate reduction by NaCl adsorption on a
nano-zero-valent iron surface during a concentrate treatment for waterEeugen. Technol.
2015 36(9), 1178-1187.

97. Xiong, Z.; Zhao, D.; Pan, G. Rapid and controlled transformation of nitrate in water and
brine by stabilized iron nanoparticles.Nanopart. Re2009 11 (4), 807-8109.

98. Yang, G. C. C.; Lee, H.-L. Chemical reduction of nitrate by nanosized iron: kinetics and
pathwaysWater Res2005 39 (5), 884-894.

23



99. Choe, J. K.; Bergquist, A. M.; Jeong, S.; Guest, J. S.; Werth, C. J.; Strathmann, T. J.
Performance and life cycle environmental benefits of recycling spent ion exchange brines by
catalytic treatment of nitrat¥/ater Res2015 80 (0), 267-280.

100. Pintar, A.; Batista, J.; Levec, J. Integrated ion exchange/catalytic process for efficient
removal of nitrates from drinking wate&€hem. Eng. ScR001, 56 (4), 1551-1559.

101. Bergquist, A. M.; Choe, J. K.; Strathmann, T. J.; Werth, C. J. Evaluation of a hybrid ion
exchange-catalyst treatment technology for nitrate removal from drinking Wsltder Res.
2016 96, 177-187.

102. Bergquist, A. M.; Bertoch, M.; Gildert, G.; Strathmann, T. J.; Werth, C. J. Catalytic

denitrification in a trickle bed reactor: lon exchange waste brine treatdwemhal - American
Water Works Associatid2017, 109(5), E129-E151.

24



CHAPTER 2

EXPLORING BEYOND PALLADIUM: CATALYTIC REDUCTION OF AQUEOUS
OXYANION POLLUTANTS WITH ALTERNATIVE PLATINUM GROUP METALS AND
NEW MECHANISTIC IMPLICATIONS

A modified version of this chapter was publishe€imemical Engineering Journal
Xi Chen! Xiangchen Hud,Jinyong Liu! Yin Wang, Charles J.Werth,
and Timothy J. Strathmann

2.1  Abstract

For over two decades, Pd has been the primary hydrogenation metal studied for reductive
catalytic water treatment applications. Herein, we report that alternative platinum group metals
(Rh, Ru, Pt and Ir) can exhibit substantially higher activity, wider substrate selectivity and
variable pH dependence in comparison to Pd. Cross comparison of multiple metals and oxyanion
substrates provides new mechanistic insights into the heterogeneous reactions. Activity
differences and pH effects mainly originate from the chemical nature of individual metals.
Considering the advantages in performance and cost, results support renewed investigation of
alternative hydrogenation metals to advance catalytic technologies for water purification and

other environmental applications.

"Reprinted with permission from Chen, X.; Huo, X.; Liu, J.; Wang, Y.; Werth, C. J.; Strathmann,
T. J. Exploring beyond palladium: Catalytic reduction of aqueous oxyanion pollutants with
alternative platinum group metals and new mechanistic implica@rem. Eng.
J.2017 313 745+752. Copyright 2016 ElsevietThese authors contributed equally. X.C.
performed most of the kinetic experiments; X.H. performed most of the material
characterization; J.L. wrote the paper with input from all authors; Y.W. provided technical
support and helpful advice; C.J.W. and T.J.S. provided supervision. X.C. is affiliated with
Columbia University; X.H. and T.J.S. are affiliated with Colorado School of Mines; J.L. is
affiliated with University of California, Riverside; Y.W. is affiliated with University of
Wisconsin-Milwaukee, Milwaukee; C.J.W. is affiliated with University of Texas at Austin.
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2.2 Introduction

Toxic oxyanions, such as BsQ CIOz!, NOs' and CIQ', are ubiquitous drinking water
contaminants originating from both anthropogenic and natural sotffoesare generated during
water treatment processes (e.g., chlorination, ozonation, desalination, and electrochemical
treatmentf® These ions target multiple organs, and can have carcinogenic, mutagenic, and/or
endocrine disrupting propertiés!? lon exchange is the primary technology used to treat
oxyanion-contaminated water; reverse osmosis is also used when salt removal is required. These
technologies effectively serve to either trap the contaminants in a resin matrix, or to concentrate
the contaminants in a waste brine. Thus, it would be preferable to apply destructive treatment
technologies to convert oxyanions into less toxic or innocuous end products (&.€¢| Bind
N2), contributing to more sustainable drinking water treatment procEs$es.

Pdbased heterogeneous catalysis has garnered significant attention as a potential strategy

for reduction of oxyanions and other highly oxidized contaminants (e.g., halogenated and nitro
organics)’ (YHU VLQFH ZKHQ 3G ZDV LGHQWLILHG DYrWKH 3RS
water treatment applications (based on the screening of hydrogenation metals for nitrite
reductiort®), research efforts have reported on many aspects of Pd-based catalysis, including the
effects of Pd nanoparticle size and morpholbgyatalyst support€,2® bimetallic formulations
for treating recalcitrant substratés?* 2>water matrix effect$® 2’ and pilot-scale field testing?.
30 wWe argue here that the narrow focus on Pd has limited advancement of reductive water
treatment catalyst technologies. Little effort has been devoted to investigating water treatment
applications with periodically related hydrogenation metals, e.g., Rh, Ru, Pt and Ir, which have
seen many advances in other areas of catalytic science, including organic syhtiesimss

valorization®? and vehicle exhaust gas conversion.
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In recent screening studies by the Pereira and Neves3téaseveral hydrogenation
metals were evaluated for BsOand NQ' reduction, and Pd-based catalysts were still reported
as having the highest activity. However, our group recently found that a Rh/C catalyst exhibited
substantially higher activity than Pd/C for GliQreduction in acidic solutiof?. In literature,
Rh/AI203*%4? and Pt/G® also exhibit unique activities, such as hydrodefluorination, that the
corresponding Pd-based catalysts do not. These findings suggest that other hydrogenation metals
besides Pd may have unique catalyst attributes that could benefit individual water treatment
applications and therefore deserve renewed attention.

Herein we report results of a series of catalytic water treatment experiments comparing
the activities of alternative platinum group metals (supported on activated carbon or alumina) for
reduction of four oxyanion contaminants with a broad range of chemical reactivity'(B*O
ClOs' > NOz'>> CIQs'). Rh exhibits substantially higher activity than Pd during reduction of
BrOs!, ClOs' and NQ'. Ru, with a substantially lower cost compared to the other four metals
(Pd, Rh, Pt and Ir), shows unique pH insensitivity and the highest activity fal @id NQ'
reduction at circumneutral pH conditions. All five metals are also able to reduaé \@H@n
combined ZLWK 5H VSHFLHV DV ELPHWDOOLF 5HiIi0O & FDWDO\VW
oxyanion substrates and metals reveals new mechanistic insights and suggest new directions to
develop novel catalysts for challenging water contaminants.

2.3 Experimental
2.3.1 Chemicals and materials

Unless otherwise specified, all chemicals and metal catalysts (nominal 5 wt% or 1 wt%

hydrogenation metal nanoparticles dispersed on activated carbon and alumina supports) were

SXUFKDVHG IURP ©6LJPDiI$SOGULFK RU lys$ Grifboridatio Dahd '"HWDL
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characterization data are shown in Table 2.1. The RO&Adatalyst required a pretreatment (1

atm H flow in a tube furnace under 350 °C for 2 h) for metal reduction and activation of

oxyanion reduction activit§® Aqueous solutions were prepared using deionized (DI) water
UHVLVWLYLW\ 2gas ®9.99P9% WHP, Matheson) was used for catalytic reactions.

2.3.2 Catalytic reduction of oxyanion contaminants

2.3.2.1 Bromate (BrQ)

In a 50-mL pear-shaped flask (round bottom, 24/40 joint), a magnetic stir bar, 5 mg of
catalyst (dry weight basis), and 50 mL of DI water were added and sonicated for 1 min to make a
0.1 g L™ catalyst suspension. A rubber stopper loaded with two 16 gauge stainless needles
capped the flask. Hwas sparged through one needle below the liquid surface, and the head
space was open to the atmosphere through another needle above the liquid surface. All batch
reactions were conducted under 1 atmaHroom temperature (20-22 °C). The solution pH was
adjusted by 1 mM HCI (pH 3.0), 0.5 mM M#POs plus 0.5 mM NakPOQw (pH 7.2), or 0.5 mM
NaHCQG plus 0.5 mM NaCOs (pH 10.3). The possible competive adsorption of buffer anions
with oxyanions on catalyst surface was not considered and may require further evaluation. Tests
showed that these buffers were sufficient to maintain the pH fos'Bxd CIQ' reductions.

After the suspension was pre-sparged for 1 h to pre-reduce any surface oxides present on the
immobilized metal nanoparticles, the reaction was initiated by adding 1 mL of the 50 mM
NaBrQs stock solution (€= 1 mM). For the rapid Br§ reduction reactions, a higheflow rate

(~100 mL min') was necessary to observe pseudo-first-order kinetics in the batch experiments.
Samples were collected at periodic time intervals using a 3-mL syringe introduced through the
H2 outlet needle, and the collected aliquot was immediately filtered (0.45-um nylon membrane)

to quench the reaction before subsequent analysis of the filtrate sample.
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2.3.2.2 Chlorate (CIO3)

The reaction setup was the same as forsBr@duction, except that the catalyst loading
in the suspension was increased to 0.5 'f Hecause initial tests showed this oxyanion to
generally exhibit lower reactivity with the catalysts d¢his flow rates higher than ~20 mL nin
did not increase reaction rates. An aliquot of KE#tbck solution (50 mM, 1 mL) was added to
the reactor to initiate individual batch reactions witt/Q mM.
2.3.2.3 Nitrate (NQ')

The reaction setup was the same as forsCi€duction, and a NaNGtock solution (50
mM) was added to initiate batch reactions with=CL mM. The pH was stabilized using higher
buffer concentrations [1 mM HCI plus 10 mMsP: (pH pre-adjusted with NaOH to 3.0), 5
MM NaHPQO; plus 5 mM NaHPOs (pH 7.2), or 5 mM NaHC®plus 5 mM NaCOs (pH 10.3)]
because N& reduction consumes one z{jroduct, Eq. 2.1) or up to two equivalents of H
(NH4* product, Eq. 2.2

NOs'+25H+H" /£ 05N+ 3HO (2.1)
NOz'+4 Ho+ 2 H A NH4" + 3 HO (2.2)

23243UHSDUDWLRQ RI 5Hi0 & DQG UHGXFWLRQ Rl SHUFKORUD\

In a 50-mL pear shape flask, a magnetic stir bar, 50 mg of M/C catalyst and 25 mL of DI
water (pH pre-adjusted to 3.0 using 1 mM HCI) were added and sonicated for 1 min to yield a
2.0 g L' catalyst suspension. A NReQs stock solution (5000 ppm as Re, 0.5 mL) was added
to the M/C catalyst suspension to reductively immobilize ReQ00 ppm) into the porous
carbon support matrix underldparging (flow rate ~10 mL mi#. The immobilization process
was monitored by measuring dissolved Re® filtered water samples with ion chromatography
until concentrations were below detectférOvernight sparging with Hled to complete
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immobilization of Re and yielded bimetallic catalysts containing 5 wt% Re. Reactions with
ClOs' were then initiated by adding an aliquot of NaC#Bbck solution (200 mM, 0.625 mL) to
the suspension (C= 5 mM). Samples were collected and filtered using the same procedures
described above.
2.3.3 Water sample analysis

The concentrations of B Br!, ClOs!, CI', and NQ' were determined by a Dionex
ICS-3000 ion chromatography system (26- LQMHFWLRQ ORRS DQG D VXSSUF}
detector). An lonPac AS19 column maintained at 30 °C was used as the stationary phase and 10
mM KOH at 1.0 mL miftt was the eluent. The concentrations of £l@nd ReQ@' were
analyzed by a Dionex ICS-2000 ion chromatography system (23-QMHFWLRQ ORRS |
suppressed conductivity detector). An lonPac AS16 column maintained at 30 °C was used as the
stationary phase and 65 mM KOH at 1.2 mL thinas the eluent.
2.3.4 Catalyst characterization

Specific surface area (BET method) and average pore size (BJH method) of the catalyst
support materials were measured bypNysisorption with a Micromeritics ASAP 2020 analyzer.
Dispersion of the hydrogenation metals was determined by chemisorption based on literature
method&>*’ with a Micromeritics AutoChem |l analyzer equipped with a thermal conductivity
detector. Results of physisorption and chemisorption measurements are summdradsd 1l
To determine surface zeta potentials of selected catalysts under varied pH andtthedphere,
catalyst suspensions (0.5 d*)L containing different pH buffers (as described in 2.2.1) were
sparged with 1 atm Hor 30 min, and immediately transferred into an anaerobic glovebox (97%
N2, 3% H; Coy Laboratories). An aliquot of suspension was then transferred into a cuvette and

sealed with the plastic cap before analyzing for zeta potential (Malvern Zetasizer Nano ZS).
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2.3.5 Kinetic data analysis

Under the reaction conditions described above, reduction of all oxyanion contaminants
generally followed a pseudo-first-order rate law for at least two half-lives (i.e., 75% decay). The
initial turnover frequency (TQF min't), which represents the number of oxyanion molecules
reduced per surface metal site per minute, was calculated by Eg. 2.3:

N & N& ppwpo (2.3)

72) -
&/ XUIDFH PP D O PAHHMDID

where k is the measured pseudo-first-order rate constant'(rfon oxyanion reduction in the
batch reaction, €is the initial oxyanion concentration (molY, Csurface metaiS the concentration
of surface metal in the catalyst suspension (mé), IMmeta is the molar mass of metal element
(g mol™), Cotal metaiis the total concentration of metal loaded in the catalyst suspensiof){(g L
and Dretal is the metal dispersion on the catalyst support material (Table 2.1), representing the
fraction of metal atoms exposed on the surface of the dispersed metal nanopatrticles.
2.4 Results and Discussion
2.4.1 Catalytic reduction of bromate

Figure 2.1a shows catalytic reduction of bromate @y@t pH 7.2 by the five activated
carbon supported metal catalysts [M/C, 0.14 d¢atalyst loading with nominal 5 wt% (Pd, Pt,
Rh, Ru) or 1 wt% (Ir) of each metal]. A good mass balance betweesl Bn@ Br' is obtained
for each catalyst (Figure A.1 in Appendix A), demonstrating completes 'Brluction with
negligible accumulation of BrO (x<3) intermediates Eq. 2.4.

BrOs'+ 3 H &£ Br' + 3 HO (2.4)
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Figure 2.1 Timecourse profiles with for reduction of (a) 1 mM 8@ 0.1 g L'* M/C catalysts

and (b) 1 mM CI@' by 0.5 g L'* M/C catalysts with 1 atm Hat pH 7.2 and 22¢ (nominal 5
wt% metal for Pd, Rh, Ru, and Pt; 1 wt% metal for Ir).

Comparing the observed BsOreduction profiles shows that Rh/C is substantially more
active than the other four M/C catalysts. At the catalyst loading of 0.4, ghe reduction of 1
mM BrOs' is complete within 5 min. The activity of Rh/C is much higher than most supported
hydrogenation metal catalysts reported to date when compared on a metal mass-normalized
basis®* 36-38. 48 49gince the metal dispersion of individual catalysts differ (Table 2.1), the
activities of hydrogenation metals are further compared using initial turnover frequency values

(TORo, Eq. 2.3). As shown in Table 2.2, Rh/C exhibited significantly higheroTi@dén other
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catalysts at pH 7.2. Although the apparent reactivity of Ir/C withsBislightly lower than that
of Pd/C (Figure 2.1a), Ir/C exhibited the second highestoTDituUs, the catalysts incorporating
the two Group 9 metals, Rh and Ir, show the highest activity fos Br&luction at neutral pH
conditions that are highly relevant for water treatment systems.

Acidic pH conditions have been previously reported to accelerate' Be@uction by Pd
catalysts® 8 To examine if this trend extends to other hydrogenation metals, Brdiction by
all five M/C catalysts was also measured at pH 3.0. Results from these experiments (Table 2.2
and Figure A.2a in Appendix A) show that catalysts incorporating the two Group 10 metals, Pd
and Pt, exhibit significant pH dependence, with §Q@#€reasing by more than an order of
magnitude when pH is lowered from 7.2 to 3.0. In comparison, the catalysts incorporating Group
9 (Rh and Ir) and Group 8 (Ru) metals show less activity change when pH is loweredom OF
Rh/C and Ru/C decrease by 35-40%, and Ir/C increases 3-fold when the pH is lowered from 7.2
to 3.0.
2.4.2 Catalytic reduction of chlorate

Results for catalytic reduction of chlorate (GlDoy M/C at pH 7.2 are shown in Figure
2.1b. In comparison to Be) CIOs' is much more inert to reduction (note that the suspension
catalyst loading used in the experiments was increased to 0'5.d ke BrOs', a good mass
balance with CI@" and CI (Figure A.3 in Appendix A) is observed during reactions, consistent
with the following reaction Eq. 2.5 and confirming negligible accumulation ofx C{®<3)
intermediates.

ClOs'+3H £ CI'+ 3 HO (2.5)
The highest apparent reactivity with GIOs observed with Ru/C, a Group 8 metal, and

the resulting TOE (6.0 mint) is substantially higher than catalysts incorporating the other four
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Table 2.1 Catalyst information and characterization data

Entry Metal Supplier and Surface area Average Metal dispersion  Metal particle diameter
catalog number (m?g'h pore size (nm) (nm)
Activated Carbon Support
1 5wt% Pd 6LIJPDiI$OGULFK 958 3.1 30.3% 3.7
2 5wt% Rh 6LIJPDiI$OGULFK 870 3.6 31.3% 35
3 5wt% Ru $OIDiI$HVDU 704 3.4 11.2% 11.8
4 5 wt% Pt 6LIJPDiI$OGULFK 1370 3.4 23.9% 4.7
5 1wt% Ir $O0IDi$HVDU 839 3.3 31.8% 3.7
Alumina Support

6 5wt% Pd 6LIJPDiI$OGULFK 106 8.9 66.3% 1.7
7 5wt% Rh 6LIJPDiI$OGULFK 168 10.0 64.1% 1.7
8 5wit% Ru 6LIJPDiI$OGULFK 93 15.3 9.8% 13.5
9 5 wt% Pt 6LIJPDiI$SOGULFK 94 9.2 23.4% 4.8
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Table 2.2 Initial turnover frequencies for the reaction of 1 mM oxyanions with M/C 2[WAl

Entry Catalyst Catalytic oxyanion reduction turnover frequency
(TORy, min)?3
BI‘O?,i C|O3i NOsi
pH 7.2 pH 3.0 pH7.2 pH 3.0 pH7.2 pH 3.0
1 Pd/C (0)° 27+0.% 334x27 0.0012 + 0.000t 0.070 + 0.002 ND¢ ND
2 Rh/C @) 544+55 32.3+0.6 0.17£0.01 6.7+£0.5 0.0019 + 0.0001 0.046 + 0.004
3 Ru/C @) 20+x0.1 13x05 6.0+x1.1 0.11+0.01 0.33+0.01 0.71+£0.01
4 Pt/C @0) 3.7+£0.1 429+0.4 0.0076 = 0.001C 0.090 + 0.006 ND ND
5 Ir/C (9) 155+05 470+19 0.061 + 0.003 1.2+0.1 ND ND
6 Pd/Al,O3 0.83+0.01 ND ND
7 Rh/Al,O3 59+0.6 0.014 £ 0.001 0.0025 + 0.0001
8 Ru/Al,O3 7.0+04 1.1+01 0.30£0.02
9 Pt/Al,Oz 6.5+0.3 0.0058 + 0.0001 ND

3Determined for catalyst reactions with 1 mM oxyanionsg2Zontinuous mixing and sparging with 1 atm BL1 g L™ catalyst suspensions used for reactions
with BrQs', 0.5 g L't used for CIQ" and NQ'.

®Number in parenthesis indicate the Periodic Table group number of the hydrogenation metal.

°Errors represent 95% confidence intervals.

9Meaningful catalytic activity not detected within the 4 h of reaction at the 0'5gptalyst loading.
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Group 9 and 10 metals (Table 2.2), due, in part, to the low dispersion of Ru nanoparticles on the
carbon support. TQFvalues measured for the two Group 9 metals (0.17*fon Rh and 0.061

min'® for Ir) are higher than those observed for the two Group 10 metals (< 0.0 fami®d

and Pt). Thus, for neutral pH conditions, periodic trends suggest that @i&xtivity follows

Group 8 >> Group 9 >> Group 10 metals.

Comparing pH dependences for GlQeactions with the different M/C reveals some
other interesting trends. Catalysts incorporating the Group 9 and 10 metals show significantly
enhanced reactivity with CEKO under acidic pH conditions compared to pH 7.2 (Figure A.2b in
Appendix A and Table 2), whereas reactions are inhibited under these conditions for Ru, the
Group 8 metal. At pH 3.0, Rh/C is the most active catalyst fos Qi&luction (TOF increases
from 0.17 min! at pH 7.2 to 6.7 mift). A mirror trend is observed for Ru/C, where ToOF
decreases from 6.0 mirat pH 7.2 to 0.11 mift at pH 3.0. The unique pH dependence observed
for Ru/C suggests different rate-controlling surface reaction mechanisms for this catalyst
compared to those incorporating Group 9 and 10 metals.

2.4.3 Catalytic reduction of nitrate

Of the catalysts examined, only Rh/C and Ru/C show meaningful reactivity with the
more recalcitrant nitrate ion (NQ in 0.5 g L™ catalyst suspensions monitored for 4 h. As
shown in Table 2.2 and Figure A.4 in Appendix A, Ru shows much higher activity than Rh, and
both metals exhibit enhanced activities when pH is reduced from 7.2 to 3.0. The observed
product of NQ' reduction by these two metals under the test conditions is mos#jNNK (Eq.

2.2) rather than the desired q. 2.1). Nevertheless, results show that monometallic Rh and Ru
catalysts are capable of reducing N@ithout the need for secondary promoter metals (e.g., In,

Cu, Sn, and Re) used to activate Pd catalysts towards$ fe@uction** 18 25 Motivated by the
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low market price of Ru ($1.4'Y in comparison to the other metals ($17 to $38 @ able A.1),

an in-depth study of Ru-catalyzed BGand NQ reduction by our team was undertaken and
reported separatefy.

2.4.4 Effect of metal catalyst support materials

We also examined reactions of the three tri-oxy anions with Pd, Pt, Rh, and Ru supported
on porous alumina (M/ADs), another common catalyst support material, and found generally
the same reactivity trends observed for the M/C catalysts. Alumina is unstable under acidic pH
conditions, so reactivity was only compared with M/C at pH 7.2. Compared to activated carbon
support materials, the alumina supports generally have an order of magnitude lower specific
surface areas and two times larger pore average size (Table 2.1). As shown in Figure 2.2 and
Table 2.2, M/AtOs catalysts generally exhibit similar activity compared to the corresponding
M/C.

Still, the highest activity for Br@ reduction at pH 7.2 is observed with both Rh/C and
Rh/Al2Os, and the highest activity for CéOand NQ' reduction is observed with both Ru/C and
Ru/Al203. These similar trends suggest that activity differences among the catalysts primarily
originate from the chemical nature of the immobilized metal nanoparticles, and the effects of the
support materials may be minor.

2.4.5 Catalytic reduction of perchlorate

For the tetra-oxyanion perchlorate (GI) the most inert of the target oxyanions
examined, no reaction is observed using any of the monometallic catalysts (Table A.2 in
Appendix A) :H SUHYLRXVO\ UHSRUWHG RQ SUHSDUDWLRQ RI EL
able to reduce aqueous Glecause the immobilized surface oxorhenium(V) species [from the

catalytic reduction of oxorhenium(VIIl) with Pd/C, Eg. 2.6] are able to abstract the most
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challenging oxygen atom, via oxygen atom transfer (OAT) reaction, converting ©ICIQs'

(Eq. 2.7), which is further reduced to'QEq. 2.8) by OAT with Réor directly by reaction with
hydrogenation nanoparticles (Figure 2.%a)% 5!

Re'(O) + Hz2 /E Re’(O)n-1 + H20

(2.6)
ClOs' + R&/(O)n1 £ ClOz" + Re" (O

2.7)
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Clos'+3H £ /£ ACIT+ 3 KO (2.8)
And thus the overall reaction is
ClOs' + 4 Hp /ECI' + 4 HO (2.9)
In order to assess the dependence ofsCt@duction on the other four hydrogenation
metals, we followed the same approach for bimetallic catalyst syrithesM/R SUHSDUH 5Hi0
catalysts using each of the M/C catalysts discussed already. Figure 2.3b shows the reactivity of 5
mM ClOs" with 2 g LT RI HDFK 5Hi0 t&TieDappBrént Veactivity of the bimetallic

FDWDO\WVWV IROORZV 5Hi3G & ! 5Hi5X & ! 5Hi5K & ! 5Hi,U & ! 5}

>

Q

e

\_ﬁ'

) .

@) =& 5HRh/C W ___

0.2 |- 5HAUC T

-B-- 5HA3W & -
--e-- 5HIAC

Figure 2.3 (a) MechanismsRU 5Hi0 & FDWDO\VW sUadE® InR@¥&didtesMkk & O 2
=3, 2, or 1); adapted from Refs>L (b) Reduction of 5 mM Cl@ with2 gL 5Hi0 & ZW
Re, 5 wt% M) bimetallic catalysts.
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interpretation of this trend is unclear at this time. This is complicated by the fact that previous
work shows that the rate of CiOreduction by OAT reactions is more heavily influenced by the
speciation of the immobilized Re species than the identity of the hydrogenation*imetal.
Nevertheless, these results demonstrate that all five hydrogenation metals are capable of
sustaining the redox turnover of surface Re species (Egs. 2.6 and 2.7) required to catalyze the
OAT reaction with CIQ' (turn over number, TON = 38 for each Re atom to fully reduce 5 mM
ClO4' to CI' with the catalyst loadings used in the experiment).
2.4.6 Mechanistic insights from metal and A@' reactivity cross comparisons

Comparison of observed reactivity trends among the platinum group metals and
trioxyanion substrates (AC) reveals new insights on the controlling reaction mechanisms. First,
since the optimum metals for the reduction of Br@Rh at pH 7.2) and CK)(Ru at pH 7.2)
differ, the oxyanion substrates should have direct interactions with metal nanopatrticle surfaces to
undergo reduction (Figure 2.4a). If the oxyanions mainly react with dissociated atomic hydrogen
WKDW LV 3VSLOOHG  DanhbpartideR Frigivé PLA, 5 Wi @der of catalytic
activity for the five metals toward the three oxyanions may be expected to be more

similar. However, the measured activity order is Rh > Ir > Pt ~ Pd ~ Ru fog' BrO
reduction at pH 7.2, and Ru >> Rh > Ir > Pt > Pd for £I@duction at pH 7.2 (Table 2.2). In
addition, we note that the observed activity trends are different from those previously report by
Restivoet al,3* where the M/C catalysts were prepared ilthUHVHDUFKHUVY RZQ ODE
exhibited much lower Br® reduction activity (e.g., > 15 min was required to completely reduce
0.078 mM BrQ' by 2 g L™ of 1 wt% M/C catalysts) than our experimental results (e.g., 5 min to
completely reduce 1.0 mM BeOby 0.1 g L' 5 wt% Rh/C). We note that the differences of

BrOs' concentration and catalyst loading have overweighed the effect of metal loading.
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support

Figure 2.4 Mechanism illustrations of (a) the reduction of oxyanion substrate$) (&@Quiring

direct interaction with the hydrogenation metal nanoparticles; (b) the reaction betweeartiO
spilled over atomic hydrogen at the catalyst support surface away from the hydrogenation metal
nanoparticles.

Explanation of the discrepancies of catalyst activity in different reports, if necessary, would
require substantial amount of catalyst characterization and comparison. It is probable that critical
catalytic properties of individual metals might have not be revealed when using amunifor
catalyst preparation recipe for all metals (i.e., the recipes were not optimized for individual
metal) by the Pereira and Neves team.

Nevertheless, results suggest that the mechanistic interpretation, which might be used as
design rationale for future catalyst development work, should be considered with caution.
Restivoet al observed Pt and Ru to be the most active metals fog'Be@uction, and this
observation was correlated with the hydrogen chemisorption energy on each metal using the
Sabatier principlé? However, based on the activity of Rh and Ir in the current study, we propose
that hydrogen chemisorption energy might not necessarily be the key parameter controlling
reactivity of different metals with Br), and that the interaction between oxyanion substrates

and different metal surfaces should also be considered.
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Second, the pH responses of the five metals are also different. Fof @BdDction, the

pH responses of Rh and Ru contrast those of Pd, Pt and Ir (Table 2.2). Also, the same Rh/C

catalyst exhibits differing pH dependence for Br@eduction compared to CtOand NQ'

reduction (Figure 2.5, activity presented in apparent rate constants normalized by the mass of
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Figure 2.5 Catalyst loading normalized rate constants at different pH for the reduction of 1 mM
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pH 3.0 and 10.3. In comparison, Ru/C catalyst did not show a simple trend of pH dependence.
Zeta potentials of Rh/C and Ru/C under variable pH (with athhospher® %) were measured

and results are shown in Figure 2.6. Although the zeta potentials of both catalysts are
significantly increased when the pH decreases from 7.2 to 3.0, thé Bdbction by Rh/C and

Ru/C (Figure 2.6a) as well as the Gl@eduction by Ru/C (Figure 2.6b) are not accelerated.
Previous reports attribute slower rates of Br@duction by Pd catalysts at higher pH to
increased negative surface charge and the resulting unfavorable electrostatic interactions between
the surface and the negatively charged oxyari®riié.Here, results demonstrate that a more
positively charged support at lower pH does not necessarily increase rates of oxyanion reduction
for all M/C. Hence, the intrinsic reactivity of metals may outweigh the effects of catalyst surface
charge. Therefore, the priority of designing an oxyanion reduction catalyst should consider the
selection of active metal according to the characteristics of oxyanion substrates and reaction

conditions (e.g., solution pH).
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Figure 2.6 Influence of pH on the zeta potential of 0.5"gRh/C and Ru/C catalysts in2H
saturated aqueous suspension at 22 °C.
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2.4.7 Outlook in catalyst development and application

In this study, four platinum group metals, which have been largely overlooked during the
development of Pd-based water treatment catalysts, exhibit much higher or at least similar
performance in comparison to Pd, in terms of catalytic turnover frequency, pH dependence, and
oxyanion substrate scope. Specifically, Ru shows outstanding activity far' @@ NQ'
reduction over a wide pH range, and the price of Ru is more than an order of magnitude lower
than the other four metals (Table A.1 in Appendix A). Thus, lower cost and more sustainable
reductive catalytic technologi€s!® may be achieved by developing Ru-based multi-functional
materials. Moreover, our research group has developed highly stabiér€tidction catalysts
based on Rh rather than Pd, because the former could rapidly scavergam@lediates that
can deactivate Re complex reaction site¥.Results from this study are expected to initiate the
development of new catalysts for a variety of water treatment scenarios.

Various factors such as size and morphology of both the metal nanoparticles and the
support materials can also influence the reactivity of platinum group rietdlbut the effects
are generally less pronounced compared to the effects of metal identity (e.g., Pd versus Rh in
ClOs" reduction, or Pd versus Ru in NOreduction) as demonstrated in this study.
Computational studié$ °8 are also needed to provide detailed theoretical insights into these
metal-specific effects and metal-substrate interactions. We emphasize that research priority
should be given to further examining novel activity of these previously overlooked metals in
water treatment applications, such as (1) exploring multi-functional activities in treating various
emerging and challenging contaminants (e.qg., Aftfiioro*®* and polychloré’ 6* compounds),
and (2) rational development of catalyst formulation and engineering processes to apply these

metals for practical water treatment.
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2.5  Conclusions

Four platinum group metals (Ru, Rh, Ir, and Pt), largely overlooked in the development
of water treatment catalysts compared to Pd, are shown here to exhibit favorable reactivity with
agueous bromate, chlorate, nitrate and perchlorate at ambient conditions. Specifically, Rh and Ru
show significant advantages over Pd in terms of catalytic turnover frequency, pH dependence
oxyanion substrate scope, or cost. Cross comparison of multiple metals and tri-oxyanion
substrates suggest that some previous interpretations of the pH influence on catalyst reactivity
should be revisited. The chemical nature of each metal element is a key factor determining the
catalyst activity and adaptability to different water treatment conditions. We recommend that
rational selection of metals could be one of the current priorities in the development of water
treatment catalysts.
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CHAPTER 3

HYDROGENATION OF AQUEOUS NITRATE AND NITRITE WITH RUTHENIUM
CATALYSTS

A modified version of this chapter was publishedpplied Catalysis B: Environmental
Xiangchen Huo, Daniel J. Van Hoomissen, Jinyong Liu, Shubham Vyas,
and Timothy J. Strathmahn
3.1  Abstract
Historically, development of catalysts for treatment of tetantaminated water has
focused on supported Pd-based catalysts, but high costs of the Pd present a barrier to
commercialization. As part of an effort to develop lower cost hydrogenation catalysts for water
treatment applications, we investigated catalysts incorporating Ru with lower cost. Pseudo-first-
order rate constants and turnover frequencies were determined for carbon- and alumina-
VXSSRUWHG 5X DQG GHPRQVWUDWHG 5XfV KLJK DFWLYLW\
temperature and HpressureEx situ gas pretreatment of the catalysts was found to enhance
nitrate reduction activity by removing catalyst surface contaminants and exposing highly
reducible surface Ru oxides. Ru reduces nitrate selectively to ammonium, and no aqueous nitrite
intermediate is observed during reactions. In contrast, reactions initiated with nitrite yield a

mixture of two endproducts, with selectivity shifting from ammonium towardat écreasing

"Reprinted with permission from Huo, X.; Van Hoomissen, D. J.; Liu, J.; Vyas, S.; Strathmann,
T. J. Hydrogenation of aqueous nitrate and nitrite with ruthenium catalyspd. Catal. B:
Environ.2017 211, 188-198. Copyright 2017 Elsevier. X.H. performed most of the experiments
and analyzed data; D. J. V. H. and S.V. performed the Density Functional Theory calculations;
J.L. provided technical support and helpful advice; X.H. and T.J.S. wrote the paper with input
from all authors. All authors are affiliated with Colorado School of Mines.
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initial aqueous nitrite concentrations. Experimental observation and Density Functional Theory
calculations together support a reaction mechanism wherein sequential hydrogenation of nitrate
to nitrite and NO is followed by parallel pathways involving the adsorbed NO: (1) sequential
hydrogenation to ammonium, and (2) N-N coupling with aqueous nitrite followed by
hydrogenation to the detectecdd intermediate and Nendproduct. These findings open the
door to development of alternative catalysts for purifying and recovering nutrients from nitrate-
contaminated water sources, and insights into the controlling surface reaction mechanisms can
guide rational design efforts aimed at increasing activity and tuning endproduct selectivity.
3.2 Introduction

Nitrate contamination of drinking water sources is among the greatest public health
threats around the worldNitrate concentrations exceeding health-based standards are routinely
detected in drinking water sources due to excess fertilizer applications and release of
incompletely treated industrial and domestic wastewfdteFhe growing contamination of
drinking water sources raises health concerns because nitrate can be transformed into hazardous
chemicals, including nitrite, which causes methemoglobinemia (i.e., blue baby syndrome), and
potentially carcinogenic nitrosamine$.As a result, there is great interest in the development of
efficient, robust and low-cost technologies for treating nitrate-contaminated water.

Several technologies are available to separate nitrate from water, including ion
exchangé; & high pressure membrane filtratidrand electrodialysi¥, and have demonstrated
their effectiveness in full-scale practité! The principal drawback of these systems is the
production of a nitrate concentrate stream that requires further treatment befosaldfspo
Biological denitrification is widely used for the treatment of municipal and industrial wastewater,

but concerns about pathogen introduction, the need for costly organic carbon amendments and
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potential residuals, and biological sludge production have limited application for drinking water
treatment* 1> More recently, chemical reduction of nitrate has been increasingly explored.
Zerovalent metals, including irdfi,aluminum!’ and magnesiurif stoichiometrically couple

nitrate reduction with metal corrosion, but reactions are hindered by the formation of oxide
surface coatings, and the need to constantly replenish the metals as reducing equivalents are
consumed creates operational challenges.

As an alternative to stoichiometric metal reductants, our team and others have been
investigating the application of metal hydrogenation catalysts that couple nitrate reduction with
H. oxidation? 1923 Nitrate can be transformed into two endproducts with differerarid acidity
requirements:

NOs + 2.5H + H* ££0.5N: + 3H0 (3.1)
NOs +4H; + 2H" AENH4" + 3H0 (3.2)

Because the metals are acting as catalysts rather than stoichiometric reactants, they are
not consumed in the process or generate a secondary solid waste stream that requires disposal. H
is an inexpensive electron donor that has lower life cycle environmental impacts than organic
electron donors applied in most biological denitrification procedsge. date, most work has
focused on the development of nitrate and nitrite treatment processes employing supported Pd-
based catalysts$: 2> 26Pd catalysts are highly effective in converting nitrite, the first daughter
product of nitrate reduction, to harmlessdés at an incomparable rafeé® but monometallic Pd
catalysts show little reactivity with nitrate3® '"HSRVLWLRQ RI D VHFRQG 3SURPR'
Cu, In, Sn) together with Pd is typically required to facilitate reduction of nitrate to Aitfite’

A large body of literature has reported on aqueous nitrate reduction with Pd-based bimetallic

catalystg® 39 31 327 and our current understanding of metal-catalyzed nitrate hydrogenation
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mechanisms has been limited to reactions occurring with these materials. The prevailing reaction
pathway follows a two-step process depicted in Figure 3.1: (1) hydrogenation of nitrate to nitrite
on bimetallic clusters followed by (2) further hydrogenation of nitrite on Pd sites to a mixture of

N2 and ammonium stable endproducts, the net processes being reflected by Egs. {3%-%2).

40

ﬁNzo é N2

NO,- —> NO,- —> NO

> NH,*

Figure 3.1 Nitrate hydrogenation pathway on Pd-based bimetallic catalysts.

The proposed sequential reduction pathway is supported by the observation of nitrite as a
transient reaction intermediat&,® increasing with pH as the rate of Pd-catalyzed nitrite
reduction decreasé,*! and isotope labeling experiments showing Pd-catalyzed reduction of
NO to the same mixture of endproducts and selective conversiof©aoN\z.2? The distribution
of endproducts, presumed to be controlled by the Pd-catalyzed reactions of nitrite or its daughter
products (e.g., adsorbed NO), has been reported to vary with catalyst compbgitieta)
nanoparticle siz& support® and solution pH*

Although years of effort have been invested in improving the activity, endproduct
selectivity, and long-term stability of Pd-based bimetallic catafydtfand to a lesser extent Pt-
based catalyst§; 49 deployment of practical catalytic treatment systems remains limited, in
large part, due to high costs of fdPrecious metal-free catalysts based on Ni have been

explored*™ %8 4°put instability in aqueous matricgsand serious concerns about the associated
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leaching of dissolved Ki®! and the pyrophoric nature of highly active Rane$? Nave limited
further development efforts.

As a result of the low nitrate and nitrite reduction activity reported in early catalys
screening studie€; 28 Ru hydrogenation catalysts have been largely overlooked for such
applications. However, a renewed examination of the application of Ru-based catalysts is
warranted because of the historically much lower price of Ru in comparison to Pd*aad Pt
well as the PHWDOTV GRFXPHQWHG FDWDO\WLF DFWLYLW\ IRU D
hydrogenation, hydrodeoxygenation and hydrodechlorination reaétiéf addition, work on
electrochemical reduction of nitrate (in acidic media) has shown that Ru electrodes exhibit
higher activity than Pt, Pd and Ir electrodesfter recently screening a range of metal catalysts
as alternatives to Pd for reduction of oxyanion pollutghtis contribution focuses on a
renewed evaluation of the kinetics and mechanisms of nitrate and nitrite reduction by supported
Ru catalysts. Reaction kinetics, product distribution analysis, and catalyst characterization
studies are combined with Density Functional Theory (DFT) calculations to imprave ou
understanding of interaction between nitrate (and nitrite) and Ru metal surfaces and elucidate the
origin of endproduct selectivity.

3.3 Materials and methods
3.3.1 Catalysts

A full listing of chemical reagents is provided in Section B.1.1 in Appendix B. Ru and Pd
catalysts immobilized on carbon and alumina supports (nominal 5 wt% metal) were purchased
from Sigma-Aldrich. Unless otherwise noted, the as-received Ru and Pd catalysts were
pretreatedex situin flowing Hz at 350 °C for 2 h prior to use in aqueous oxyanion reduction

experiments. The only exception to this was for experiments specifically examining the effects of
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different ex situ pretreatments (see Section 3.4.2), wherein the as-received catalysts (no
pretreatment), catalysts pretreagedsituin flowing Nz at 350 °C for 2 h, and catalysts pretreated

ex situin flowing Hz as mentioned above were compared. No precautions were taken following
pretreatment to avoid surface passivation upon exposure to air. Bimetallic Pd-Cu/C, Ru-Cu/C,
and Ru-In/C catalysts were prepared by incipient wetness impregiiatfoh wt% of Cu (as
Cu(NGs)2:3H0) or In (as In(N®@s3-3H0) on asreceived commercial Pd/C and Ru/C,
respectively, followed by air drying at 110 °C for 12 h andt350 °C for 2 h.

Catalysts were extensively characterized, including metal content (inductively coupled
plasma-optical emission spectrometry, ICP-OES), specific surface area and average pore
diameter of the support materialsz(physisorption), metal dispersion (the percentage of Ru or
Pd atoms present on the clean surface of the immobilized metal nanoparticles, CO
chemisorption), active surface (the percentage of Ru or Pd atoms accessible to reactants under
simulatedin situ conditions, CO chemisorption), morphology and size of the metal nanoparticles
(transmission electron microscopy and high-angle annular dark-field-scanning transmission
electron microscopy, TEM and HAADF-STEM), Ru reducibility> (t¢mperature-programmed
reduction, H TPR), and long-range structural order (X-ray diffraction, XRD). Details of each
methodology are provided in Section B.1.2 in Appendix B.

3.3.2 Nitrate and nitrite reduction kinetics

Aqueous nitrate and nitrite reduction kinetics were measured in an open semi-batch
system under continuous parging (1 atm, 40 mL nif) at constant temperature (25 + 0.5 °C).

A 250 mL three-neck reactor was filled with 150 mL deionized water and predetermined mass of
catalyst. The suspension was sonicated for 5 min and sparged avgasHor 30 min before

introducing a small volume of NaN®@r NaNQ stock solution to initiate the reaction. Reaction
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progress was monitored by periodic collection of suspension aliquots (1.5 mL) that were
immediately filtered (0.22 um cellulose acetate) to remove catalyst particles and quench
reactions prior to analysis by ion chromatography {N&hd NQ’) and colorimetric assay
(NH4"). The suspension was mixed by a Teflon-coated magnetic stir bar at 700 rpm. Solution pH
was maintained by HCI addition from an automatic pH-stat (Radiometer Titrd&4uoCGatalyst
activity was assessed by quantifying initial mass-normalized pseudo-first-order rate coksgtants (
L gruwrd® mint) and turnover frequencies (T@FMin?t), defined as the number of nitrate or
nitrite ions reduced per active surface site per minute. The active surface was estimated from CO
chemisorption measurement using an assumed 1:1 CO:Metal adsorption stoichi®metry
Additional details of the procedures for kinetics parameter calculations and aqueous analytical
measurements are provided in Sections B.1.3 and B.1.4 in Appendix B. A catalyst re-use
experiment was carried out to evaluate the stability of Ru/C. After a semi-batch reaction was
complete, the catalyst solid was collected on a filter (glass fiber filter; EMD Millipore), washed
with deionized water several times, and vacuum dried aC&¥ernight before re-suspending in
water for the subsequent semi-batch reaction. The catalyst was also re-characterized after
completion of the re-use experiment.
3.3.3 Isotope labeling experiments

Nitrogen mass balances and endproduct distributions were quantified using closed-bottle
batch experiments with the aid BN-labeled nitrate and nitrite salts to avoid the interference
from atmospherid“N2 during mass spectrometry measurement of thenmdproduct? A 160
mL serum bottle with 75 mL of an organic buffer, 4-morpholineethanesulfonic acid (MES) (pH
5.5, 40 mM),a predetermined mass of catalyst, and a Teflon-coated magnetic stir bar was sealed

by a 1.0 cm-thick rubber stopper held in place by an Al crimp cap. Experiments were conducted
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at ambient temperature (21 £ 1 °C) and suspensions were mixed in the same manner as the semi-
batch experiments. The reactor was sparged witfioH30 min to saturate the headspace and
solution before introducing the target oxyanion pollutant. Asphrged stock solution of
Na®NOs or Na°NO2 was then added to the reactor to initiate the reaction, and 1.5 mL aqueous
aliquots were withdrawn by syringe through the gas-tight septa to monitor disappearance of the
parent reactant and the evolution of aqueous intermediates and products. Headspace samples (0.1
mL) were collected separately and immediately analyzed for labeled gaseous intermediates and
products NO, 1*N20, and®N2) by gas chromatography-mass spectrometry (GC-MS, details in
Section B.1.4 in Appendix B). Headspace gases were assumed to be maintained in equilibrium
with the aqueous phase at all tinfi€syhich was supported by good nitrogen mass balance
closure. Analyte values in these experiments are reported in moles of nitrogen because products
include both liquid and gas species as well as both mono- and diatomic nitrogen species. The
total mass of Hinitially added to the sealed batch reactor (~3.4 mmol) was in significant excess
of the stoichiometric requirement for the complete reduction of the addedtdN®H:" (~0.5
mmol).
3.3.4 Computational methods

DFT calculations of N-containing species associated with Ru metal surfaces were
performed with the Gaussian 09 suite of progré&h#s Ruie metal cluster structure was used to
model Ru catalysts based on the work of Aguilera-Gren@®? and Zhanget al® It was shown
that Ru and Rh clusters with fewer than 20 atoms adopt simple cubic or distorted cubic structure.
Geometry optimizations of Ru clusters were completed at the PBE®I of theory with the
Lanl2DZ basis set> % The core electrons of Ru atoms were modeled using the SDD effective

core pseudo-potentiét. ¢’ The PBEO functional was shown to be a reliable method in predicting
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both the properties and reactions involved with transition metals and metal élstetsding
Ru, with accuracies approaching or exceeding other functionals commonly utilized in solid state
systems?

Small molecule (i.e., nitrate, nitrite, and other reacting species) adsorption to the metal
clusters were optimized at the PBEO/Lanl2DZ(Ru)/6-31+G(d,p)(H, N, O) level of theory. The
geometry optimization of small molecules was performed with the Ru cluster fixed.
Thermodynamic barriers were calculated from the bottom of the well energies, as
thermodynamic corrections would be an unnecessary addition of error due to the frozen bond
constraints given to the metal atom centers. The integral equation formalism polarizable
continuum model (IEF-PCMJ was used to implicitly model the aqueous environment and was
present in all optimizations and single point energy calculations. To correct for spin
contamination for unpaired electron intermediates, single point energies utilizing a restricted
open shell (RO) wavefunction were calculated at the ROPBEO/Lanl2DZ(Ru)/6-31+G(d,p)(H, N,
O) level of theory. When multiple conformations of adsorbed N-containing species were possible,
the complexes with the lowest energy were chosen for the calculation of reaction energies.

3.4 Results and Discussion
3.4.1 Catalytic nitrate reduction

Figure 3.2 shows the catalytic reduction of aqueous nitrate on Ru/C in comparison to
monometallic Pd/C and bimetallic Pd-Cu/C. In contrast to an earlier report of limited nitrate
reactivity with Ru catalyst€ these experiments demonstrate that Ru is an effective catalyst,
exhibiting much greater activity than monometallic Pd/C of the same mass loading and similar
activity to Pd/C after immobilization of 1 wt% Cu as secondary promoter metal. For all three

catalysts shown in Figure 3.2, nitrate reduction kinetics follow a pseudo-first-order rate law over
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at least the first reaction half-life, and model fits of the data shown yield Ru- and Pd-mass-
normalized pseudo-first-order rate constants of 4.13 + 0.3@L.rgin?, 0.46 + 0.08 L gi* min
1 and 4.18 + 0.01 Leg* mint for Ru/C, Pd/C, and Pd-Cu/C catalysts, respectively.

The rate constants are calculated using the metal loading reported in Table 3.1. Control
experiments conducted under continuoussplarging (catalyst suspensions sparged wittioH
30 min followed by N for another 60 min to displacezHbefore introducing nitrate to the
reactor) show negligible loss of nitrate, demonstrating minimal adsorption onto the catalyst
supports. Since the catalysts were subjected to the sasiau H2 pre-reduction step before
switching to N sparging, this observation also indicates negligible direct reduction of nitrate by
the metallic Ru or Pd phases. Initial rates of nitrate reduction vary linearly with catalyst loading
between 0 and 0.5 gLRu/C (Figure B.2 in Appendix B), indicating that catalyst suspensions

were well mixed and under the studied conditions. The estimated Weisz-Prater parasggeter (C

1.8 I 0 Pd/C,N, ARWC, N, mPd/C @®Pd-Cu/C ARu/C

[NO; ] (mM)
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Figure 3.2 Measured reaction timecourses for nitrate reduction and first-order model fits on 5
wt% Ru/C, 5 wt% Pd/C, and 5 wt% Pd-1 wt% Cu/C in the semi-batch reactor system (0.2 g L
catalyst, [NQ]o = 1.6 mM, 1 atm klcontinuous sparging except in control experiments where 1
atm N continuous sparging was used, pH 5.0 maintained by pH stat, 25 + 0.5 °C). Error bars
represent standard deviations of triplicate reactions.
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(Section B.2.1 in Appendix B) is<1, indicating that the internal mass transfer within the porous
catalyst support particles is also not rate limiting. Ru/C exhibited good stability in batch re-use
experiments, with activity decreasing <5% after each run (Figure B.3 in Appendix B). Dissolved
Ru measured in the supernatant of catalyst suspensions was below 1 ppb, demonstrating
negligible leaching of the active metal. Electron microscopy of the catalyst collected following
repeated re-use shows no agglomeration or growth of Ru nanoparticles (Figure 3.3a and b). The
small drop in activity observed between runs is speculated to be caused by material loss during
the filtration recovery protocol used between runs. Immobilization of secondary promoter metals
(1 wt% Cu and In) that have been reported to enhance nitrate reduction activity for Pd catalysts
did not enhance Ru/C reactions with nitrate (data not shown).

Reductive transformation of nitrate, rather than adsorption or other transformation
process, is also confirmed by the good nitrogen mass balance closure (Figure 3.4a) observed
using closed-bottle batch experiments with the aid &Nalabeled nitrate salt that eliminated
potential artifacts from atmospheric contamination during analysis2ofFdr Ru/C, nitrate is
converted selectively to ammonium without producing any detectaieoy GC-MS analysis,
and none of the transient aqueous or gaseous intermediates typically observed for Pd-based
catalysts (nitrite and D)3 "*are detected.

The effect of solution pH on nitrate reactions with Ru/C was evaluated in the open semi-
batch systems using HCI/NaOH to maintain pH (Figure B.4 in Appendix RB)mass-
normalized pseudo-first-order rate constants are relatively constant between pH 5-8, but decrease
significantly at lower and higher pH conditions. Since gaseous nitrogen species cannot be

measured in the open semi-batch reactors sparged continuously-wdtistingent mass balance

DQDO\WVLV RI HQGSURGXFWV ZDV QRW IHDVLEOH +RZHYHU D
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Table 3.1 Properties of catalysts used for nitrate activity test.

0
% (7 7TRWDO $YHUDIJ}F OHWD OHWD( $FWL)Y
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3G & ¢ “ “
3G SIQO G “ 15I

aadsorption total pore volume at R/ 0.97.°Calculated from total pore volume and BET surface &@smlculated based on active surfaddeasured by ICP-
OES analysisNominal value provided by suppliéo reaction observed.
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Figure 3.3 HAADF-STEM images of (a&@x situ Hz pretreated Ru/C, (b) Ru/C after re-use
experiment, (c) as-received Ru/C and éa)situHz pretreated Ru/ADs. The insets show Ru
particle size distributions.
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Figure 3.4 Timecourses showing agueous and gaseous intermediates and products during Ru/C-
catalyzed reduction ofN-labeled (a) nitrate and (b) nitrite monitored in closed-bottle batch
systems (0.2 gt catalyst, PNOs7o or ['°NO27]o = 1.6 mM , initially 1 atm K, pH 5.5 buffered

by 40 mM MES, 21 £ 1 °C). Error bars represent standard deviations of triplicate reactions
(smaller than symbol if not visible).

the initial nitrate concentrations for all pH conditions, consistent with the high selectivity
measured in the closed reactor experiment conducted at pH 5.5 Wiladpeled species (Figure
3.4a).

Comparison between metal dispersion and active surface in Table 3.1 suggests that 30
min of Hz treatment at 28C is sufficient to re-reduce a large fraction of any surface oxides that
might form upon air passivation ek situHz pretreated catalyst®espite the heterogeneity in
particle morphology (Figure 3.3 and Figure B.5 in Appendix B) and an assumed 1:1 CO:Metal
adsorption stoichiometry for all catalysts irrespective of metal particle size and support, metal
dispersion values derived from CO chemisorption andfysise reasonably consistent with
particle sizes observed by electron microscopy (Table 3.1). The rate constants for monometallic
catalysts correspond to initial turnover frequencies (@©fF2.1 + 0.2 mirt for Ru/C and 0.42 +
0.07 min' for Pd/C based on active metal surface. §OFnitrate reduction on Ru/C is five
times greater than that of Pd/C. The higher reactivity of monometallic Ru/C than Pd/C is

especially noteworthy because the Pd/C reactivity observed in Figure 3.2 is actually much
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greater than that reported in earlier studies that found either no reaction with nitrate or a very low
extent of reactiof? 3%:%6. 75 7 U D Z F ] \et\aN!lcalculated TOE of nitrate reduction on an in-

house prepared Pd/C catalyst to be ~0.@8*nmwhich is one order-of-magnitude lower than the

TORo calculated from data for Pd/C in Figure 3.2. ConsiderigK DW GHLRQL]J]HG ZDW
0 g¢m?) was used for all experiments and known promoter metals for Pd catalyst including Cu,

In, and Sn were not detected by Energy Dispersive X-ray spectroscopy analysis of Pd/C, we
believe that the higher activity of Pd/C observed here is not due to promoter metal contamination
from solution or surface residues present following synthesis of catalyst support.

The nature of active sites in Pd-Cu bimetallic catalysts is not well understood or
characterized. Although it is technically possible to estimate surface atoms 2by H
chemisorptiorf> "®we believe the measurement does not represent bimetallic sites and chose not
to calculate the TQHor nitrate reduction on Pd-Cu/C or compare the intrinsic activity between
Ru and Pd-Cu bimetallic surface. However, it can be seen from Table B.1 in Appendix B that the
PdCu/C catalyst prepared for comparison in this study exhibits activity on a Pd mass-
normalized basis that is comparable with other studies that focused in greater depth on the
activity and mechanism of such bimetallic catalysts.

3.4.2 Effect of pretreatment on nitrate reduction activity

The high activity of Ru/C with nitrate observed here in comparison with earlier reports
warrants further examination. Several studies have documented that the reactivity of supported
metal nanoparticles is influenced by nanoparticle size and shape, chemical state, support
properties and metal-support interaction, which are subject to the starting materials (support
material and metal precursor), synthesis methods and activation*®stépEhe present study

used commercially produced catalysts to take advantage of materials with optimized industrial
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production and adapted for large scale applications. However, the high reactivity with aqueous
nitrate of Ru catalysts was demonstrated with the catalyst pretreatsitin flowing Hz at

350 °C for 2 h prior to use, and thereceived Ru/C and Ru/ADs show low or no activity. To
further characterize the effects et situpretreatment on catalyst activity, we had commercial
Ru/C, Ru/AbOs, Pd/C and Pd/ADs subjected teex situheat treatment (350 °C, 2 h) in both

inert gas (N) and reducing gas @ and tested of their nitrate reduction activity. The metal
mass-normalized pseudo-first-order rate constants for nitrate reduction with these materials are
calculated and presented in Figure EX.situpretreatment of Ru/C, either with flowing ldr

N2, leads to more than a threefold increase in catalyst activity compared to the as-received
catalyst. The effect of pretreatment is most pronounced fkIRDY, in that the catalyst is only
active after pretreatment in flowingeHn comparison, pretreatment has no effect on the activity

of Pd/C. PdAI20s exhibited no activity for nitrate reduction irrespective of catalyst pretreatment.
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Figure 3.5 Influence of catalyst pretreatments (as-received catalyst eitu pretreated in
flowing Hz or N2 at 350 °C for 2 h) on reactivity with agueous nitrate (0.2gcatalyst with
nominal 5 wt% Ru or Pd, [N€go = 1.6 mM, 1 atm kl continuous sparging, pH 5.0 maintained

by automatic pH stat, 25 + 0.5 °C). Error bars represent standard deviations of triplicate
measurements (smaller than symbol if not visible). NR = no reaction observed.
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A battery of characterization analyses was conducted to rationalize the dramatic influence
of ex situpretreatment on Ru catalysts. XRD scan of Ru/C (Figure 3.6a) shows mainly peaks
associated with crystalline carbon phases, but no significant peaks for Ru metal (ca. 44° and 38°,
JCPDS card No. 06-0663) or Ra(za. 28°, 35° and 54°, JCPDS card No. 43-1027), indicating
small crystal size below XRD detection limit. The XRD pattern for RiAl(Figure 3.6b)
shows crystalline Rufin both the as-received amk situNz pretreated materials, but these
features disappear and new features characteristic of crystalline Ru metal appear in the H
pretreated Ru/ADs. For both Ru/C and Ru/éDs catalysts, the catalyst activity (Figure 3.5)
roughly correlates with the active Ru surface of catalysts (Table B.2 in Appendix B), suggesting

that catalyst pretreatment increased the Ru surface area active for catalytic reaction.
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Figure 3.6 XRD patterns of (a) Ru/C and (b) Ru#®s collected after differenex situ
SUHWUHDWPHQWY 3HDNYV DVVi(d@rd @adivdted5X PHWDO | DQG 5X

Increasing surface area often results from decreased particle size, which is not the case
for Ru/C in this study. The size distribution of Ru particles in the as-received Ru/C (1.9 + 0.6 nm,
Figure 3.3c) is not statistically different from that measured followingxr&tuH: pretreatment
process (2.2 + 0.8 nm, Figure 3.3a). Another possibility is that the Ru catalyst surface in the as-

received Ru/C is blocked by residues from synthesis, which may be partially or fully removed by
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the high temperature pretreatment processed. AR analysis provides evidence to support this
hypothesis. The TPR profiles (Figure 3.7)afsituH2- and N-pretreated Ru/C are similar, with
a first reduction peak located between 50 andG%nd a second broad reduction peak above
400 °C. The reduction peak temperature of supported Ru oxides formed during catalyst
calcination has been reported to vary between 65 °C andCL857® Though the temperature of
the first reduction peak observed here falls below this range,zthertdumption quantified from
the peak area (Table B.2 in Appendix B) is consistent with the theoretical stoichiometry for H
consumption during Rureductiori®:
RuG: + 2+ /ERu + 2HO (3.3)

The Ru oxides formed upon re-oxidation of pretreated Ru upon exposure to ambient air are
redox-labile, enabling re-reduction by Bt 25°C. The second reduction peak is assigned to the
direct reduction of aldehyde, quinone and phenol groups on the carbon $0pfwet.TPR
profile for as-received Ru/C is markedly different from thosexo$itupretreated Ru/C. A much
larger B consumption and a dip in the TCD signal match the features of surface species
decomposition and desorption, supporting the hypothesis that the as-received catalyst surface is
blocked by residues that desorb upon heat pretreatment. Temperature-programmed desorption
study of as-received Ru/C aed situHz pretreated Ru/C in Ar provides further confirmation of
surface species desorption at°€7for as-received Ru/C (Figure B.6 in Appendix B). Therefore,
asreceived Ru/C consists of highly reducible Ru oxides that are covered by surface
contaminants. Thex situpretreatment of Ru/C increased catalyst activity mainly by removing
these surface contaminants while causing minimal effect on Ru oxides particles.

The as-received Ru/ADs and ex situ Nz pretreated Ru/ADs exhibit a TPR pattern

consistent with Ru@reduction reported in the literature, which is also in agreement with the
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Figure 3.7TPR profiles of (a)asreceived Ru/C, (bex situNz pretreated Ru/C, (@x situH2
pretreated Ru/C, (d) as-received Ruf@d, (e)ex situN2 pretreated Ru/ADs, and (f)ex situH2
pretreated Ru/ADs. TCD signals are normalized with sample mass.

crystalline RuQ identified by XRD analysis. Although the stoichiometry fordénsumption of

RuQ; in these two Ru/AbDs catalysts is similar to that of Ru@ ex situHz- and N-pretreated

Ru/C (Table B.2 in Appendix B), the Ru oxides on the two supports show significant differences
in reducibility as evidenced by the much lower reduction peak temperature of Ru/C catalysts.
Besides, the surface of Ru@ ex situHz2- and N-pretreated Ru/C is easily reduced by ad

25 °C, while the surface of RuQn as-received Ru/ADs andex stu N2z pretreated Ru/ADs is

not reducible with K at 25°C (Table B.2 in Appendix B). In contrastx situHz pretreated
Ru/Al20s shows a small Hconsumption peak at £4&, similar to the highly reducible RuGn

ex situHz- and N-pretreated Ru/C and consistent with crystalline metallic Raxirsitu Hz
pretreated Ru/ADs identified by XRD analysis. Based on these observations, it can be
concluded thaex situHz pretreatment activates Rué@is by reducing the crystalline Ru@ a
metallic Ru phase, whose surface is re-oxidized upon exposure to ambient temperature air to a
more redox-labile form of Ruf)e.q., less crystalline) that can be re-reduced bgti25°C. A
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complete re-oxidation of pretreated Ru/C compared with partial re-oxidation pfdtteated
Ru/Al2Qs is attributed to a much smaller size of Ru nanoparticles in Ru/C than in2Rsa/Ahe
ex situ N2 pretreatment fails to activate Ru®k due to the inability of B to transform
crystalline Ru@ to redox-labile species. Therefore, it is further confirmed that redox-labile
surface Ru oxides are essential to achieve good performance in catalytic nitrate reduction
applications.
3.4.3 Catalytic nitrite reduction

Based on the prevailing mechanism for nitrate reduction with Pd-based catalysts, the first
reduction intermediate is anticipated to be nittit& 82and the fact that no nitrite intermediate
is observed when monitoring nitrate reactions (Figure 3.4a) would suggest nitrite reduction is
much faster than nitrate reduction at comparable conditions (similar to observations reported for
Pd catalysts under most conditios™ 8j. Compared to nitrate, reduction of nitrite is less well
described by a pseudo-first-order rate law, with the reaction appearing to accelerate as nitrite
concentration continues to drop after the first two half-lives (Figure 3.8a). Nevertheless, the
pseudo-first-order rate constants for nitrite reduction over the first two half-lives was calculated
to provide a rough measure of catalyst activity to compare with that measured for nitrate
reduction under similar conditions. Surprisingly, the observed reaction kinetics for nitrite are
markedly slower than for nitrate under the same conditions. The mass-normalized pseudo-first-
order rate constant for nitrite reduction derived from the model fit of data in Figure 3.8ais 1.44 +
0.15 L gra! mint, corresponding to an T@Bf 0.73 + 0.06 mir. This value is about one third
of the TOF for nitrate measured under the same conditions (2.1 + 0:9.ndihe lower activity

of nitrite in comparison to nitrate contrasts with typical results reported for Pd-based bimetallic
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Figure 3.8 (a) Comparison of Ru/C-catalyzed nitrite reaction kinetics with nitrate reaction at
standard conditions (0.2 g'Ru/C, [NQ]o or [NOz]o = 1.6 mM). (b) TOF of Ru/C-catalyzed

nitrate and nitrite reduction as a function of initial concentration of the target oxyanion (8.2 g L
rses for the simultaneous reduction of nitrate and nitrite added to a
(0.2 g tatalyst, [NG]o = [NO2]o = 1.6 mM). Other conditions
include 1 atm K continuous sparging, pH 5.0 maintained by automatic pH stat, and 25 + 0.5 °C.
Error bars in panels a-b represent standard deviations of triplicate measurements.
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catalysts, where nitrite is much more reactive than the parent nitrafe foitrite reaction with
Pd/C at the same conditions shown in Figure 3.8a yields a 31&7.7 + 9.2 miH.

The isotope labeling mass balance closure experiment conducted with nitrite as a starting
reactant (Figure 3.4b) further reveals a distinct behaviRueafatalyzed nitrite reduction. In
contrast to the experiment initiated with nitrate, nitrite reduction yields a mixture: ahl
ammonium endproducts, anck® is observed as a reaction intermediate. Whereas the sole
product of nitrate reduction detected is ammonium irrespective of initial nitrate concentration
(Figure 3.9a), the distribution of2dimmonium observed in nitrite reduction experiments shifts
increasingly towards Nwith increasing initial nitrite concentration (Figure 3.9b).
3.4.4 Site-limited reduction kinetics

As mentioned earlier, measured nitrite concentrations drop below pseudo-first-order
kinetic model predictions as the reaction progresses and nitrite concentration decreases (Figure
3.8a). To examine this further, TOBf nitrate and nitrite reduction were determined at varying

initial concentration of each oxyanion. Results of these measurements (Figure 3.8b) reveal
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contrasting behavior for nitrate and nitrite. For nitrate, the observed trend is consistent with the
classical Langmuir-Hinshelwood model for heterogeneous reactions, whesarnb@dases with
increasing initial nitrate concentration until it approaches a maximum value due to saturation of
available surface reaction sitésSimilar behavior has been documented for many heterogeneous
catalytic reactions, including nitrate, nitrite, and bromate reactions with Pd-based é&t&h?st.

The small drop in TOFobserved at the highest initial nitrate concentration tested may result
from competitive adsorption between nitrate andoH the same reaction sif€sA contrasting

and atypical behavior is observed for nitrite, where d@#fues are greatest at the lowest initial
nitrite concentration and decrease to minimum value with increasing nitrite concentration. To
rationalize this trend within the framework of a Langmuir-Hinshelwood model requires an
assumption that nitrite competes directly withfer the same reaction sites and the former has a
much higher affinity for the sites than the latter, thereby inhibiting uptake and dissociation of the
required H reductant at higher nitrite concentrations. An important implication of this finding is
that the relative reactivities observed for nitrate versus nitrite (e.g., Figure 3.8a) are heavily
dependent upon the initial oxyanion concentrations used in the reactions. The heightened
reactivity of nitrite at low nitrite concentrations can also potentially explain why the species is
not observed as a reaction intermediate during Ru catalyst reactions initiated with nitrate; when
nitrite is formed at low concentrations on the catalyst surface, its rapid turnover under these
conditions prevents detection in the overlying aqueous solution. The competition between nitrite
and H adsorption may also contribute to the observed shift in endproduct selectivity towards
ammonium at lower initial nitrite concentration (Figure 3.9b); conversion of nitrite to ammonium
has a relatively higher stoichiometric requirement ferthéin reduction to i so an increase in

Hz:nitrite ratio could favor the pathway for ammonium production by increasing surface
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coverage of hydrogen and decreasing surface coverage of nitrogen species. The decreasing nitrite
concentration is also expected to reduce the rate of N-N pairing reactions necess@aryatal N
N2. Detailed pathways will be discussed in the following section.

Since separate reactions conducted with nitrate and nitrate suggest that the oxyanions
both compete with Hfor chemisorption at Ru active sites, competitive reactions between the
two oxyanions were further examined by reaction initiated with mixtures of nitrate and nitrite.
Figure 3.8c shows the reaction of an equimolar mixture of nitrate and nitrite at the same
conditions as the individual oxyanion reactions shown in Figure 3.8a. Interestingly, despite the
fact that nitrite reacts slower than nitrate when the two oxyanions are reacted with Ru/C
separately, the presence of nitrite severely inhibits nitrate reduction. Nitrate reduction kinetics
proceeds in two phases. A severely inhibited reduction phase is observed while nitrite is present,
but the reaction accelerates once the nitrite is fully depleted. Variation of the ratio of initial
nitrate and nitrite confirmed competition between the two oxyanions for available catalysts
reaction sites, since the initial rate of nitrate reduction in the first phase increases with increasing
nitrate/nitrite ratio, which is the same case for nitrite reduction measured in the presence of
nitrate (Table B.3 in Appendix B).

3.4.5 Proposed reaction pathway

Ru catalysts behave differently from Pd-based catalysts in nitrate reduction product
selectivity. For example, Ru catalysts favor complete selectivity for ammonium (Figure 3.4a), in
contrast with a mixture of ammonium and Bndproducts reported for Pd-based bimetallic
catalystg> 3! Consistently high (and possibly complete) selectivity for ammonium was observed
for Ru catalysts under various solution pH, whereas the ratio between ammonium\aareée$

with shifting pH conditions for Pd-based bimetallic catalysté! 8 On the other hand, Ru
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catalysts and Pd-based catalysts share similarity in nitrite reduction product selectivity. For Ru/C,
the distribution of M:ammonium shifts increasingly towards Mith increasing initial nitrite
concentration (Figure 3.9b), similar to trends reported for Pd-based catafyististe 3.1 depicts

the generally accepted mechanism of nitrate reduction on Pd-based catalysts. The experimental
observations of nitrite reduction with Ru catalysts appear to be consistent with the reaction
pathways proposed for Pd-based catalysts. Reactions initiated with nitrite yield transient
intermediates and endproducts consistent with the two parallel pathways for NO reduction
(Figure 3.4b). It may not be straightforward to apply the scheme to nitrate reduction with Ru
catalysts considering the differences mentioned above and that reactions initiated with nitrate
show no detectable nitrite intermediate (Figure 3.4a). However, the lack of observed nitrite
intermediate is consistent with the elevated turnover rate of this species observed at low initial
concentrations (Figure 3.8b) and selective reactivity of nitrite in the presence of nitrate (Figure
3.8c). Along this line, the complete selectivity for ammonium is possibly a result of high
selectivity to ammonium at low nitrite concentration (Figure 3.9b).

It should be pointed out that Figure 3.1 only provides a macroscopic picture for the
reaction. When considering the reaction from the microscopic viewpoint, the mechanism
involves much more diverse intermediates that are adsorbed on the surface or in the aqueous
phase. To obtain molecular insights into the mechanism of the reaction over Ru, DFT
calculations were conducted to evaluate the thermodynamics of adsorption and transformation
steps. Adsorption energies and conformations of major reactants, hypothesized intermediates and
products are provided in Table B.4 in Appendix B. The elementary steps underlying the reaction
pathways in Figure 3.1 are illustrated in Figure 3.10, and the energetics of each step are listed in

Table B5 in Appendix B. The strong adsorption of N@EL.3 eV) and NO (-2.0 eV) from water
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to the Ru cluster surface may be contributing to the fact that desorbed aqueous species of the
latter two were never observed during reactions initiated with nitrate. The further sequential
reduction of NQus to NHsads occurs through a series of exothermic reaction steps. Previous
observations of the complete selectivity for ammonium in reactions initiated with nitrate (Figure
3.9%) and the shift in endproduct selectivity towards fNr nitrite reactions conducted with
higher initial aqueous concentrations (Figure 3.9b) indicate that buildup of aqueous nitrite
concentrations is a prerequisite for the reaction pathway leading to diatomic nitrogen species. We
found that initiating N-N coupling by reaction of the N@ntermediate with aqueous nitrite is
exothermic, and subsequent reduction of the resulting intermediate to form both the detectable

N20 intermediate and stable ®ndproduct are also favorable. Some have proposed that NO
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Figure 3.10 Energy profile of the most thermodynamically favorable reaction pathways for
agueous nitrate and nitrite reduction on Rul8 clusters as calculated using PBEO functional and
LANL2DZ (Ru)/6-31+G(d,p)(N, H, O) basis sets.
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dissociates first to Ns and Qs on catalyst metal surfaces before reacting further to form the
observed producf: & DFT calculations indicate that this route cannot be ruled out based on
energetics, but coupling betweeraaNand NQus is unfavorable. The findings from DFT
calculations that both reaction pathways are thermodynamically favorable implies that the kinetic
factors, rather than thermodynamic constraints, are likely responsible for controlling the reaction
product selectivity. Computing activation barriers and establishing microkinetic models will be
needed to provide further insights into the reaction rates and endproduct selectivities observed in
experiments.
3.4.6 Implications for technology development

The results of this study demonstrate that Ru catalysts effectively reduce nitrate at
ambient temperature anc Hressure. Ru possesses many of the benefits of other Pt group metal
catalysts (e.g., high stability) but is less expensive than Pd and Pt, showing potential to reduce
barriers to catalyst technology adoption for treatment of recalcitrant water contaminants. The
reductant (H) is low cost, can be generated on-site electrochemically, and has lowsyclde-
environmental impacts than organic electron donors typically used in biological denitrification
processe$’ The catalysts used in the study are a commercially available material from a vendor
capable to high volume production, making the process accessible to near-term commercial
applications. The sole endproduct from nitrate reduction by the supported Ru catalysts
investigated was ammonium, indicating that Ru catalysts are not suitable for treating drinking
water with dilute nitrate in a single process. On the other hand, highly selective conversion of
nitrate to ammonium, especially in concentrate matrices like waste ion exchange regenerant
brines if followed by separation unit processes (e.g., membrane elect?glysisay be a

promising strategy for sustainably recovering an economically valuable product (e.g.,
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(NH4)2SQy), which is in line with a growing interest in resource recovery from waste stféams.

A number of technology development challenges remain to demonstrate viability, safety, and to
de-risk the technology, but findings in this study suggest a path forward for development of an
economical and sustainable technology for treatment and resource recovery from nitrate-

contaminated water sources.

5DWLRQDO GHVLJQ WKBWSHRSRMWLIHV I1RHBRUMPQW WR
generation water treatment technolodgieBt group metals are known to activate H order to
couple H oxidation with nitrate reduction, the activity of nitrate activation on Ru and the steps
controlling selectivity need to be understood and is the objective of this study. Examination of
the reaction mechanism revealed that selectivity fereNdproduct is limited during nitrate
reduction with the Ru catalyst formulations examined here because N-N coupling requires
significant aqueous nitrite concentrations to buildup and pairing between adsorbed N species is
negligible. This suggests a target for future Ru catalyst design: tailor active sites for selective
adsorption with nitrate over nitrite and/or reducing barriers to mobility and pairing of adsorbed N
species. Surface alloying may be used to alter small molecule binding strength and rates of
surface species diffusioft.®® Alternatively, bio-inspired catalyst structures that attempt to mimic
the multi-component features and activated metalloenzyme centers of biological systems may
offer a promising strategy for enhancing catalyst activity. For example, Liu and co-workers
recently demonstrated >100-fold improvement in catalytic reduction of the recalcitrant oxyanion
perchlorate by modifying the Re component within Pd-Re/C bimetallic catalysts by complexing
ZLWK R[D]JROLQH OLJDQGV WKDW HQKDQFH WKH PHWDOTV
mimicking the design of Mo-centered OAT metal complexes in the perchlorate reductase

enzyme. Inspired by the heme-containing active sites of nitrate and (per)chlorate reductase, Ford
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and co-workers constructed a non-heme iron complex for catalytic nitrate and perchlorate
reduction, and the homogeneous catalyst is regenerated by electrons and protons provided by
1,2-diphenylhydrazing’ Biomimetic catalysts incorporating Ru as the active metal center for

nitrate or nitrite reduction have not been reported to date.

3.5 Conclusions

Supported Ru nanoparticles showed promising catalytic performance in reducing nitrate
in water at ambient temperature anglgfiessure. It is demonstrated that Ru has a high intrinsic
activity in nitrate activation, which is five times higher than that of Pd under standard testing
conditions. The key features for supported Ru catalysts that need to be controlled to achieve high
activity are that reduced Ru surface can be obtainec:lvgddiction at reaction temperature and
that the surface is not blocked by synthesis residues. Ru reduces nitrate selectively to ammonium,
while nitrite is reduced to yield a mixture ot Wnd ammonium, with selectivity shifting towards
N2 at increasing nitrite:hydrogen ratio. The reaction mechanism is proposed that sequential
hydrogenation of nitrate to nitrite and NO is followed by parallel pathways involving the
adsorbed NO: (1) sequential hydrogenation to ammonium, and (2) N-N coupling with agueous
nitrite followed by hydrogenation to the detectegDNintermediate and Nendproduct. Future
work is needed to strategically design catalyst to control selectivity and develop integrated
processes for nitrogen recovery.
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CHAPTER 4

RUTHENIUM CATALYSTS FOR REDUCTION OM-NITROSAMINE WATER
CONTAMINANTS

A modified version of this chapter was publishedEnmvironmental Science & Technology
Xiangchen Huo, Jinyong Liu, and Timothy J. Strathmiann
41  Abstract
N-nitrosamines have raised extensive concern due to their high toxicity and detection in

treated wastewater and drinking water. Catalytic reduction is a promising alternative technology
to treatN-nitrosamines, but to advance this technology pathway, there is a need to develop more
efficient and cost-effective catalysts. We have previously discovered that commercial catalysts
containing ruthenium (Ru) are unexpectedly active in reducing nitrate. This study evaluated
supported Ru activity for catalyzing reduction BEnitrosamines. Experiments with\-
nitrosodimethylamine (NDMA) show that contaminant is rapidly reduced on both commercial
and in-house prepared Ru#@k catalysts, with the commercial material yielding an initial metal
weight-normalized pseudo-first-order rate constagtdf 1103 + 133 L gu'* h'* and an initial
turnover frequency (TQJr of 58.0 + 7.0 . NDMA is reduced to dimethylamine (DMA) and
ammonia end-products, and a small amount of 1,1-dimethylhydrazine (UDMH) was detected as

a transient intermediate. Experiment with a mixture of fiveitrosamines spiked into tap water

"Reprinted with permission from Huo, X.; Liu, J.; Strathmann, T. J. Ruthenium Catalysts for the
Reduction ofN-Nitrosamine Water Contaminant&nviron. Sci. TechnoR018 52 (7), 4235-

4243. Copyright 2018 American Chemical Society. X.H. performed most of the experiments and
analyzed data; J.L. provided technical support and helpful advice; X.H. and T.J.S. wrote the
paper with input from all authors. X.H. and T.J.S. are affiliated with Colorado School of Mines;
J.L. is affiliated with University of California, Riverside.
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(1 Ry L each) demonstrates that Ru catalysts are very effective in reducing a raNge of
nitrosamine structures at environmentally relevant concentrations. Cost competitiveness and high
catalytic activities with a range of contaminants provide strong argument for developing Ru
catalysts as part of the water purification and remediation toolbox.
4.2 Introduction

N-nitrosamines are a class of compounds with a nitroso group bonded to a secondary
amine (RR2N-NO). These compounds are of great health concern due to their elevated
carcinogenicity and genotoxicifyMuch of the current focus oN-nitrosamines, especially-
nitrosodimethylamine (NDMA), is related to their occurrence in water sources and formation as
disinfection byproducts (DBPs) during drinking water and wastewater treatm¢DiMA
contamination events that have received considerable spotlights include the detection of up to 40
ug L't NDMA in municipal wells and surface water in Ontario, Canadad the detection of
high levels (up to 400 pg1) in groundwater at a rocket engine testing facility in California,
USA* The World Health Organization (WHO) has established a guideline value of 0:1fg L
NDMA in drinking water® Although there is currently no federal maximum contaminant level
(MCL) for N-nitrosamines in drinking water, the U.S. EPA included NDMA and four dtker
nitrosamines on the fourth Contaminant Candidate List (CEL#he awareness oN-
nitrosamine formation as a byproduct from drinking water disinfection processes and the
advancement in analytical methods have resulted in widespread detection of NDMA in
sourcewater and treated water sampl@e growing interest in potable reuse of municipal
wastewater, particularly in water-limited regions, further increases concerns about exposure to
N-nitrosamines because of their chemical recalcitrance and ability to pass through the final
reverse osmosis membranes barrier typically used in such fadiltties.
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It follows that there has been extensive research conducted on NDMA treatment
technologies. Currently, UV photolysis is the major treatment technology applied specifically to
treat NDMA?* ° producing dimethylamine (DMA) and methylamine (MA) as terminal
endproducts® While effective, the high UV fluences required an orolemagnitude higher than
fluences typically applied for disinfection purpoée¥, leading to high costs and energy use.
Powdered activated carbédh,nanofiltration, and reverse osmo$ishave been reported to
effectively remove NDMA precursors. However, these physical removal processes are
ineffective forN-nitrosamines themselves, especially for lower molecular wé&lgttrosamines
like NDMA.** 4 Chemical destruction can be achieved by advanced oxidation process such as
ozone/hydrogen peroxide but these processes are inefficient due to the non-selective nature of
the hydroxyl radical oxidants and the presence of elevated concentrations of non-target radical
scavengers in most water sources (e.g., i@ natural organic matter).

The reducibility of N-NO group has inspired research on reductive processes as an
alternative treatment strategy fdfnitrosamines. Mezyk and co-workers reported a bimolecular
rate constant for the reaction of hydrated electraq @ =-2.9 V)® with NDMA (1.41 x 18°
Mt s') that is two orders-of-magnitude higher than that reported for reaction with hydroxyl
radical (4.30 x 19M ! s™).27 Practical generation of hydrated electrons requires application of
UV light together with elevated concentrations of a photo-sensitizer, often KkQsKand
alkaline pH conditions (e.g., pH > B Corrosion of zerovalent metals, such as iron, in water can
generate adsorbed atomic hydrogen atom, but the slow kinetics reported for these pfarekses
buildup of a hazardous intermed@teorompted a search for more efficient catalysts for
generating adsorbed atomic hydrogen. To date, the majority of studies have focused on Pd-based

catalysté2* due to their high activity and stability in aquatic matrices. However, the high and
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variable cost of P& has limited the further development and adoption of reductive catalytic
water treatment technologies. Initial evaluation of alternative low-cost Ni-based catalysts (e.g.,
Raney Ni) reported high activities fé-nitrosamine reductioff, but further development was
limited by safety concerns associated with the pyrophoric properties of porous Ni catalysts, poor
catalyst stability in aqueous matrices, and health concerns related to leaching of Ni into product
water. Thus, there continues to be strong interest in the development of alternative catalysts for
N-nitrosamine reduction that are effective, stable, and less costly than Pd-based materials.

As part of a larger effort aimed at expanding the range of metals that can be applied for
reductive treatment processes, we recently found supported Ru materials to be very active for
catalyzing aqueous nitrate and nitrite reduction wittuklder room temperature and atmospheric
pressureé/ No intermediate was detected during nitrate reduction, suggesting that proposed
intermediates such as nitrite and nitrous oxide at low concentrations are rapidly converted. This
represents a potential breakthrough because the cost of Ru is historically much lower than Pd.
The high activity of Ru observed with nitrate and itsxNi@ermediates is suggestive of potential
for catalyzing reduction of the N-NO group withH\anitrosamine structures. The overall goal of
this contribution is to test this hypothesis and to examine reactivities of NDMA and rdlated
nitrosamine contaminants with supported Ru catalysts under relevant water quality conditions.
Reaction kinetics and products for NDMA with Ru catalysts are examined and compared to Pd-
based catalysts, and reaction of mixturdNatfitrosamine structures spiked at trace leveld(1
L each) into tap water is evaluated to validate the applicability of the technology to relevant
treatment conditions. Finally, the activity of Ru and Pd catalysts with a suite of aquatic
contaminants is compared to assess the broad applicability of Ru-based catalysts as substitutes

for Pd catalysts.
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4.3 Experimental Section
4.3.1 Chemicals
Neat N-nitrosodiethylamine (NDEA)N-nitrosopiperidine (NPIP), and-nitrosomorpholine

(NMOR) were purchased from Ultra Scientific. Neat NDMA aXehitrosodi-n-propylamine
(NDPA), dimethylamine (DMA) solution (40 wt% in water), 1-fluoro-2,4-dinitrobenzene, 4-
nitrobenzaldehyde, 4-chlorophenol, 4-nitrophenol, sodium diatrizoate hydrate, triethylamine,
NH4CIl, MES hydrate pH buffer, Qs (85 wt% in water), and NaRQ: were obtained from
Sigma-Aldrich. Isotopically labeled standards?f@- NDMA (NDMA-ds, 98%) and [14H]
NDPA (NDPA-d14, 98%) (1000 mg L in dichloromethane) were acquired from Cambridge
isotope laboratories. 1,1-dimethylhydrazine (unsymmetrical dimethylhydrazine, UDMH)
hydrochloride was purchased from TCI America. Methanol, acetonitrile, dichloromethane, acetic
acid, NaSQOs, NaOH, and HCI were obtained from Fisher. Ultra-high purityAt, and N were
supplied by General Air.
4.3.2 Catalyst preparation and characterization

The majority of experiments used a commercial Ri@Al(nominal 5 wt% Ru) catalyst
from Sigma-Aldrich. A separate Ruf&s material was also prepared from Ru(NO)@¥JAlfa
Aesar) aqueous solution and285 (Sigma-Aldrich) using an incipient wetness impregnation
technique’® Commercial Pd/AOz (nominal 5 wt% Pd) was also obtained from Sigma-Aldrich
and used to prepare a bimetallic Pd-1n@sl catalyst with In(N@)s-3H20 (Alfa Aesar) aqueous
solution following a reported methdd.Prior to use, dry catalysts weex situ reduced in
flowing Hz at 120 °C for 1 h before cooling to room temperature in flowing Ar.

Actual metal contents of the catalysts were determined by inductively coupled plasma-
atomic emission spectrometry (ICP-AES) (PerkinElmer 5300DV) after digestion iHCH--
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HNOs (for Pd catalysts) or by alkaline fusion (for Ru catalysts). Surface area and pore structure
analyses were determined by BET adsorption-desorption isotherms measured at 77 K using a
Micromeritics ASAP 2020 analyzer. Dispersion of Ru or Pd was determined by CO
chemisorption using an assumed 1:1 CO:Metal adsorption stoichiofhéftfor Pd-In/AbOs
catalysts, CO was assumed to be chemisorbed only on Pd surfaces. Morphology of the Ru
nanoparticles was characterized by high angle annular dark field (HAADF) imaging with
scanning transmission electron microscopy (FEI Titan S/TEM operated at 200 kV). To obtain the
particle size distribution, at least 150 particles were counted for each image.
4.3.3 Catalytic reduction of NDMA

Catalyst activity was evaluated in a semi-batch system under continuamiding (1
atm, 200 mL mirt) at room temperature (22 + 0.5 °C). The relatively higlfléw rate was used
to ensure solution saturation okdd) and minimize potential Hgasto-aqueous mass transfer
limitations during experiments. A 250 mL round-bottom flask was filled with desired mass of
catalyst and 120 mL 10 mM 4-morpholineethanesulfonic acid (MES) pH buffer at pH 6.0. The
catalyst suspension was mixed by magnetic stirring and sparged witlor -8 h before
introducing a small volume of concentrated aqueous NDMA stock solution to initiate the
reaction. The effect of stirring speed on reaction rate was evaluated in preliminary tests, and a
stirring speed of 900 rpm was chosen to eliminate external mass transfer limitations. Aliquots
were then collected at predetermined times to monitor the disappearance of NDiMAfre¢
control tests were conducted by sparging catalyst suspension aitin 81 h followed by Ar for
1 h before adding the NDMA stock solution. In one set of experiments, the reduction of repeated
spikes of NDMA was monitored in the semi-batch reactor to evaluate catalyst stability and

potential deactivation. The volume of NDMA stock solution used for each spike was carefully
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calculated to achieve an initial concentration of 100 uM in the resulting solution. Mass-
normalized rate constants were calculated for each spike. The overall repeated-spike test was run
in duplicate.

Catalyst activity was assessed by quantifying initial metal weight-normalized pseudo-
first-order rate constantko( L grurd® ht) and turnover frequencies (T@QHMY), defined as the
number of NDMA molecules reduced per surface Ru/Pd atom per hour. Initial observed pseudo-
first-order rate constantsogsg h'') were determined by fitting the natural log of substrate
concentration versus time data for the first reaction half-life, and the corresponding mass-

normalized rate constants were determined by:

N —TREV @.1)
& pw B P\WWD O

where Gawyst is the catalyst mass loading in the aqueous suspensiol)(@hd Wheta is the
metal wt fraction of the catalyst. The corresponding d@#fue was then calculated by dividing
the initial NDMA reduction rate (8 mol L* h') by the concentration of surface Ru or Pd atoms
(Crmetal surface mol L1):

5 N
72
) & Hywpo vXULBES H U Vel B Qb &wpod (4.2)

where R is the product of dsoand the initial NDMA concentration ¢Cmol L"), and Gietal
surface IS estimated from dispersion coupled with information @&agst, Wmetat and the atomic
weight of Ru or Pd (M, g mé). Experiments with other reducible substrates, e.g., 4-nitrophenol,
4-chlorophenol, and diatrizoate, followed the same protocol as that for NDMA.

Endproduct distributions and carbon/nitrogen balances were quantified using closed-
system batch experiments. The reactor setup was the same as that described above, except that

the reactor was sealed immediately after introducing NDMA stock solution (to prevent
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volatilization of selected products during continuousdgdarging). Aliquots were collected at
predetermined times for analysis of NDMA plus its daughter products.
4.3.4 Catalytic reduction ofN-nitrosamines under environmentally relevant conditions

An experiment was conducted to validate that the reactions observed with NDMA
described apply to a range bEnitrosamines and to conditions relevant to water treatment
operations (i.e., natural water matrix with trace initial concentrations-mfrosamines). Tap
water was initially heated to approximately 80 °C to volatilize free chlorine. Composition of the
tap water, including alkalinity, total dissolved solids (TDS), common anions and metals, total
organic carbon (TOC), ammonium and pH are provided in Table C.1 in Appendix C. Several
replicate reactors were then prepared by adding 400 mL of the tap water and 40 mg of catalyst to
a 500 mL amber graduated media bottle equipped with an Omnifit T Series Bottle Cap and
Teflon-coated stir bar, and the catalyst suspension was mixed and sparged f@itl8 H before
introducing an aqueous stock mixture of NDMA, NDEA, NDPA, NPIP, and NMORy(IL'* of
eachN-nitrosamine) to initiate the reaction. The procedure was repeated several times, with the
entire contents of the bottle being sacrificed for extraction and analysisiifosamines after
different reaction times. The bottle contents were vacuum filtered through aF.4%ixed
cellulose esters membrane to remove catalyst particles before solid phase extraction. The same
protocol was followed in a separate experiment using deionized water for comparison.NFo test
nitrosamine adsorption to the catalyst, the same amount of catalyst, tap water, and Hegueous
nitrosamine mixture stock solution was mixed in the absence gp&iging.

A control test forN-nitrosamine adsorption to the catalyst was conducted by mixing the
same amount of catalyst, tap water, and aqué&bogrosamine mixture stock solution in the
absence of Hsparging.
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4.3.5 Analytical methods

NDMA, 4-chlorophenol, 4-nitrophenol, and diatrizoate were directly analyzed by HPLC
with UV/vis photodiode array detector (Shimazu SPD-M20A) and a Waters Spherisorb ODS2
Column (4.6 mm x 150 m, 5 um packing material). DMA and UDMH were analyzed by the
same equipment after pre-column derivatization. Composition and flow rate of mobile phase,
detection wavelength, and derivatization protocols followed published méthods. 3134
Ammonia was quantified using the Hach salicylate method (low range, 0.02 to 2.50 Nigsk
N, method 10023). Dissolved Ru was measured by ICP-AES (PerkinElmer 5300DV).

For tests withN-nitrosamine mixture at environmentally relevant concentrations, water
samples were fortified with the surrogate NDMAat the final concentration of 0.5 pgtland
extracted by passing filtered reaction solution through a solid phase extraction (SPE) cartridge
filed with 2 g of coconut charcoal (Restek). The cartridge was conditioned with
dichloromethane, methanol, and Nanopure water according to EPA Methde B .extract
was passed through a drying column packed with 6 g of anhydrous sodium sulfate and
concentrated by Nblow down. After addition of internal standard NDEA- at the final
concentration of 100 pug1, the volume was adjusted to 2 mL with dichloromethane, and the
sample was analyzed by a TSQ 8000 Evo Triple Quadrupole GC-MS/MS (ThermoFisher) with
electron impact ionization. A Rxi-5Sil MS column (30 m x 0.32 mm [.D. x ORDb film
thickness) was operated under the following oven temperature program: initial temperature 35 °C
was held for 4 min, raised first to 60 °C at 5 °C ™and then to 80 °C at 4 °C minThe
injector was heated at 250 °C, and the injection volume was 1 pL in the splitless mode. Transfer

line and ion source temperatures were held at 250 °C and 220 °C, respectively. A calibration
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curve covering the range 10-300 pg was corrected for the surrogate recovery. Each sample
was analyzed in triplicate.

4.4 Results and Discussion

4.4.1 Catalytic NDMA reduction activity

Control experiments confirmed that aqueous NDMA cannot be reduced ly tHe
absence of catalysts, and loss of NDMA by adsorption to the catalyst support is insignificant
(Figure C.1 in Appendix C). Commercial Ru#® shows significantly higher activities than
either Pd/AtOs or Pd-In/AkOs catalysts under the same conditions (Figure 4.1). The estimated
Weisz-Prater parameter @) was found to be <<1 (see Section C.1 in Appendix C), indicating
that the internal mass transfer within the catalyst support particles is not rate limiting. This is an
interesting finding given that Pd-based materials are considered the state-of-the-art catalysts for
NDMA and related contaminants.

The initial reaction rate increases with initial NDMA concentration and plateaus at higher
NDMA concentrations (Figure C.2a in Appendix C), which has been observed for NDMA
reduction on Pd-bas&dand Ni catalyst$® and is described by the Langmuir- Hinshelwood
modef’ for surface-mediated reactions. Assuming that NDMA and hydrogen adsorb non-
competitively to Ru surface sites and that the surface reaction is rate-limiting, the Langmuir-
Hinshelwood model can be expressed as

.oax1'0%@
.pxx1'0%@

U Njg (4.3)

where ¢ is the metal weight-normalized initial NDMA reduction rate (ml’gh®), kxn is the

rate constant (molrg* ht) for adsorbed NDMA reacting with adsorbed atomic hydrogei&
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Figure 4.1 Timecourse of NDMA reduction with different catalysts in the semi-batch rreacto
system ([INDMAp 0 3 catalyst, pH 6.0 buffered by 10 mM MES buffer,
continuous sparging of 1 atmzH22 = 0.5 °C). Error bars represent standard deviations of
triplicate reactions. Catalyst formulation details provided in Table 4.1.

the equilibrium adsorption constant (mdl) for NDMA on the catalyst surface, and [NDMA]

is the initial aqueous concentration (mol)LA plot of reaction rate versus NDMA concentration
acording to Eqg. 4.3 features a linear region at low NDMA concentrations where reaction rate
increases proportionally with initial NDMA concentration. At higher initial NDMA
concentrations, further increases in reaction rate are less than proportional and eventually plateau
as surface reaction sites become saturated. This trend is consistent with the Langmuir-
Hinshelwood kinetic model for surface reaction processes (Eg. 4.3). It is observed from Figure
S2 that the initial NDMA concentration used in most experiments (100 uM) was not within the
linear region of the Langmuir-Hinshelwood model. To estimate the pseudo-first-order rate
constant in the linear region, which is constant and characteristic of reaction kinetics at more
environmentally relevant concentrations of NDMA (e.g., < 1 b, LEq. 4.3 was fit to
experimental data by nonlinear least squares regression, and two model paramedens Kks

were determined to be 0.15 + 0.01 melkgh! and 33,500 *+ 5,900 méIL (uncertainty
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represents 95% confidence limits), respectively. Therefore, the metal weight-normalized pseudo-
first-order rate constant in the linear region was calculated to be 5,630 by Compared with

other catalysts reported to date (Table C.2 in Appendix C), the commercial2Gu&klows
extremely high activity for catalyzing NDMA reduction (e.g., Pd@l and PdIn/Al203
catalysts all reported < 100 Le¢} hl). Density functional theory (DFT) study of NDMA
decomposition over Ni and Pd surfaces showed that NDMA has stronger binding on the Ni
surface than on PH.1t follows that the high activity of Ru catalysts is potentially related to
stronger binding of NDMA on Ru surface. However, further computational studies of NDMA
and intermediate adsorption energies and the activation energies of rate-determining steps on
metal surfaces are needed to evaluate this rationale.

A second Ru/AdOs was synthesized in lab and compared with the commercial Ru/Al
Physical properties of catalysts are summarized in Table 4.1. At comparable catalyst mass
loadings, the in-house prepared Ru@d shows 150% increase in NDMA reduction activity
compared with the commercial Rué@s (Figure 4.1, Table C.2 in Appendix C). The greater
activity is attributed to higher Ru dispersion or smaller Ru nanoparticle size. Commercial
Ru/Al203 has a wide distribution of Ru particle sizes with an average value of 4.5 nm (Figure
4.2a). In comparison, in-house prepared Riiddhas more evenly distributed fine nanoparticles,
with average particle size of 1.9 nm (Figure 4.2b). Note that the average particle size and
distribution may vary slightly when increasing the number of particles counted. However, when
reaction rates are normalized to Ru surface sites, the estimatedof GIPMA on in-house
prepared Ru/ADs is lower than that estimated for commercial RefAlI(Table 4.1), indicating
that the reaction is sensitive to the surface structure of the supported Ru nanoparticles.

Comparing the TOFvalues to Pd catalysts shows that the intrinsic reactivity of Ru surfaces with
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NDMA is approximately two orders-of-magnitude higher than that of Pd surface and In-
promoted Pd surfaces (Table 4.1). Previously, the most active catalyst reported was a
2.4%Pd 1L-Al203 catalyst that exhibited a TOF of 1.0'hat an initial NDMA
concentration of 2 puM® Due to the dependence of T@&n initial NDMA concentration, it is

not rigorous to directly compare values in Table 4.1 with reports from the literature. To
overcome this challenge, T@Bbn commercial Ru/ADs at an initial NDMA concentration of 2

MM was estimated by combining Egs. 4.2 and 4.3, where all the variables are known. The
resulting TOk was estimated to be ~6.6,Isix times greater than that reported for the optimized

Pd 1 L-Al20s catalyst.

Table 4.1 Properties of catalysts used for NDMA reduction activity test.

BET Total pore Average Metal Metal Particle
Catalyst surface lume pore loadi di . . TOR (h
area (A V?Tgml diameteb oaolncg |sp0er5|on size Fo ()
gy | Cemg) T T Wy (%) (nm)
Commercial 86.3 0.23 10.8 451 19 45+28 58.0+7.0
RLI/A|203
In-house 122.0 0.21 7.0 4.58 81 1.9+0.7 341+40
RU/A|203
Commercial 94.7 0.22 9.4 4.59 31 ND¢ 0.14 + 0.05
Pd/ALOs
Pd-In/Al ;03 94.4 0.22 9.3 4.43 (Pd) 45 ND 0.56 + 0.12
0.87 (In)

apdsorption total pore volume at RB/B 0.98.°Calculated from total pore volume and BET surface &éeasured by ICP-AES
analysisdNot determined®CO was assumed to be chemisorbed only on Pd surface.

The stability of Ru/AlOs for NDMA reduction was evaluated by repeatedly spiking
NDMA into a semi-batch reactor and comparing rates of NDMA disappearance over repeated
reaction cycles. Activities of the Ru/&)s showed slight variation over 7 consecutive reaction
cycles (Figure C.3 in Appendix C). Analysis of dissolved Ru in the reaction solution collected at
the end of the last reaction cycle was below the detection limit of theIC®-PHW KRG ”

ug LY. Ultimately, on-stream continuous treatment studies are needed to assess catalyst stability,
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Figure 4.2 HAADF-STEM images of (a) commercial Ru@d and (b) in-house prepared
Ru/Al20s. The insets show Ru particle size distributions.

but results from these initial tests are suggestive of a stable catalytic process with minimal
potential for Ru leaching. It is also worth noting that for this study we chose to Qe Al

supported Ru catalysts to avoid potential artifacts frolmitrosamine adsorption to
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carbonaceous supports and facilitate comparison with otb@s-8upported catalysts reported in
the literature (Table C.21 in Appendix C), but previous work examining nitrate reduction found
greater activity for carbon-supported Ru catalysts tha®sgupported Ru catalysts.Future
research is suggested to examine the influence of catalyst supports in order to optimize practical
treatment applications.
4.4.2 NDMA reduction products

Figure 4.3 shows the disappearance of NDMA and formation of intermediates and
endproducts on Ru/ADs. A carbon mass balance (Figure 4.3a) was mostly closed by using
NDMA and endproduct DMA, but a small amount (<2%) of UDMH was also detected as a
transient intermediate during the reaction. The largest deviation in the carbon mass balance
(<4%) occurred at an early stage of the reaction, and is likely a result of summing species
measured using different methods. The nitrogen mass balance (Figure 4.3b) also showed
stoichiometric generation of ammonia in addition to DMA. Although reactor headspace was not
analyzed, the good nitrogen mass balance strongly suggests a high, and possibly complete,
selectivity to ammonia. The high selectivity to ammonia was consistent across a wide range of
solution pH conditions (Figure C.4 in Appendix C). Therefore, reduction of NDMA yielded
guantitative amounts of DMA and ammonia according to the following stoichiometry, consistent

with oxidation of 3 equivalents ofH

N—N=0 +3H,+*H* — NH+NH,* +H,0 (4.4)

The quantitative formation of DMA as an endproduct is widely reported in reductive
transformation of NDMA, such as with granular iron and Fe enhanceddmin?! 26 Pd and
bimetallic Pd catalyst&" *® Recent studies on zerovalent Fe and Zn observed a loss of nitrogen
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mass during reduction of NDMA and UDMH, and attributed this to ammonia and other
unmeasured products?® Considering the high metal dose (10 ¢) lemployed in these earlier
studies, the loss of nitrogen may result of adsorption to metal surfaces, as observed with granular
iron.!® Organic amines (either DMA or MA) are a product of most reported treatment processes
for NDMA, % 15 19 2250 their complete elimination and complete mineralization of NDMA
remains a general challenge if that is ultimate treatment objective. In comparison, the fate of

nitrosyl group in NDMA during reduction depends on catalyst (Table C.2 In Appendix C).
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Figure 4.3 (a) Carbon and (b) nitrogen balance of NDMA reduction on commerciab@uiAl

the batch system ([NDMA] 0 3 chtalyst, pH 6.0 buffered by 10 mM MES
buffer, 1 atm H, 22 + 0.5 °C). Error bars represent range of results from duplicate reactions
(smaller than symbol if not visible).
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Similar to granular F€ and Pd-based catalygfsRu reduces the nitrosyl group ultimately to
ammonia. In contrast, this group was found to be reduced2tbyNporous Ni catalysts.
Modification of Ni catalyst with boron changes product selectivity fromtdNammonid? It is
also worth noting that the endproducts, DMA and ammonia, are both much less hazardous than
NDMA.® Furthermore, the concentrations of these endproducts that would form from typically
detected concent LRQV R1 1'0$ "y are muth/lower than typical concentrations of
ammonia and DMA in natural water matridés*? Still, if necessary, these products can be
oxidized chemically or biologically by introduction of a separate unit process.
4.4.3 Mechanistic considerations

As a member of Pt-group metals, Ru has low activation energy for dissociative
adsorption of Hon its surface at ambient temperattié? Thus, like Pd-based catalysts, Ru-
catalyzed reduction of NDMA is expected to proceed by NDMA reaction with Ru-adsorbed
atomic hydrogen. A question with less obvious answer is whether there also exists a direct
electron transfer reaction between reduced Ru surface atoms and NDMA. Thermodynamic
considerations indicate that redox reaction is not likely. Previous study of NDMA reduction with
granular iron concluded that adsorbed atomic hydrogen resulting from iron corrosion in water
was responsible for NDMA reduction rather than direct electron transfer from Fe(0). This was
concluded because the measgreUHG XFWLRQ SRWHQWI5R Q) drel highkrHhgriH J U D L (
the required potential for reducing NDMA (approximately -1.3 V at NDMA concentrations of a
few millimolar and more negative at NDMA concentrations below 1 #*NRu(0) is an even
weaker reducing agent than Fe(0). For example, the formal standard reduction potential of
RU?*/Ru(0) is +0.455 V, much higher than that of'#ee(0) (-0.447 V)f® Mediated electron

transfer through the redox couple BB (+0.2487 V) is also not close to the value required
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for NDMA reduction. Figure C.1 in Appendix C confirms that without addition 5fnid NDMA
reduction occurs in Ru catalyst suspensions (catalyst suspension was pre-spargedtaith H
ensure reduction of Ru surface atoms, but then sparged with Ar to remove dissolkau Hhe
suspension before adding NDMA). Thus, NDMA reduction most likely proceeds via
hydrogenation by surface-adsorbed atomic hydrogen.

Postulated pathways of aqueous NDMA reduction with various metals mainly differ in
the sequence of cleaving two bonds, i.e., N=O bond and N-N bond. Initial
hydrogenation/cleavage of N=O bond features the formation of UDMH, which was only
experimentally observed in systems where metal acts as sacrificing electron donor, including
aluminum-nickel alloy in alkaline solutidi;, 8 Zn powderr® %° and Cu(ll) promoted Fe
powder’ Therefore, it is an interesting observation that small quantities of UDMH are detected
from NDMA reduction on Ru surface withzkas an electron donor (Figure 4.3a). Experiment
initiated with UDMH show slower overall reduction kinetics than observed for NDMA reduction
across a range of initial substrate concentrations (Figure C.5a in Appendix C), justifying the
observed UDMH generation during NDMA reduction.

Based on experimental observations in this study and insights from previous studies, a
hypothesized NDMA reduction mechanism on Ru is presented in Figure 4.4. According to the
Langmuir-Hinshelwood reaction mechanism, NDMA ang ddisorb onto Ru surface and get
activated. The N=0O bond of NDMA s initially hydrogenated and subsequently cleaved to form
UDMH. Subsequently, scission of N-N bond in adsorbed UDMH results in unstable surface-
bound DMA and amine fragments that are rapidly reduced by surface hydrogen atoms to produce
the observed DMA and ammonia endproducts, consistent with the selective production of

ammonia from UDMH reduction (Figure C.5b in Appendix C).
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Figure 4.4 Propasd mechanism of NDMA reduction on Ru catalyst surfaces.

4.4.4 Catalytic reduction ofN-nitrosamines under environmentally relevant conditions

Although high concentrations of NDMA (tens to hundreds of parts per billion) have been
detected in groundwater at a rocket engine testing facility in Sacramento Courtym@a,
RIWHQ WKH FRQFHQWUDWLRQV FRQFHUQLQJ ZDVWHZDWHU DC
L1® There is very limited study assessing catalytic technologies for NDMA or other
nitrosamines at these environmentally relevant concentrations. To further demonstrate the
applicability of Ru catalysts, fiv&l-nitrosamines (1Ry L'* each) were simultaneously reduced
with Ru/Alz0s3 in tap water. Control experiments show little lossNehitrosamines due to
adsorption in the absence of fdlata not shown). Whenziparging is present, concentrations of
all five N-nitrosamines rapidly decreased (Figure 4.5). Data from two replicates were fitted with
a pseudo-first order rate law by nonlinear least squares, and the optimal rate constants were
obtained with uncertainty representing 95% confidence limits. AllNinr@trosamines tested are
reduced at rates on the same order of magnitude, similar to the observation of fourNdialky!l
nitrosamines and one diphenynitrosamine reduction catalyzed by porous nickel catélyst.
The metal weight-normalized pseudo-first-order rate constant for NDMA, NDEA, NDPA,
NMOR, and NPIP are 5,700 + 490, 3,530 * 430, 2,950 + 510, 10,400 * 300, 7,510 +/390 L g
h, respectively. The observed rate constant for NDMA is comparable to that derived from

extrapolation of the Langmuir-Hinshelwood model down to the initial concentration of 1 ug L
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Figure 4.5 Catalytic reduction of a mixture Mfnitrosamines added to tap water (1 ug df
eachN-nitrosamine, 0.1 g £ commercial Ru/AiOs catalyst, initial solution pH 9.0, continuous
sparging of 1 atm ¥ 22 + 0.5 °C). Lines show pseudo-first-order model fits for disappearance
of eachN-nitrosamine. Error bars represent the range of measured values in duplicate reactions
(smaller than symbol if not visible).

(5,030 L g h'). While differences in the observed rates for the fikaitrosamines were

small, comparison of fit-derived rate constants reveals a relationship between molecular structure
(Figure C.6 in Appendix C) and reactivity. For diall4nitrosamines, increasing length of alkyl
group reduces reactivity, aridtheterocycleN-nitrosamines show higher reactivity than dialkyl
N-nitrosamines. The reduction bEnitrosamines observed in deionized water at these 8hme
nitrosamine concentrations is faster than in tap water (Figure C.7 in Appendix C), indicating that
water matrix constituents in the tap water negatively affect catalyst activity. Future research is
needed to examine in detail water matrix effects on Ru catalyzed water treatment processes,
which will complement findings reported for Pd-based catalysts and advance the practical

development of catalytic processes for treating contaminated sourcewaters of varying
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composition. Nonetheless, the findings presented here verify effective catalytic treatriient of
nitrosamines at realistic micropollutant concentrations in a relevant water matrix.
4.4.5 Role of Ru catalysts in water purification and remediation toolbox

Traditional strategies to reductively transform water contaminants employ materials
containing zerovalent F&. 5! Despite their competitiveness in price, the inefficiency for
removing certain contaminants > stringent requirement of solution piisacrificial nature and
generation of iron oxides wadtgrompted research for more effective and sustainable materials.
Hydrogenation metal-based materials have emerged as a promising alternative. Particularly, Pd-
based catalysts have demonstrated their superior performance and stability in reducing a number
of drinking water contaminanté.®* > The fact that Pd exhibits poor activity for reduction of
selected contaminants, together with the scarcity and the high cost of this metal, necessitates an
expansion of the catalyst toolbox and improved mechanistic understanding of metal-catalyzed
hydrogenation reactions. We have explored other Pt group metals in addition to Pd for catalytic
reduction of oxyanions, and gained new understanding of reaction mechanisms of oxyanions
with different metal€® Motivated by promising results for nitrate reduction with Ru, a
contribution focusing on a renewed evaluation of the kinetics and mechanisms of nitrate and
nitrite reduction by supported Ru catalysts followédhe strong adsorption of nitrite and
postulated reduction intermediate, nitrous oxide, and the rapid conversion of these species at low
concentrations prompted the hypothesis that Ru is potentially effective for catalyzing the
reduction of other water contaminants containing nitro and nitroso functional groups. This
contribution reveals the extremely high activity of Ru for catalyzing the reductioN- of
nitrosamines, including the ubiquitous contaminant NDMA, supporting the abovementioned

hypothesis. To further explore the strength of Ru catalysts in water purification and remediation,
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we screened Ru/ADs and Pd/ALOs catalysts for reduction of a suit of contaminants featuring
different reducible functional groups (Figure C.8 in Appendix C). Contrary to expectations, Ru is
nearly one order-of-magnitude less active than Pd for 4-nitrophenol reduction. Without further
in-depth investigation, an initial examination of the molecule structure suggests that the phenol
group in 4-nitrophenol can affect activity in at least two ways. The presence of benzene ring and
the hydroxyl group alter the adsorption geometry of nitro group, and the benzene ring donates
electron to the nitro group, modifying its electron density and subsequently the adsorption energy.
Despite the influence of phenol group, the t@keasured for 4-nitrophenol on Ru is similar to
those measured for nitrate and NDMA. We also tested RD#Alctivity with halogenated arenes
(4-chlorophenol and diatrizoate). The activities are in the same order of magnitude as nitrate,
NDMA and 4-nitrophenol. In comparison, Pd@k showed much higher activity for substituted
arene reduction than nitrate and NDMA reduction. Activities of P@Alfor reducing 4-
nitrophenol, 4-chlorophenol and diatrizoate are 6.1, 3.3, and 1.1 times higher than those of
Ru/Al20s, respectively. Considering the price of Ru is roughly one order-of-magnitude lower
than that of Pd> Ru can still be a viable alternative to Pd for treating these contaminants. It is
also worth mentioning that Ru is also an exceptional catalyst for oxidation of water contaminants
with permanganat; °>’ ozone}® and peroxymonosulfafé making it a versatile heterogeneous
catalyst for water purification and remediation. Still, further research is needed to assess Ru
catalyst activity and stability during continuous treatment (e.g., in packed bed reactors) of
relevant water matrices. Such studies will be critical to demonstrating the feasibility this and

related technology pathways.
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CHAPTER 5

A HYBRID CATALYTIC HYDROGENATION/MEMBRANE DISTILLATION PROCESS
FOR NITROGEN RESOURCE RECOVERY FROM NITRATE-CONTAMINATED WASTE
ION EXCHANGE BRINES

This chapter is in preparation
Xiangchen Huo, Johan Vanneste, Tzahi Y. Cath, and Timothy J. Strathmann

5.1  Abstract

lon exchange is a common approach to treating nitrate-contaminated ground water. To
reduce salt usage and waste brine disposal following from resin regeneration, catalyst treatment
systems have been evaluated and show promise for reducing both life cycle costs and
environmental impacts. Past efforts focused on improving nitrate removal kinetics and selectivity
to the N reduction product versusHs, but the potential value of nitrogen resources has been
overlooked in this approach. This work evaluated a hybrid catalytic hydrogenation/membrane
distillation process for nitrogen resource recovery from nitrate-contaminated waste ion exchange
brines. A commercial Ru/C catalyst with high selectivity for ammonia production was tested for
nitrate hydrogenation and showed capability to reduce a wide concentration range of nitrate
under typical waste brine conditions, including conditions representative of expected salt buildup
upon brine reuse. The apparent rate constant for nitrate reduction was influenced by both
solution chemistry and reaction temperature. In the second stage of the hybrid process,

membrane distillation efficiently recovered ammonia from the brine matrix, capturing nitrogen

X.H. performed most of the experiments and analyzed data; J.V. and Z.Y.C. assisted membrane
distillation experiments and provided helpful advice; X.H. and T.J.S. wrote the manuscript with
input from all authors. All authors are affiliated with Colorado School of Mines.
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as ammonium sulfate, a commercial fertilizer product. At low temperatures (<35 °C), solution
pH significantly influenced the ammonia mass transfer coefficient through the membrane by
controlling the fraction of free ammonia species present. Ammonia recovery efficiency was not
affected by salt levels, indicating the feasibility of membrane distillation for recovering ammonia
from reused brine as well. Application of the hybrid catalytic hydrogenation/membrane
distillation process to a real ion exchange waste brine showed both high rates of nitrate
hydrogenation and ammonia recovery. These findings provide alternative lower-cost catalyst for
treatment of ion exchange waste brine to allow for both waste brine reuse and nitrogen resource
recovery.
5.2 Introduction

Industrial nitrogen fixation through energy-intensive Haber-Bosch process has been
playing a critical role in sustainable food supply. However, a significant portion of this nitrogen
resource exits agricultural and industrial activities as waste and enters surface and ground waters,
endangering aquatic environments and ecosystdPasticularly, nitrate in drinking water has
been recognized as a human health hazard, for which health guidelines and regulations have been
established to protect populations from its adverse effects. Therefore, there has been a
considerable interest in developing technologies for nitrate removal from impacted drinking
water source$?

lon exchange is a common approach to treating nitrate-contaminated ground water and
has been proven effective at multiple drinking water treatment Jlabtse to their finite
exchange capacities, anion exchange resins (AER) require periodic regeneration using a
concentrated salt solution (commonly sodium chloride or sodium bicarbonate). This regeneration

process results in nitrate-contaminated waste brine, incurring operation and maintenance (O&M)
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costs associated with brine makeup and dispo$aDisposal of waste brine containing
regenerant salt residue also reduces salt use efficiency and increases fresh salt demand, which
significantly increases O&M costsThus, strategies to increase salt use efficiency and minimize
brine waste are critical to improving the economics and environmental sustainability on ion
exchange processes for drinking water treatment.

Transforming nitrate to gaseous species or aqueous species that have much lower affinity
to the AER can potentially enable brine recycling and minimize salt inputs. The highly oxidized
state of nitrogen in nitrate allows it to be reductively transformed, either biologically, chemically
or catalytically'®1* Efforts have typically focused on selectively converting nitrate to gaseous N
and minimizing byproduct formation including nitrite;®lg), and ammoni.*> 16

Catalytic hydrogenation is among the emerging nitrate transformation technologies and
considered to have potential for industrial applicatidn$® Advantages of this technology
include short start-up times, fast reactions, use of a clean reducing agent that can be produced
renewably (H), low possibility of bacterial contamination, and minimal production of
contaminated disposals.'%22 The most common reactor configurations for catalytic
hydrogenation are three-phase reactors (e.g., semi-batch, fixed bed) where a metal surface
catalyzes aqueous nitrate reduction bygHa reductant with lower life cycle environmental
impacts than organic donors used for biological reduééi@upported bimetallic Pd catalysts
(e.g., Pd-Cu, Pd-In, Pd-Sn) have been most extensively studied due to their high activity and
tunable selectivity towards AN® 19 2426 Stydies with these catalysts have shown that some
natural water constituents can significantly influence catalyst reactions with nitrate through
competitive adsorption or modification of catalyst surfdc@. These results are particularly

important as they predict inhibitory effects of high salt levels ion exchange waste brines, which
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were confirmed for Pd-In catalysts in recent studies performed in brine métficé$Despite

these reports, brine reuse enabled by catalytic hydrogenation of nitrate is a promising strategy to
significantly bring down salt costs and reduce environmental impacts associated with
conventional ion exchange treatment proce$'sés.

Reductive transformation of concentrated nitrate in ion exchange brine, including
catalytic hydrogenation, often results in ammonia formaftof? 3° Although selectivity to
ammonia has typically been deemed undesirable when directly treating drinking water, ammonia
species have potential value as fertilizer products. Therefore, conversion to ammonia can be
advantageous if a suitable process for recovering the endproduct is available, and opportunities
for recovering ammonia are most practical in matrices where nitrate concentrations are elevated
like waste brines (where nitrogen concentrations can reach g/L 1&véls§?In this work, we
describe efforts aimed at evaluating a hybrid catalytic hydrogenation/membrane distillation
process for ion exchange waste brine nitrate treatment and nitrogen recovery (Figure 5.1).
Specifically, we assessed treatment of nitrate-contaminated ion exchange waste brines using a
commercial Ru/C catalyst, an alternative to much more costly Pd-based catalysts, which was
recently reported to exhibit complete selectivity to ammonia when treating nitrate-contaminated
freshwater matrices.The catalytic hydrogenation process was studied in a stirred semi-batch
reactor, a reactor design suitable for treating highly concentrated nitrate soltifid@sbrane
distillation was then applied to recover the ammonia product from the waste brine as ammonium
sulfate (NH)2SQ:, a potentially valuable fertilizer produtt® Experiments using synthetic
waste solutions were conducted to identify critical operating parameters of both the
hydrogenation and membrane distillation processes, and a demonstration of the integrated

process with real ion exchange waste brine obtained from a drinking water utility is presented.
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Figure 5.1 Flow diagram of the hybrid catalytic hydrogenation/membrane distillation process to
enable ion exchange regenerant brine reuse and nitrogen resource recovery.
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5.3 Materials and Methods
5.3.1 Materials

Ru/C catalyst powder with a nominal Ru loading of 5 wt% was purchased from Sigma
Aldrich and used as received. Detailed characterization of this material was described
previously? This catalyst exhibited high surface area and Ru metal dispersion. Sodium nitrate
and ammonium chloride were also obtained from Sigma Aldrich. Sodium sulfate, sodium
bicarbonate, ammonium hydroxide solution, sodium hydroxide, and hydrochloric acid were
acquired from Fisher Scientific. Concentrated sulfuric acid was purchased from EMD Millipore.
Ultra-high purity i gas was supplied by General Air. lon exchange waste brine was collected
from a drinking water treatment plant in California. Composition of the waste brine is
summarized in Table 5.1.
5.3.2 Catalytic hydrogenation experiments

To determine the influence of operating parameters on nitrate hydrogenation efficiency,
kinetic studies were conducted with synthetic brine solutions using a procedure adapted from a

previous study. Predetermined mass of Ru/C and a test solution (120 mL) of designed salt
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concentrations (NaCl, NaHGDand/or N&eSQi) were added to a 250 mL three-neck flask
equipped with rubber stoppers and a Teflon-coated magnetic stir bar. The loading of Ru/C was
chosen to achieve a condition where external mass transfer limitations are absent. Prior to the
reaction, Ru/C was reduced overnight in the suspension (constant stirring, 1100 rpm) at room
temperature under 1 atneHeadspace by flowing 3has through the reactor (300 mL mijn
Reaction was initiated by adding a concentrated NaBlOGck solution (5 M) to achieve the
designed initial nitrate concentration (50-200 mM). Reaction temperature was maintained with a
water bath calibrated by an external thermometer. The change of solution pH over the course of
UHDFWLRQ ZDV PRQLWRUHG E\ XVLQJ rbcommbingtidirdEHHlecradeRQ E G
calibrated by standard NIST buffers, apparent pH values were reported). In the case where the
effect of pH on reactions was evaluated, solution pH was maintained by adding HCI solution
from an automatic pH-stat (Metrohm). Aliquots of the catalyst suspension (1.5 mL) were
periodically collected by a syringe and immediately filtered (0.45 um cellulose acetate) to
guench the reaction. The filtrate was diluted with deionized water and analyzed for nitrate, nitrite,
and/or ammonia concentrations. All experiments were performed in duplicate.

The procedure for catalytic hydrogenation of real waste brine was modified to avoid the
complication of parallein situ catalyst reduction and nitrate reduction. Prior to the reaction, a
Ru/C slurry (0.6 g Ru/C in 10 mL deionized water) was reduced overnight uadiemH300
mL mint) at room temperature. Reaction was then initiated by introducing 100 mL waste brine
to the flask containing the pre-reduced catalyst. As a control, experiments were also conducted in
a synthetic brine prepared to mimic the major ion composition of the real waste brine. For tests
with COy) as a pH buffer, COwas introduced to the reactor at 65 mL tiiThe rest of the

procedure follows that as previously described. A catalyst recycle experiment was also carried
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Table 5.1 lon exchange waste brine composition.

Component Concentration (mg/L)
pH 8.5
Inorganic C 3,057
DOC 8.8
Alkalinity 13,100 mg/L as CaC232 mM as NaHCg)
Major anions
Cr 13,685 (2.3 wt% as NacCl)
NO2 <15 (detection limit)
NOs 9,262 (149 mM)
SO* 4,346 (45 mM)
PO <15 (detection limit)
Major cation
Na* 16,860
Other metals
K 35.7
Mg 15.8
Ca 5.8
Cr 2.9
\% 1.2
Li 0.6
Mo 0.5
Sr 0.2

out to evaluate the reusability of Ru/C for waste brine treatment. At the end of the reaction, the
catalyst was collected by filtering the suspension with a membrane filter (0.45 um cellulose
acetate), washed with deionized water several times, and dried in ailCab&fre reusing.
5.3.3 Membrane distillation experiments

A bench-scale membrane distillation assembly was operated in batch mode to recover
ammonia from synthetic solutions or catalytically hydrogenated real waste brine (Figure 5.2).
The membrane cell was custom-made acrylic plastic cell, and spacers were used in both the feed
and the acid adsorbent channels of the cell. A hydrophobic, microporous membrane acquired
from Clarcor Industrial Air (QL822) was tested in this study. The membrane is a polypropylene
backed PTFE membrane having a nominal pore size of 0.45 um with the functional layer in
contact with the feed. Three cells were used in sequence, and each cell had a membrane surface

area of 195 cf The experiments were performed using co-current flow to minimize the local
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pressure differential across the membrane. The feed stream was pumped continuously during
operation using a positive-displacement gear pump (Micropump Integral Series, IDEX Corp.
Vancouver, WA). The acid adsorbent stream was pumped continuously using a peristaltic pump
(Masterflex L/S Series, Cole-Parmer, USA). Flow rates of the feed and the acid adsorbent were
kept equal. A heat exchanger was used to control the temperature of the feed stream. Membrane
integrity was tested prior to experiments to validate integrity and ensure that the membranes are
not wetted.

Four liters of feed solution was used for each batch experiment. Sulfuric acid solution
(0.25 M, 1-2 L) was prepared from concentrated sulfuric acid and used as acid adsorbent. Kinetic
studies were conducted with synthetic solutions to examine the impact of operating parameters
on ammonia recovery efficiency. The synthetic solutions were prepared by dissolving
predetermined amount of salts (NaCl, NaRCé&nd/or NaSQs), NHsOH aqueous solution, and
base (NaOH) in deionized water. The amount oh®H and NaOH was determined through the
following reaction stoichiometry assuming complete hydrogenation of nitrate:

NOz'+ 4 H /E NHsOH + OH' + H20 (5.1)

Time zero was recorded once the feed reached the designed temperature (heat-up time 1-
2 min), and the test duration was 60 min. The initial pH of the feed and pH at the end of a test
were recorded. Feed solution was sampled periodically (8-10 mL) to track the change of total
ammonia concentration. For selected tests, acid adsorbent solution was also sampled (1 mL) to
evaluate the mass balance on ammonia in the system. Batch experiments were performed in
duplicate. The procedure for catalytically treated real waste brine was the same as for synthetic

solutions.
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Figure 5.2 Schematic diagram of the bench scale membrane distillation system.
5.3.4 Aqueous analysis

Anions, including Cl| NOs, SO, NO», and P@, were quantified by ion
chromatography with conductivity detection (ICS-90, Dionex, Sunnyvale, CA). Metals were
guantified by inductively coupled plasromic emission spectroscopy (ICP-AES; Optima
5300, Perkin-Elmer, Fremont, CA). ICP samples were acidified with nitric acid to a pH <2
before analysis. Total ammonia (BNH4") was analyzed by colorimetric analysis (Hach
salicylate method). Alkalinity was measured by titration with 1 p6@k. Dissolved organic
carbon (DOC) and inorganic carbon were determined using a total organic carbon analyzer
(Shimadzu TOC-L, Columbia, MD).
5.4 Results and Discussion
5.4.1 Catalytic hydrogenation of nitrate

Catalytic hydrogenation tests with Ru/C were initially conducted in synthetic brine
solutions to assess the influence of major anions and operating conditions on nitrate
hydrogenation rates. A baseline testing condition was chosen to facilitate the evaluation process,

where an initial NaN®concentration of 100 mM was reduced in a brine matrix (5 wt% NacCl,
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100 mM NaHCQ, 100 mM NaSQu) at 30°C without controlling solution pH. The elevated
initial concentration was selected to mimic conditions observed previously in waste ion exchange
regenerant brine'S: 2 To verify that reaction rates were not subject to external mass transfer
limitations, the initial nitrate hydrogenation rate was measured for catalyst loadings ranging from
1to 7.5 g L. It was observed that the initial reaction rate linearly increased with the catalyst
loading (FigureD.1 in Appendix D), consistent with no external mass transfer limitation.
However, the possibility of internal mass transfer limitation cannot be ruled out. A catalyst
loading of 5 g [* was then selected to use in subsequent experiments.

The kinetics of nitrate hydrogenation with Ru/C under baseline testing condition can be
characterized by the zero-order rate law to at least the first half-life (Figure 5.3). Similarly, zero-
order kinetics has been observed for hydrogenation of concentrated nitrate (81 mM) with Pd-
In/C catalyst in both freshwater and synthetic brine solutions, and was attributed to saturation of
active catalyst surface sites by the elevated concentrations of nitrate and othef'ahmns.
obtain a quantitative description of apparent catalyst activity for comparison with other operating
conditions and literature values, the experimental data were fit with a zero-order kinetic model

(EqQ. 5.2) to the first half-life:

&q L w u S vw wiVWW (5.2)
where Girate, 0iS the initial nitrate concentration (mM)niate, tiS the nitrate concentration at
reaction time t (min), kis the apparent zero-order rate constant (mM*nifio compare catalyst
activity with existing literature, dkwas normalized to Ru mass (mM nligrs?) by using loading
of Ru metal in the reactor suspensioru(y®). Under the baseline testing condition, kas
found to be 0.30 + 0.03 mM mingry®. This value falls within the same order-of-magnitude as

values reported for Pd-In/C catalysts using a similar semi-batch reactor (11-5GmgNOgrd
124



1,21 suggesting that applying Ru/C for nitrate hydrogenation in ion exchange waste brine is
technically feasible. This is also notable because Ru is significantly less expensive #74r? Pd.

The influence of critical operating parameters, including solution pH, salt levels, initial
nitrate concentration, and temperature, were then evaluated. Because the reaction produces
hydroxide (or consumes proton) as shown in Eq. 5.1, the solution pH increases as nitrate
hydrogenation proceeds in the absence of a buffer. Under the baseline condition, solution pH
increased from an initial value of 9.5 to 12.6 by the end of the reaction (Figure 5.3). To evaluate
the potential influence of solution pH, apparent zero-order rate constants were determined for
reactions where pH was maintained by automatic pH-stat (with HCI addition). Two solution pH
conditions were tested, circum-neutral (pH 7.5) and basic (pH 11). The difference in catalyst
activity between these two conditions was within 20% (entries no. 2 and 3 in Table 5.2), with the
apparent rate constant slightly higher under basic conditions. At first glance, the limited effect of
solution pH appears to conflict with findings reported previously for the same catalyst reacting
with lower initial nitrate concentrations (1.6 mM), where the first-order reaction constant
decreased at high pH conditichsThe inhibitory effects of increasing hydroxide ion
concentrations has been reported for hydrogenation of nitrite and bromate with Pd catalysts and
attributed to the inhibition of oxyanion adsorption as surfaces become more negatively charged
at high pH conditiong’>° However, the hydroxide concentrations under the two solution pH
conditions (0.32 uM for pH 7.5 and 1.0 mM for pH 11) are considerably lower than nitrate
concentration in the brine matrix, explaining the much smaller difference between the apparent
zero-order rate constants observed here. In the absence of pH control (entry no. 4 in Table 5.2),
the apparent zero-order rate constant increased 46%, despite the rapid increase in solution pH.

This observation suggests that the chloride introduced during pH control (from use of HCl in the
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Figure 5.3 Catalytic nitrate hydrogenation under baseline testing condition and evolution of
solution pH. Conditions: 5 gL Ru/C, initial [NQ] = 100 mM, brine matrix (5 wt% NacCl, 100

mM NaHCQ, 100 mM NaSQs), 30°C, no solution pH control, 1 atme Headspace maintained

by flowing Hz at ca. 300 mL mih. Error bars indicate standard deviation from duplicate
measurements (smaller than symbol if not visible). Solid line indicates zero-order rate law fit.
Dashed line indicates change in measured pH during the reaction.

pH stat) may havanhibitory effects on nitrate hydrogenation activity.

Three major non-target anions in waste brines and reused brines (i.e., chloride,
bicarbonate, and sulfate) were then examined for their influence on nitrate hydrogenation activity.
These anions have been reported to exert negligible or negative effects on nitrate reduction with
Pd-based catalysts: 22 2° Therefore, it was surprising to find that the apparent rate constant
observed in the absence of all these anions was 40% lower than that obseeredeubdseline
condition. Unlike chloride and sulfate, bicarbonate is acid-base reactive. Tests were then
performed to evaluate bicarbonate and the two other anions separately. With a solution
containing only bicarbonate and nitrate (entry no. 5 in Table 5.2), the observed rate constant
increased significantly to 0.58 + 0.01 mM nhigru?, more than twice the rate observed under
the baseline condition, suggesting an inhibitive effect of chloride and sulfate anions. This

conclusion was confirmed by ressitt higher salt levels (entry no. 6 in Table 5.2), where a two-
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Table 5.2 Summary of nitrate hydrogenation szero-order rate constants under different reaction

conditions (1 atm & Ru/C dose 5 gt)

Test no. NaCl NaHCG? NaSO NaNOs# Temp pH ko

% mM mM mM °C mM min? gry?!
Baseline condition
1 5 100 100 100 30 No control  0.30 = 0.03
Effect of solution pH
2 0 0 0 100 30 7.5 0.09 +0.01
3 0 0 0 100 30 11 0.11 +0.01
Effect of salts
4 0 0 0 100 30 No control  0.15 % 0.01
5 0 100 0 100 30 No control  0.58 £ 0.01
6 10 100 200 100 30 No control  0.10 £ 0.01
7 5 0 100 100 30 No control  0.16 = 0.03
Effect of initial nitrate concentration
8 5 100 100 50 30 No control  0.70 = 0.07
9 5 100 100 200 30 No control  0.08 £ 0.01
Effect of temperature
10 5 100 100 100 25 No control  0.18 £ 0.01
11 5 100 100 100 35 No control  0.32 + 0.04

aAmountsinitially added.

fold increase in the concentrations of these two anions lowered the apparent rate constant by
37% compared with the baseline condition. These results are consistent with observations with
Pdbased catalysts. More interestingly, addition of bicarbonate showed a positive effect on
nitrate hydrogenation with Ru/C. For example, the apparent rate constant observed in solution
containing both bicarbonate and nitrate was nearly four times higher than that observed in the
absence of bicarbonate (entries no. 4 and 5 in Table 5.2). Also, when bicarbonate was eliminated
from the baseline testing condition the apparent rate constant decreased by 62% (entry no.7 in
Table 5.2). Positive effects of bicarbonate on nitrate reduction activity have only been reported
when co-feeding C©Oto maintain the solution acidif{f: #* Under conditions where the solution

pH was maintained by adding HCI, higher concentration of bicarbonate led to reduced activity,
similar to two other anion&. Therefore, the promoting effect of bicarbonate may be associated

with its ability to donate proton:
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+& <+ &2° pka=10.33 (5.3)

For example, under the baseline testing condition, the solution pH rose past the
bicarbonate pKvalue in less than 2 h, suggesting significant dissociation of bicarbonate and
consumption of protons. However, the impact of bicarbonate on reaction kinetics may cease to
be positive with increasing bicarbonate concentration, because high concentration of negatively
charged bicarbonate and carbonate ions can compete with nitrate for available catalyst surface
sites.

Nitrate concentration was found to be an important factor for the reaction rate. Compared
with the baseline condition, the nitrate reduction apparent zero-order rate constant increased with
decreasing initial nitrate concentration (entries no. 8 and 9 in Table 5.2). Although the possibility
of internal mass transfer limitation cannot be ruled out at this time, these observations are
consistent with Langmuir-Hinshelwood model, a surface reaction model widely adopted for
catalytic hydrogenation of oxyaniofis’ 38 42The higher apparent rate constant at lower initial
nitrate concentrations may result from inhibition of hydrogen adsorption at the higher
concentrations of nitrate and its conversion intermedfaté¥he surface reaction kinetic model

considering reactants competition can be written as follows:

D JHN Q L W@MWHID W B RA G UR IH Q (5.4)

- 0 L wdmwwu oweiu R G UR JH O

Where k is the rate constant for the surface reactiomadland Kaydrogen are the adsorption
equilibrium constants for nitrate and hydrogen, respectivelya&ds the aqueous concentration
of nitrate, and &urogen IS the aqueous concentration of hydrogen, which is proportional to

hydrogen partial pressure in the gas phasedded QJ WR +HQU\YfVY ODZ 8QGHU W
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conditions, nitrate concentration is much higher than hydrogemra&nitrate >> 1 >>

KhydrogefChydroger), and Eq. 5.4 can be reduced to

N .
5D,”Iﬁ\GUR&m©URJHQ (5.5)

. QLW U DK W UD W H

Since K, Kkitrate, Knhydrogen @nd Gydrogenare all constant, the reaction rate is expected to be
inversely dependent omiate The initial reaction rate, coincident with the apparent zero-order
rate constant d¢ was roughly proportional to the inverse of the initial nitrate concentration
(Figure D.2 in Appendix D), further confirming that surface hydrogen is at very low
concentrations and limiting the reaction kinetics.

Temperature showed a positive effect on reaction rate (entries no. 10 and 11 in Table 5.2),
and similar observations have been reported for nitrate reduction with Pd-based d4tatysts.
Arrhenius plot of the apparent zero-order rate constant between 25-35 °C yielded an apparent
activation energy of 45 + 6 kJ mblThis value is comparable with the apparent activity energy
for nitrate hydrogenation with a Pd-Cus®k catalyst!®
5.4.2 Ammonia recovery by membrane distillation

The membranes employed in membrane distillation process are hydrophobic, allowing
vapor phase species to permeate while rejecting ionic constituents in the aqueous phase. Due to
the relatively low temperature studied (no higher than 35 °C for all tests), water evaporation
through the membranes was not expected to be significant during ammonia recovery. The
concentration of BBy in the acid adsorbent was designed to be excessive to ensure complete
capture of ammonia as (NHSQ..

To study the reaction kinetics and identify important operating factors for membrane

distillation, a similar research approach was employed to that used for catalytic hydrogenation
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studies. Under the baseline testing condition, the feed was a synthetic solution whose
composition was based on the baseline testing solution in catalytic hydrogenation assuming
complete nitrate reduction to ammonia according to Eq. 5.1 without pH control. Feed
temperature was 30 °C, same as the baseline testing condition in catalytic hydrogenation.
Different flow rates were varied, and 1.5 L mimas chosen to achieve a high flux while
maintaining the system at low pressure (7.5 psig) to minimize the risk of wetting the membranes.

Under the baseline condition, the kinetics of ammonia removal from the feed can be well
described by a first-order rate law over the entire reaction time course (Figure 5.4a). The driving
force for ammonia mass transfer is the difference between free ammonia concentration in the
feed and that in the acid adsorbent. Under the baseline testing condition, the solution pH
decreased from 11.2 to 10.8 due to the removal of a basg {fdkh the solutiorf! In all but one
test (entry no. 5 in Table 5.3), solution pH remained higher than 10.7, where free ammonia is the
dominant species (>96%). It can also be assumed that free ammonia reacted immediately with
sulfuric acid on the other side of the membrane to form ammonium sulfate, so the concentration
of free ammonia in the acid adsorbent was practically zero. Therefore, the flux of ammonia
transfer from the feed to the acid adsorbent can be represented by the following equation:

1+ - &y (5.6)

Where dns3 is the mass flux of ammonia (gMM m?2 h?), K is the overall mass transfer
coefficient (m h'), and Giuay is the concentration of ammonia in the feed (mgNH.™?). The
overall mass transfer coefficient comprises three resistances (i.e., feed liquid side boundary
resistance, membrane resistance, and acid adsorbent side boundary resistance) and depends on
the membrane and operating conditi6h®ractically, the value of K can be determined by the

following equatior:®>°
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9 &l+
- $WR G (5.7)

&l+ W

Where V is the volume of the feed YmA is the membrane area YN Cuhzo is the initial
concentration of ammonia in the feed (mM), andifzis the ammonia concentration in the feed
at time t (h). By plotting In(€H3,0/CnHst) Over t, a straight line with the slope of KA/V can be
obtained, and subsequently K was found. The initiab dvas then calculated from Eq. 5.6.
Under the baseline condition, the initiakd was 268 + 3 gNEN m2 h! with the corresponding
K of 0.19 + 0.01 m #. Nitrogen balance of the membrane distillation system was closed by
measuring the total ammonia in the feed and the acid adsorbent (Figure 5.4b), suggesting that the
system was well sealed, and loss of ammonia in the void space in the system was negligible.

Since the efficiency of ammonia transfer strongly depends on system configuration and
membrane properties, it is challenging to directly compare the kinetic parameters observed in
this study with those reported in the literature. However, within the same system, the effects of

feed solution chemistry and operating conditions can be studied. The influence of operating
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Figure 5.4 (A) Ammonia removal from brine by membrane distillation under baseline testing
conditions. (B) Ammonia mass balance in feed ap8Q® adsorbent solution. Solid line in (A)
refers to the first-order rate law fit.
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temperature was studied at three feed temperatures, i.e., 25 °C, 30 °C, and 35 °C. It was observed
that ammonia removal kinetics (both K and initias) increased 17% when increasing
temperature from 25 °C to 30 °C (entries no. 1 and 2 in Table 5.3). Further increasing the
temperature to 35 °C improved the kinetics by 22% (entry no. 3 in Table 5.3). This positive
influence of temperature on ammonia removal efficiency is consistent with literature findings
with various membrane distillation configurations such as vacuum and sweep gas membrane
distillation >*°3 On the other hand, using temperature to tune ammonia removal efficencity will

be increasingly limited at higher temperature, because the mass transfer of water vapor is
intensified due to higher water vapor pressure and diffusivity, resulting in reduced ammonia
selectivity>?

Table 5.3 Summary of ammonia mass transfer coefficient (K) and initial mass Nl \(dth
different feed characteristics and operating conditions

Testno. NaCl NaHCGO?® NaSOQ, Ammonia Temp Initial Final KP Initial JynaP

% mM mM ab °C pH pH®  mh?! gNHz-N m? ht
mM

Baseline condition

1 5 100 100 100 30 11.2 10.8 0.19+0.01 268+3

Effect of temperature

2 5 100 100 100 25 11.2 109 0.16+0.01 229+3

3 5 100 100 100 35 11.2 10.7 0.23+0.03 326+ 37

Effect of salt

4 0 100 0 100 30 116 11.3 0.19+0.02 258+21

5 10 100 200 100 30 11.1  10.7 0.18+0.02 258+ 26

Effect of solution pH and ammonia concentration

6 5 50 100 50 30 11.1  10.7 0.20+0.03 141+21

7 5 200 100 50 30 9.2 9.1 0.10+0.01 71+1

8 5 50 100 200 30 12.7 12,6 0.16+0.02 457 +49

9 5 200 100 200 30 115 11.0 0.17+0.01 482+ 39

aAmountsinitially added.
bCalculated by using total ammonia concentration.
bOperation time 1h.

The impact of salts was studied by controlling the concentrations of NaCl aB@Na
the feed solutions. Tests demonstrated that large variations in concentrations of these salts (0-10

wt% for NaCl, 0-200 mM for N&sQy) had little influence on rates of ammonia removal from the

132



brine (entries no. 4 and 5 in Table 5.3). It has been reported that the solution ionic strength has
slightly negative effect on the fraction of free ammonia species by increasing ammonium
dissociation constant at higher ionic strerjthlowever, at the relatively high pH (>10.7) used

in these tests, the fraction of free ammonia species remained high, rending the effect of ionic
strength negligible.

Two factors, solution pH and initial ammonia concentration, were inherently coupled due
to the hydroxide generated when simulating nitrate reduction to ammonia Eq. 5.1 In addition, the
solution pH was also influenced by the buffering capacity of the solution during catalytic
hydrogenation. Therefore, four tests were designed, combining two factors relevant to solution
pH, i.e., initial nitrate concentration and bicarbonate concentration, each at two levels. Because
we have assumed complete nitrate hydrogenation according to Eg. 5.1 and no loss of ammonia to
the gas phase, the initial nitrate concentration in the feed to catalytic hydrogenation equals the
initial ammonia concentration in the feed to membrane distillation. At low initial nitrate
concentration (50 mM), the feed pH varied dramatically depending on the concentration of
bicarbonate (entries no. 6 and 7 in Table 5.3). A low bicarbonate concentration (50 mM) led to a
higher solution pH and similar to values measured under the baseline testing condition. At
higher bicarbonate concentration (200 mM), on the other hand, the brine was buffered more
strongly during nitrate hydrogenation, resulting in an apparent solution pH of 9.2 in the
membrane distillation feed, a condition wherein only ~50% of the ammonia is present as the free
ammonia species. The mass transfer coefficien{calculated by using total ammonia
concentration) decreased 51% compared to that at low bicarbonate concentration. When the
initial nitrate concentration was equal to or greater than the initial bicarbonate concentrations

(entries no. 8 and 9 in Table 5.3), the solution pH of the ammonia product solution used as
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membrane distillation feed was high (>11), leading to K values comparable with that measured
at the baseline testing condition. Therefore, solution pH is a critical factor for ammonia recovery
by membrane distillation. The initiakds also increased with the initial ammonia concentration
as expected from Eq. 5.6.
5.4.3 lon exchange waste brine nitrate removal and nitrogen recovery

Based on findings with synthetic brine solutions, we then demonstrated nitrate removal
and nitrogen recovery from a real ion exchange waste brine (Table 5.1 and Table 5.4) obtained
from a California water utility. Kinetics of nitrate hydrogenation with Ru/C in the waste brine
can be characterized by the zero-order rate law (Figure 5.5), and the apparent zero-order rate
constant normalized to Ru mass was found to be significantly higher (1.80 + 0.04 miMrnin
1y than those measured in synthetic brines (Table 5.2). As a control, a synthetic waste brine was
prepared with the same concentrations of major anions (chloride, nitrate and sulfate), alkalinity
(by adding sodium bicarbonate), and initial solution pH (adjusted with NaOH) as the real waste
brine. Experiments revealed a lower rate of nitrate hydrogenation in the synthetic waste brine
than in the real waste brine (Figure 5.5), with the apparent zero-order rate constant ~30% lower
(1.24 + 0.02 mM mirt greY). The origin of the higher activity observed in the real waste brine is
unclear at this time, but the results support the technical feasibility of applying Ru/C for nitrate
hydrogenation in ion exchange waste brine. Further research is needed to identify the cause of
faster kinetics in the real waste brine, but it is noteworthy that the real waste brine contains
several cations in addition to NéTlable 1), the sole cation used in preparation of the synthetic
waste brine. Divalent and trivalent cations (e.g.2*C&lg®*) have been shown previously to

erhance rates of nitrate hydrogenatf8hn addition, the real waste brine contains a number of
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Figure 5.5 Catalytic nitrate hydrogenation in real waste brine and synthetic waste brine prepared
with similar anionic composition. Conditions: 6 ¢ Ru/C, 30 °C, no solution pH control, 1 atm
H2 headspace maintained by flowing &t ca. 300 mL mit. The effect of pH control by flowing
CO. (at ca. 65 mL miR) was also examined. Error bars indicate standard deviation from
duplicate measurements (smaller than symbol if not visible). Solid line refers to the zero-order
rate law fit.
minor constituents, including organics and trace metals (Table 5.1), which may interact with
catalyst surfaces to promote nitrate enhanced reactivity.

Considering that bicarbonate has shown positive influence on nitrate hydrogenation
kinetics (Table 5.2), tests were conducted to co-feeg @t Hz, which is a common practice
for solution pH control when treating nitrate with Pd-based catalysté. The nitrate
hydrogenation rate was comparable with that in the absence 0inGfe initial 0.5 h, but the
rate gradually decreased with reaction time (Figure 5.5). This observation could be a result of
lower hydrogen partial pressure and the accumulation of bicarbonate over time. For example, the
inorganic carbon concentration increased from 238 mM to 466 mM after 12 h of treatment. On

the other hand, co-feeding €@naintained solution pH between 7.6-7.9 and significantly

improved retention of ammonia in the open reactor system. After 8 h of reaction, 85% of the
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Table 5.4 Water quality comparison of initial real waste brine, brine solution after treatment with
Ru/C, and solution after membrane distillation.

Solution chemistry  Real waste brine After hydrogenation After membrane distillation
pH 8.5 8.6 9.9
Cl 13,685 mg t* 14,198 mg t* 14,204 mg £
(2.3 wt% as NaCl) (2.3 wt% as NaCl) (2.3 wt% as NaCl)
HCO; and CQ* 232 mM 485 mM 484 mM
NOs 9,262 mg L} 79 mg L! 75 mg L?
(149 mM) (1.2 mM) (1.2 mM)
SO 4,346 mg 4,515 mg L 4,283 mg L
(45 mM) (47 mM) (45 mM)
Total ammonia <3.2 mM 136 mM 9 mM

(detection limit)
aSolution pH was adjusted to 10.0 by adding NaOH prior to membrane distillation

ammonia was retained in the liquid phase when co-feedingcG@pared to only 51% in the
absence of Cgbuffer.

Catalytic hydrogenation of real waste brine was scaled up in 1 L graduated glass bottle to
provide feed solution for membrane distillation. Reactor design likely affects reaction kinetics,
but its optimization is beyond the scope of this study, and the reaction was conducted up to 24 h
while co-feeding C® to enhance ammonia retention in the liquid phase. These conditions
resulted in near complete nitrate hydrogenation, and the liquid phase retained 91% of the
ammonia reaction product (Table 5.4). Prior to membrane distillation, the solution pH was
adjusted to ~10.0 with NaOH to reflect the pH conditions observed when pH was allowed to drift
without CQ buffer.

Kinetics of ammonia removal from the catalytically treated real waste brine can be
characterized by a first-order rate law (Figure 5.6a), witdnd initial ,c 47being 0.11 m # and
199 gNH-N m2 h'l, respectively (uncertainty not reported due to lack of duplicate experiment of
limited real waste brine supply). These observations are qualitatively consistent with results

obtained with synthetic solutions prepared to mimic the major waste brine components. Nitrogen
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Figure 5.6(A) Ammonia removal from real waste brine and synthetic solution by membrane
distillation. Conditions: 4 L feed at 1.5 L min1.15 L 0.25 M HSQ: adsorbent solution at 1.5 L

min?, 30°C. (B)Ammonia mass balance in real waste brine feed aS®Hadsorbent solution.

Solid line in (A) refers to the first-order rate law fit.

balance was also well closed by measuring the total ammonia in the feed and the acid adsorbent
solution (Figure 5.6b). Salt composition and concentrations after membrane distillation were
almost invariant (Table 5.4), verifying the membrane integrity during the experiment and high
selectivity to ammonia for mass transfer. Similar to the study of catalytic hydrogenation, a
synthetic waste brine was prepared with the same concentrations of major anions (chloride,
bicarbonate, and sulfate), total ammonia concentration, and initial solution pH (adjusted with
NaOH) as the real waste brine. Ammonia removal K (0.12 + 0.0%)rarid initial dnz (225 + 4
gNHz-N m?2 h) for in the synthetic waste brine were similar to values measured in the real
waste brine. These results suggest membrane distillation is effective at recovering ammonia from

real waste brine. Potential membrane fouling from continuous treatment of real waste brine and

its impact on ammonia recovery efficiency need to be future evaluated at longer operation

timescale.
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The overall nitrogen recovery from the real waste brine through the hybrid catalytic
hydrogenation/membrane distillation process is 79%, validating the use of this process for
efficient nitrogen resource recovery from waste ion exchange brines.

5.4.4 Application considerations of the hybrid process

Conceptual evaluation of the economic and environmental viability of the hybrid
catalytic hydrogenation/membrane distillation process may be achieved by comparing with a
more developed brine treatment system using Pd-based catalf/®sevious work showed that
both the O&M costs and environmental impacts of recycling ion exchange brines by treating
nitrate with Pd-In/C catalysts can be lower than those of conventional ion exchange prdcesses.
A critical factor to delivering these benefits is reducing the catalyst cost, particularly the use of
Pd>8 Catalyst cost is directly associated with the cost of the active metal (dominated by Pd for
PdIn/C catalysts) and catalyst activity. Less catalyst material is required for catalysts that exhibit
higher activity. Along this line of consideration, Ru catalysts have an advantage over Pd-based
catalysts due to the historically lower cost of R#:°° In addition, Ru catalysts have been
reported to have high activity for nitrate reduction, similar to Pd-Cu/C catdlj$ts study
further confirmed that Ru/C is active for nitrate hydrogenation in various brine conditions.
Although activity comparison between Ru/C determined in this study and literature reported
values for Pd-In/C catalysts is not straightforward due to difference in reaction conditions, their
metal mass-normalized apparent zero-order rate constants are of similar magnitude when treating
synthetic waste brines, and the rate constant with Ru/C for treating a real waste brine is
approximately two-fold higher than the highest value reported for Pd-In/C cafafystall
suggesting that Ru catalysts have a potential to improve the economic and environmental

sustainability of the catalytic treatment step of the hybrid process.
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A less often studied, but critically important consideration, for catalytic processes is
catalyst stability and longevity. Catalyst longevity is ultimately required to fulfill the
assumptions of catalyst lifetime (usually years) during techno-economic analysis and/or life
cycle assessmefit.?®> **Catalyst stability also affects catalyst loading design for a fixed volume
of water brine and vice versa, brine regeneration cycle design with a fixed loading of catalyst.
Generally, the higher the total volume of waste brine that can be treated with the same catalyst,
the more savings that can be gained from brine réusu/C stability for waste brine
hydrogenation was initially assessed using a batch recycle test. After the first use, catalyst
activity increased in the following cycles (Figure 5.7). This increase in activity is likely related to
catalyst activation. As shown in a previous study, elevated temperature in either inert or reducing
gas environment improved the activity of the commercial Ru/C by desorbing synthesis residue
and exposing redox-labile Ru specieKCP analysis of the filtrate from catalyst collection
detected trace amounts of Ru (<0.2% of the total amount of Ru). However, it is unclear whether
the detected Ru resulted from metal dissolution or the release of loosely bound Ru nanopatrticles
from attrition. These results demonstrated that Ru/C can be recycled in a semi-batch reactor, and
catalyst deactivation through leaching or fouling is insignificant within four use cycles. Further
study, ideally in continuous flow reactors, is required to evaluate the longer-term stability of
Ru/C during waste brine treatment applications.

Compared with previous brine treatment systems, the hybrid catalytic
hydrogenation/membrane distillation process enables nitrogen recovery, providing potential
economic and environmental benefits in addition to reduced salt consumption. When considering
the entire process for source water treatment (Figure 5.1), nitrogen in the form of dilute nitrate

was transformed to a much more concentratedsJ#8#@x aqueous solution, which can be used
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as a liquid fertilizer or a precursor for solid fertiliZé#> This process likely has higher energy
efficiency compared to the traditional HaHBosch ammonia synthesis process that demands
high temperature and pressure, because it requires minimal thermal energy; instead, it leverages
chemical potential difference as the driving force (e.g., nitrate adsorption to ion exchange resin,
nitrate hydrogenation on Ru surface, and ammonia mass transfer across membrane). A detailed

techno-economic analysis is required to estimate the minimum selling price of theldoivee-

(NHa4)2SOs product.
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Figure 5.7 Ru/C reused for three reaction cycles in real waste brine: (a) nitrate hydrogenation
time courses, and (b) apparent zero-order rate constants. Conditions! Rg/«, 30 °C, no
solution pH control, 1 atm +headspace maintained by flowing &t ca. 300 mL mi¥, catalyst

dried at 70°C in between reuse cycles.

To meet the increasing demand for fertiliZethe yield of the ammonium sulfate should
be maximized, which depends on the nitrogen recovery efficiency of the catalytic
hydrogenation/membrane distillation process. As shown in Figure 5.7, in the absence of pH
control, solution pH rose beyond the p#f NH4" and accelerated ammonia loss to the flowing
H2. To better understand the dynamics of ammonia formation and volatilization, the total

ammonia concentration was monitored during waste brine hydrogenation (Figure 5.8a). Initially,
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total ammonia concentration increased with nitrate hydrogenation. When nitrate conversion was
near complete, total ammonia concentration began to decrease. Gas-liquid partiticriexd tdH
a decreasing total nitrogen concentration with time. Therefore, liquid phase ammonia retainment
can be improved by controlling the reaction time. For example, at 4 h the ammonia retainment
retention was 70%, 39% higher than that observed at 8 h. However, it came with the trade-off of
incomplete nitrate conversion. With flowing €@s a pH buffer, ammonia retainment can be
improved by maintaining the solution pH below thea@k NH4*. Even at this low pH (7.8), the
slow and steady loss of ammonia was still observed (Figure 5.8b). Instead of semi-batch reactor,
a completely enclosed batch reactor may be used to curb the loss of ammonia to the flowing H
and/or CQ. The key to the batch reactor design is minimizing the reactor size while ensuring
sufficient hydrogen supply, which may require a pressurized system. Increasing the hydrogen
pressure can also enhance nitrate hydrogenation kinetics as discussed before andypotentiall
improve hydrogen and Ru utilization efficiency, leading to reduced cost and environmental
impact?® 22

Membrane distillation (or membrane contactor) has been considered a cost effective,
energy efficient technology for removing ammonia from industrial and agricultural wastévater.
%0 This study demonstrated its successful application to recovering ammonia from ion exchange
waste brine at high efficiency under ambient temperatures. The high ammonia removal
efficiency is attributed to several factors including the large membrane surface area and high
feed solution pH. As nitrate hydrogenation produces hydroxide to raise solution pH, the
membrane distillation process can benefit from an upstream catalytic reactor operated without
pH control, which also saves the cost on alkali for adjusting pH for membrane distillation. In

addition to the aforementioned pressurized batch reactor, optimization of the existing system,
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such as directing the 2Hlow to the acid adsorbent, can be explored to maximize ammonia
recovery. Alternative membrane distillation should be assessed to further improve unit efficiency
and reduce membrane ¢85t major concern during membrane distillation implementation is
membrane fouling, such as by particulate and orgdfi€s.53The risk of particulate fouling
caused by catalyst particle can be reduced by filtration, which is also an effective method for
removing scalants precipitated at high solution pH (e.g., calcium carbonate). Organic fouling is
less of a concern for the ion exchange waste brine due to its low organic carbon content (Table
5.1), but the accumulation of organic carbon over several brine regenerant cycles may lead to

fouling over long-term operation and needs to be evaluated.
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Figure 5.8 Aqueous concentration of nitrate and total ammonia during real waste brine catalytic
hydrogenation: (a) no pH control (b) pH maintained by flowing. G@»nditions: 6 g X Ru/C,

30 °C, 1 atm K headspace maintained by flowing &t ca. 300 mL mif, in (b) CQ flow at ca.

65 mL mint. Error bars indicate standard deviation from duplicate measurements (smaller than
symbol if not visible).

55 Conclusions

This work demonstrated a hybrid catalytic hydrogenation/membrane distillation process
that potentially enables ion exchange waste brine reuse and captures nitrogen in the form of

potential fertilizer product. A commercial Ru/C catalyst, much lower in cost than widely studied
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Pd-based catalysts, was found to be active for nitrate reduction to ammonia in real and synthetic
waste brine matrices. In a well-mixed semi-batch reactor, nitrate hydrogenation with Ru/C
exhibited zero-order kinetics, and nitrate was hydrogenated to ammonia at high selectivity.
Further, the resulting ammonia product could be efficiently recovered ag)80d by
membrane distillation. The mass transfer efficiency was favored by high solution pH and
temperature and not affected by salt composition or concentration in the waste brine solution.
The hybrid process was finally applied to a real ion exchange waste brine and demonstrated high
nitrate hydrogenation and ammonia recovery efficiency. Further studies are needed to evaluate
alternative reactor designs for improving nitrate hydrogenation kinetics and overall ammonia
recovery and to evaluate the reuse of treated brines for regeneration ion exchange resins.
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CHAPTER 6

TAILORING DIESEL BIOBLENDSTOCK FROM INTEGRATED CATALYTIC
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6.1  Abstract
Lignocellulosic biomass offers the potential to produce renewable fuels at a scale

commensurate with petroleum consumption. Hybrid approaches that combine biological and
chemocatalytic processes have garnered increasing attention due to their flexibility for feedstock
utilization and diversity of potential products. Of note, lignocellulosic sugars can be converted
biologically to shortehain carboxylic acids, while subsequent chemocatalytic upgrading can
elongate the carbon backbone and remove oxygen from the structure to produce drop-in

hydrocarbon fuels. However, hybrid conversion processes are typically not designed with the
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a tailored hydrocarbon diesel bioblendstock. Initially, model predictions for six fuel properties
critical to diesel applications were used to screen an array of hydrocarbons accessible from
upgrading individual and mixed2C4 acids. This screening step allowed for down-selection to a
non-cyclic branched 2 hydrocarbon (5-ethyl-4-propylnonane) that can be synthesized from
butyric acid through sequential catalytic reactions of acid ketonization, ketone condensation, and
hydrodeoxygenation. Following evaluation of each conversion step with model compounds,
butyric acid was then converted through an integrated catalytic process scheme to achieve >80%
overall carbon yield to a hydrocarbon mixture product containing >60% of the target C
hydrocarbon. The potential of this conversion strategy to produce a hydrocarbon diesel
bioblendstock from lignocellulosic biomass was then demonstrated using corn stover-derived
butyric acid produced fron€lostridium butyricumfermentation. Experimental fuel property
testing of the purified G blendstock validated the majority of the fuel property model
predictions. Meanwhile, the crude conversion product met fuel property target metrics, validating
conversion process development. When the fioblendstock was blended into a petroleum
diesel at 20 vol.%, the blend maintained low cloud point, high energy density, and cetane
number. Notably, the blend reduced sooting tendency by more than 10%, highlighting the
potential of the tailored bioblendstock to reduce particulate emissions.
6.2  Introduction

Biofuels have the potential to offset environmental impacts of the transportation sector,
which accounts for 55% of oil consumption and 23% of energy-relatece@@sions globally:.
2 Passenger vehicles rank number one in consumption of oil, closely followed by road freight

vehicles. Due to technology advances such as electrification, oil demand for passenger vehicles
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has begun to plateau, but the demand of oil (primarily diesel) for road freight vehicles is
projected to continue rising over the next few decdd&berefore, identifying routes to
sustainable diesel fuel production is particularly important to both meeting future demand and
curbing climate change. Lignocellulosic biomass is a relatively low-cost feedstock that allows
renewable fuels to be produced at a meaningful $cAlewide array of molecules can be
accessed from lignocellulosic biomass through diverse conversion pathways (e.g., biochemical,
thermochemical, hybrid)/ creating ample opportunities to produce biofuels. A rational fuel
design approach can have a major impact on enhancing the value proposition of biofuels.

Computational tools have seen growing application in multiple product development
fields to reduce time, manpower, and &'$tFor example, compat-aided molecular design
leverages quantitative structusoperty relationships (QSPRs) and numerical optimization
algorithms to search for optimal molecular structures across massive design space that includes
completely novel structurés.In the context of biofuel design, computational fuel property
prediction can be employed to screen potential fuel molecules and select a subset of the most
promising candidates for further experimental sttfdi2 This process is enabled by fuel property
predictive models, which provide estimates of fuel characteristics relevant to its handling and
application, such as physical and chemical properties (e.g., density, boiling point, and C/H/O
composition). Models specifically related to fuel performance have received increasing attention
and can provide valuable information for designing performance-advantaged fuel molecules.
These include octane number (ON), cetane number (CN), and yield sooting index (YSI), which
describe fuel antiknock quality, autoignition ability, and sooting tendency, respeéfivély.

Hybrid conversion routes integrating biochemical and chemocatalytic processes provide

numerous routes to access promising fuel molecules from biomass. Of note, short-chain
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carboxylic acids can be produced from the low-cost anaerobic fermentation of lignocellulosic
sugars and waste streams in high ytéfd.Although acids cannot be used directly as fuel due to
their low energy density and corrosive nature, the functionality of the carboxylic acid group
allows for diverse chemocatalytic chemistries to extend the carbon chain length and reduce
oxygen content. For example, recent efforts have identified catalysts and reaction parameters for
converting carboxylic acids to ketones, alcohols, and hydrocarbons of higher carbon number and
diverse connectivity (e.g., linear, branched, cyclic) through a combination of C-C coupling,
dehydration, and hydrogenation chemistfd. However, the viability of the conversion
products as biofuel has not be evaluated. Efficient evaluation of these fuel candidates can be
facilitated by computational tools, which remain underutilized.

7R DGGUHVV WKHVH JDSV ZH GHPRQVWUDWH D 3IXHO SUI
synthesize, and experimentally confirm the fuel properties of promising hydrocarbon molecules
derived from short-chain carboxylic acids to serve as drop-in diesel bioblendstocks (Figure 6.1).
Initially, we mapped the potential array of long-chain hydrocarbon molecules accessible from the
catalytic upgrading of acetic and butyric acid. The hydrocarbon functionality was targeted to take
advantage of its compatibility with existing fuel infrastructure that would allow it to be deployed
in the near term as a drop-in blendst&tk® Fuel property prediction tools were then used to
screen and down-select target molecules for further conversion pathway development. The
catalytic conversion efficiency and product yield were evaluated for both single-step conversion
and integrated catalytic process scheme using butyric acid, and this integrated scheme was then
demonstrated using butyric acid derived from the anaerobic fermentation of corn stover

hydrolysate. Lastly, fuel property testing evaluated both the neat blendstock and 20 vol.% blend
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fuel properties. Results from this work provide justification for future process scale-up and fuel

performance evaluation.
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the design of performance-advantaged diesel bioblendstock.

6.3 Results
6.3.1 Fuel property prediction
6.3.1.1 Mapping hydrocarbons derived from C2/C4 acids

Fermentation-derived acetic acid and butyric acid were selected for combinatorial
screening since they can be anaerobically produced from mixed lignocellulosic sugars in high
yields!’ 27 Hydrocarbons with potential to be generated from upgrading individual and mixed
C2/C4 carboxylic acids were then mapped using a multi-step catalytic conversion route consisting
of ketonization, condensation, and hydrodeoxygenation (HDO) (Figure 6.2). Ketonization reacts
two carboxylic acids to extend their carbon chain-length by forming a ketone with the release of

CO; and HO.2 2° Self-ketonization of acetic acid and butyric acid generates acetone and 4-
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heptanone, respectively, while cross-ketonization between these two acids generates 2-pentanone.
The ketone carbon backbone can be further elongated by condensation reactions that form non-
cyclic branched dimers and cyclic trimers, while fully retaining all carbon and releasing oxygen

in the form of watef® Lastly, HDO converts condensation products to hydrocarbons, with
dimers resulting in non-cyclic branched hydrocarbons and trimers resulting in cyclic
hydrocarbong! 24 30 Qverall, the reaction mapping process resulted in 30 hydrocarbons
spanning from €to CGa (Table E.1 in Appendix E). While most of these hydrocarbons displayed
carbon numbers within the range of diesel fuab (@ Czs),3! their fuel properties were evaluated

computationally to determine their dependence on molecular structure.

Acids Ketones Condensates Hydrocarbons

Figure 6.2 Upgrading scheme for convertingGz carboxylic acids to hydrocarbon molecules
via ketonization (KET), condensation (COND), and hydrodeoxygenation (HDO).

Fuel properties of the hydrocarbons were estimated using predictive models and
compared against target metrics to identify desirable molecules and structures. These properties
concern multiple aspects of fuel deployment, including physicochemical requirements, energy
content, safety considerations, and emission potential. Starting with low-temperature handling
ability, a fuel with an adequate regional and seasonal applicability requires a low melting point
(or low cloud point for mixtures). A maximum value of 0 °C was used for initial screéhing.
Using predictive models based on group contribution and correfitidhthe non-cyclic
branched hydrocarbons were all anticipated to exhibit low melting points (<-30 °C) suitable for

cold environments, while cyclic hydrocarbons ois @r larger risk failing to meet the
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requirement. Similarly, efficient fuel utilization must also satisfy a boiling point requirement,
because non-volatile compounds resist evaporation/burning and remain in-cylinder, causing
long-term operation issues. This fuel criterion was defined to be <338 °C, consistent with the
maximum allowable T90 specified for petroleum diesel by ASTM D¥7Bxcept for Gi
molecules, group contribution methd8s$* % predicted that all of the hydrocarbons evaluated
herein meethis requirement. Meanwhile, low boiling point compounds cause safety concerns
because they may form a flammable fuel-air mixture above the liquid. To ensure the safe
handling and storage of a fuel, a minimum flash point of 52 °C is specified for general purpose
diesel by ASTM D975 and employed as a screening criterion in current*3tMdyecules of G

and above in both non-cyclic branched and cyclic hydrocarbon groups were predicted to meet
this requirement using correlations built from fuel and hydrocarbon databa8eé3enerally, a
positive trend with carbon number was observed for these three fuel properties (Figure E.1a-c in
AppendixE), as expected for paraffinic hydrocarbdhé:

Energy density, which is essential to fuel economy, was quantified by the lower heating
value (LHV) of each compound. This is a measure of the heat released by combusting a quantity
of fuel, minus the heat of vaporization of the combustion-generated water. LHV varies between
32-44MJ kg? for petroleum diesel, and a value of 40 MJ*kgas selected as the minimum
requirement to ensure a competitive energy density. Utilizing models correlating heats of
combustion with elemental analy$fs* all mapped hydrocarbon molecule predictions fell well
above the LHV requirement and were nearly uniform (Figure E.1d in Appendix E) due to
similarities in elemental composition (e.g., 84-86 wt% carbon).

The autoignition and sooting behavior of the hydrocarbons were informed by predicting

CN and YSI using machine learning methdt¥. For CN, a higher value indicates faster
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autoignition, which in turn can improve heat release rates and engine cold-start capabiéties. Th
minimum requirement of 40, in line with ASTM D975 requirements, was selected to ensure
adequate fuel reactivif?, although CN requirements can vary depending on the region (e.g., a
minimum CN of 51 required by DIN EN 590 in Eurdfe Nine non-cyclic branched
hydrocarbon molecules and two cyclic hydrocarbon molecules were predicted to meet the
minimum requirement of 40 (Table E.1 in Appendix E). Previous studies have shovw@Nthat
increases with the secondary C-H:primary C-H ratio due to a lower-energy alkylperoxy radical
isomerization pathway enabled by secondary C-H bttdddowever, the absence of a strong
correlation in this study (Figure E.le in Appendix E) suggested significant influence from
tertiary C-H and/or quaternary carbon as well.

In contrast to autoignition ability, soot emission from diesel combustion currently does
not have a known verified predictive fuel property metric. Diesel combustion is largely mixing-
controlled, and soot formation is likely to depend on intrinsic sooting tendency, ignition delay,
and physical properties relative to spray penetration and breakup. For this initial screening, YSI
was chosen to assess the sooting potential of fuel candidates, with the higher value denoting
stronger chemical sooting tendertéyPredicted YSI of the mapped hydrocarbons was shown to
generally increase with carbon number in (Figure E.1f in Appendix E). YSI normalized by
carbon number characterizes the average contribution of each carbon atom in the molecule to
soot formation and was roughly constant for each category of hydrocarbons (see last column of
Table E.1 in Appendix E). For the non-cyclic branched hydrocarbons, normalized YSI values
varied between 5.%.8 and were lower than those of the cyclic hydrocarbons QB The

stronger sooting tendency of the cyclic structure agrees with experimental observations in the
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literaturel® as small cyclic hydrocarbons tend to have lower energy barrier pathways towards
forming resonantly-stabilized soot precursdrs.
6.3.1.2 Down-selection of targets for diesel blendstock

Based on these predicted fuel properties, a subseto€4 molecules was identified to
contain promising diesel candidates, including four non-cyclic branched hydrocarbon molecules
and one cyclic hydrocarbon molecule (Table 6.1). These molecules are accessed from either
single G acid or mixed @Cs acids. With butyric acid, thei€hydrocarbon in Table 6.1 can be
synthesized from self-condensation of 4-heptanone that is generated fronc adid
ketonization. When mixed A4 acids are used, acetone and 2-pentanone are formed in addition
to 4-heptanone, which provides a pathway to all five of the down-selected molecule candidates.
However, the presence of acetone and 2-pentanone negatively impacts the ability to selectively
produce the target hydrocarbon molecules due to their facile condensation into cyclic trimers that
react to form cyclic hydrocarbons after HB®?* 2°As noted, the resulting cyclic hydrocarbons
display less desirable diesel fuel properties, such as low CN and high YSI. Therefore, we chose

to focus on the conversion pathway that starts solely with butyric acid targeting the non-cyclic

Table 6.1 Model predictions of melting point, boiling point, flash point, lower heating value
(LHV), cetane number (CN), and yield sooting index (YSI, normalized to carbon number in
parentheses) for down-selected hydrocarbon molecules. Average values reported when multiple
predictions are available. Full list of molecule candidates and model predictions provided in
Table E.1 in Appendix E.

Melting point Boiling point Flash point LHV

Hydrocarbons C No. °C) °C) °C) (MJ kg CN YSI
Screening criteria  None <0 <338 >52 >40 >40 None
. 14 -38 241 82 45 48 91 (6.5)
DOUN 12 -48 204 62 45 45 71 (5.9)
. 12 -61 199 61 45 44 75 (6.2)
. 12 -61 199 61 45 43 75(6.2)
A 13 -24 231 84 45 44 99 (7.6)
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branched @ hydrocarbon, 5-ethyl-4-propylnonane, shown in the first entry of Table 6.1.
Previous studies have shown proof-of-concept for the individual catalytic conversion steps
comprising this pathwa$® 3° As such, this work looked to evaluate the integrated catalytic
conversion scheme and validate diesel blendstock properties for both the tatgyadrGcarbon
and crude conversion product.
6.3.2 Catalytic upgrading of butyric acid
6.3.2.1 Single step conversion of model compounds

Initially, each catalytic conversion step in the butyric acid upgrading scheme was
evaluated individually for conversion efficiency and carbon yield with the aim of moving
towards process relevant conditions. The ketonization reaction was first performed using
commercial EXW\ULF DFLG - SXULW\ 6LJPD $OGULFK LQ D FRQ
the corrosive acid functional group and increase thea@on chain length tozCproducing CQ
and water in the process. The reactor was packed with a commercialaZa{yst, which is an
amphoteric redox metal oxide known to provide high activity and selectivity for this chepfiistry.
The catalyst displayed a surface area of 6%jfand total acidity of 163 pmol'g(Table E.2 in
Appendix E). At 435 °C and a weight hourly space velocity (WHSV) of 3,®htyric acid was
completely converted for over 11 hours of time-on-stream with an overall mass recovery >92%
(Figure 6.3). The gas phase product was primarily, @@d the condensable liquid product was
biphasic due to the low water solubility of 4-heptanone (approx. 3 gtlroom temperature).
The purity of 4-heptanone in the organic liquid phase was 90%. Although the non-target
products were not fully identified, work was conducted to determine the impact of these
compounds on the integrated catalytic upgrading steps and final fuel properties, as discussed

below.
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Figure 6.3 On-stream performance and product distribution of commercial butyric acid
ketonization over 3 g Zroin flowing Ar [1 atm, 100 mL (STP) miH at 435 °C and WHSV =

3.8 hl. WHSV was calculated using the mass flow rate of butyric acid and the mass of the
catalyst.

Aldol-type condensation was then performed on the 4-heptanone product stream to
further elongate the carbon chain to: @nd reduce the oxygen content. While significant work
has been performed to date with terminal kethé8,*¢condensation of internal ketones, such
as 4-heptanone, is far less studied. RecentlyOiivas identified as a highly selective catalyst
(>80% carbon selectivity) to the dimer (mixture of positional and stereoisomers) for 4-heptanone
condensation, but the chemistry has only been demonstrated for single-pass batch reactions with
8 wt% of 4-heptanone in tolued®2! When considering process design impacts, the relatively
low ketone loading will require large equipment and high energy consumption for solvent
separation. Therefore, we evaluated conversion efficiency at elevated ketone loadings with
catalyst regeneration and recycle (Figure 6.4).

4-Heptanone condensation was performed in a bench-scale batch reactor. A commercial
Nb20s catalyst acquired from CBMM was calcined at 350 °C prior to use, resulting in a surface

area of 137 rg! and total acidity of 255 pmofliy(Table E.2 in Appendix E). Initial
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Figure 6.4Nb20s reused for 4-heptanone condensation four times in a batch reactor by
regeneration at 350 °C in between cycles. Reaction conditions: 15 g feed, 20 wt% 4-heptanone in
toluene, 0.75 g catalyst, catalystketone mass ratio = 1:4, initial He headspace at atmospheric
pressure, 180 °C, 10 h.

experiments were performed using commercial 4-heptanone (98% purity, Sigma Aldrich) with a
ketone loading of 20 wt% in toluene, ketaoecatalyst mass ratio of 4:1, reaction temperature of

180 °C, and an initial atmospheric pressure He headspace. Under these conditions, conversion
progressed rapidly in the first 3 h to 27% and then gradually to 58% after 24 h (Figure E.2a in
Appendix E). At 24 h, selectivity to the desired dimer was 81%, similar to previous Sfutlies.

The overall mass recovery was >98% with neglible mass loss to the gas phase, and the carbon
mass recovery was >96%. The reactivity of 4-heptanone is significantly lower compared to that
of the terminal ketone, as demonstrated for example by conversion of 2-heptanone reaching 90%
in the first 3 h under similar conditions (data not shown). The lower reactivity is likely due to
steric hinderance, making internal ketones inherently more difficult to process. The average

reaction rate for 4-heptanone condensation plotted over time (Figure E.2b in Appendix E)
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revealed rapid degradation in activity. A carbon content of 2.3 wt% was measured for spent
Nb20s after 24 h reaction, suggesting fouling as a mode of deactivation.

To assess catalyst recyclability, spent®bwas washed with solvent, dried, and tested
under the same reaction conditions as the fresh catalyst. Continuous decline in activity was still
observed in subsequent reuses (Figure E.2c in Appendix E), likely due to incomplete removal of
adsorbed species. Calcination of the spent catalyst in air at 350 °C for 12 h was then employed to
regeneratdéhe catalyst. Over four cycles of reuse, a 15% decrease in dimer carbon yield was
observed (Figure 6.4). Surface area and total acidity of the regenerated catalysts showed
insignificant change compared to those of the fresh catalyst, while small quantities of carbon
residue were measured on the regenerated catalysts (Tbale E.3 in Appendix E). These
observations suggest that the most active sites are vulnerable to deactivation and like not fully
regenerated under mild conditions. Although carbon residue can be removed at higher
calcination temperatures, further evaluation of catalyst activity will be needed as increasing
temperature can lead to loss of water content and phase transition, accompanied by reduced
surface area and acidity for this cataf/st.

Additional reaction conditions were then evaluated to further reduce solvent use and
improve single-pass conversion by increasing the ketone loading (20 wt% to 100 wt.%), catalyst
loading (catalysto-ketone mass ratio from 1:20 to 1:5), and operating temperature (180 °C to
220 °C). When the ketone loading increased from 20 wt.% to 100 wt.% (i.e., neat solvent-free)
for a given catalyst loading, 10 h conversion decreased (Figure E.3a in Appendix E), while the
average ketone reaction rate was nearly constant (Figure E.3b in Appendix E), indicating a high
coverage of surface intermediates at these ketone loadimgsteasing the catalyst loading

under neat conditions increased dimer concentration in the liquid product (Figure E.3c in

161



Appendix E) but also enhanced carbon loss to catalyst surface. For example, 0.04 g carbon was
measured for the spent catalyst at a catabyketone mass ratio of 1:20, and this value increased
more than three-fold to 0.13 g when the mass ratio increased to ithbréspect to operating
temperature, raising the temperature from 180 °C to 220 °C at 20 wt.% ketone loading increased
conversion by 30% after 10 hours of reaction but reduced dimer selectivity by 20% (Figure E.4a
in Appendix E). Estimating the activation energy from Arrhenius plots was hindered Figure E.4b
in Appendix E), potentially due to rapid carbon laydown from the reaction. Although beyond the
scope of this study, high temperature processing of neat internal ketones requires further analysis
to evaluate the tradeoff between increased conversion at the expense of selectivity and final fuel
properties.

The final HDO step was then examined to convert the purified dimer into the takget C
hydrocarbon. The dimer feed was derived from commercial 4-heptanone and prepared by
removing the reaction solvent and unreacted ketone through distillation, resulting in a mixture of
81% dimer and 19% non-target compounds. The latter may include higher boiling point trimer
and larger oligomers that we were unable to identify by GC (Figure E.5 in Appendix E). HDO
was performed in a packed bed flow reactor using a 3.3 wt%:Pt/Ahtalyst due to its metal-
acid bifunctionality?® ®° The catalyst displayed a surface area of 188tmmetal dispersion of
9.4%, and total acidity of 329 umot'gwith the latter dominated by Lewis acidity (Table E.2 in
Appendix E). At 334 °C and a WHSV of 4.4 [the dimer was completely converted with >97%
overall mass recovery and >90% selectivity to & i&/drocarbon based on incoming dimer
purity (Figure 6.5). Deoxygenation of the feed was also complete, resulting in a biphasic product
comprising an organic phase (85 wt% C and 15 wt% H) and an aqueous phaseis The C

hydrocarbon was confirmed to exhibit the target structure by a combination of high-resolution
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mass spectrometry (Figure E.6 in Appendix E) and nuclear magnetic resonance spectroscopy
(Figure E.7 in Appendix E). A 10% decrease i 8ydrocarbon yield was observed over 12
hours of time-on-stream due to an increasing degree of isomerization and cracking of the C
hydrocarbon. The spent Pt4&k catalyst contained 5.5 wt% carbon, relatively small (<0.2%)
compared with the total carbon mass processed. Regeneration by calcination completely restored
the catalyst physicochemical properties (Table E.6 in Appendix E), indicating catalyst fouling as
the likely cause for the decrease im @ydrocarbon yield. Future work is needed to identify the
cause of catalyst fouling and understand its impact on reaction network and consequent change
of product distribution.
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Figure 6.50n-stream performance and product distribution of dimer HDO over 1 g-Bt/Ai

flowing Hz [500 psi, 165 mL (STP) mil at 334 °C and WHSV = 4.4"h The dimer feed (81%
dimer purity) was derived from commercial 4-heptanone. WHSV was calculated using the mass
flow rate of the dimer feed and the mass of the catalyst.

6.3.2.2 Integrated conversion of model and bio-butyric acid
Although the individual catalytic conversion steps above were demonstrated to have high
selectivity (>85%) towards target products, the formation of non-target compounds poses

additional challenges when using a fuel design approach based on evaluation of individual
163



compounds. To this end, butyric acid was upgraded through the integrated catalytic conversion
scheme shown in Figure 6.6. Starting with a model butyric acid feed, the ketonization resulted in
complete butyric acid conversion with 13% carbon converted toaD@® 78% carbon converted

to 4-heptanone (Figure 6.7). While the formation o.@@s stoichiometric and consistent with
complete acid conversion, carbon yield to 4-heptanone was 88% of the theoretical yield. The
remaining 9% of the carbon was retained in non-target byproducts primarily in the same phase as
4-heptanone. The organic phase of the liquid product was then decanted for separation from
water. Note that carryover of water to the next conversion step may not affect process efficiency
as the NbOs catalyst used for ketone condensation is water tolétet.

The Kketonization organic phase was then mixed with toluene at 20 wt% for the
condensation reaction under the conditions shown in Figure E.2a in Appendix E. After 24 h,
conversion of 4-heptanone reached 55% with an 82% selectivity to the dimer, nearly identical to
the results obtained with commercial 4-heptanone (58% conversion and 81% selectivity). Due to
byproduct formation during condensation, the fraction of carbon in the non-target compounds
increased from 10% to 15% after the reaction (Figure 6.7). The reaction product was distilled to
separate the dimer and heavier byproducts from solvent and ketone residue. Three fractions were
obtained from distillation (Figure E.8 in Appendix E): solvent and unreacted ketone were
primarily recovered in fractions 1 and 2, while fraction 3 comprised dimer (68% purity), heavier
byproducts and minor lighter components (e.g., 2% 4-heptanone). Fraction 1 and 2 were recycled
for condensation, and fraction 3 was used as the feed for the HDO reaction. Under the same
operating conditions previously described (Figure 6.5), complete deoxygenation was achieved
with selective conversion of dimer to the target Bydrocarbon at 65% purity in the organic

phase (Figure 6.7). Organic phase non-target compounds includegdecarbon isomers,
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Figure 6.6 Integrated process scheme for upgrading butyric acid to hydrocarbon diesel
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Figure 6.7 Carbon yield analysis of ketonization, condensation, and HDO when upgrading

commercial butyric acid to hydrocarbon diesel blendstock through the integrated process scheme
as shown in Figure 6.6. Conditions: ketonization same as in Figure 6.3; condensation same as in
Figure E.2a in Appendix E, 24 h reaction, C distribution not accounting for solvent; HDO same
as in Figure 6.5, 2 hours of time-on-stream. Analysis assumed ideal mass recovery.

other non-cyclic alkanes, cyclic alkanes, and a minor fraction of unsaturated structures (Figure
E.9-E.11 in Appendix E). Assuming ideal separation and complete mass recovery during
transfer?® the overall carbon yield of butyric acid to HDO organic phase was as high as 86%,
while the overall carbon yield to the targets@ydrocarbon was 56%. It is clear from these

results that utilization of non-target hydrocarbons in the final diesel blendstock is critical to high

carbon efficiency of the integrated process.
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Finally, biologically-derived butyric acid was upgraded through the same integrated
conversion scheme to demonstrate bioblendstock production from lignocellulosic biomass.
Batch fermentation was performed witthostridium butyricumon corn stover hydrolysate, the
major components of which are glucose and xylose (Table E.5 in AppentfiU)zation of
sugars in the hydrolysate was nearly complete after 56 h (Figure E.12a in Appendix E), and
butyric acid was produced at a final titer of 20.4yand yield of 0.32 g@gar* (Figure E.12b in
Appendix E). A multi-step purification process recovered butyric acid from the fermentation
broth at purity >99%, with separation optimization beyond the scope of this study.

Catalytic upgrading of the biologically-derived butyric acid achieved initial conversion
efficiency and target product yield comparable to those from upgrading commercial butyric acid
(Table 6.2). Under the same ketonization and condensation conditions, conversion of the target
reactants and carbon yield to the desired products deviated by <2% from model compound
experiments. After condensation, solvent and unreacted ketone were removed through
distillation as previously described. Due to limited volume of the biologically-derived substrate,
the feed for HDO was diluted with cyclohexane to facilitate sample handling. This modification
did not change conversion efficiency, resulting in complete conversion of the dimer and
production of an oxygen-free organic phase. The concentrations of non-metallic and metallic
impurities in the biologically-derived feed and organic phase products were consistently low
(Table E.6 in Appendix E, variation of Si may be due to the wear of reactor coating), suggesting
an insignificant impact on catalyst performance or product purity for the time scale studied.
However, the variety and level of impurities can vary greatly depending on biological
conversion and separation conditi6A%, and a systematic evaluation of their impact on

downstream catalytic processes is needed to provide valuable information for further process
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integration with upstream processes. The targeh@rocarbon was produced at 61% purity in

the final hydrocarbon mixture product after solvent (cyclohexane) removal, comparable with the
results from upgrading commercial butyric acid. Carbon mass balance analysis was not
performed due to limited volume of biologically-derived materials. However, both similar
conversion performance (Table 6.2) and product gas chromatography profile (Figure 6.8)
suggest that the carbon efficiency of upgrading biologically-derived butyric acid can be
represented by those with commercial butyric acid, where the overall carbon yield to the final
hydrocarbon mixture product was 86%.

Table 6.2 Conversion of target reactants (butyric acid, 4-heptanone, and dimer) and carbon yield

to the desired products (4-heptanone, dimer, antiydrocarbon, respectively) from upgrading
biologically-derived and commercial butyric acid through the integrated process scheme.

Conversion step _ Bio-acid . Commercial ac.id
Conversion Yield Conversion Yield
KET 100% 76% 100% 7%
COND 54% 42% 55% 45%
HDO 10096 889 100% 87-97%

Feed prepared by diluting distillation fraction 3 in cyclohexane at 20 wt.%, total feed WIdRhx

6.3.3 Blendstock and blend fuel properties verification

Fuel properties were experimentally determined for both purified and crude C
hydrocarbon blendstocks to verify model predictions and evaluate fuel quality of the crude
conversion product mixture. Measured boiling point, LHV, flash point, and YSI of the purified
blendstock (94% purity, Table 6.3) were well within 10% of the predicted values summarized in
Table 6.1. Measured CN of an®1C14 blendstock also matched the model prediction very well.
In contrast, the measured melting point was notably more thd® ldWver than the predicted
value. A melting point or cloud point below -80 °C indicates that this blendstock is likely
suitable for use in even the coldest environments. Predicted values for melting point deviated

substantially from experimental measurements. However, melting point prediction is inherently
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Figure 6.8GC-Polyarc/FID chromatograms of organic phase products from (A) ketonization, (B)
condensation, and (C) HDO (solvent was removed from biologically derived product by
distillation) when upgrading butyric acid through the integrated process scheme.

difficult, with mean prediction errors often exceeding 43®C.

After verifying the target @& molecule fuel properties, the crude blendstock was
characterized to a similar extent to assess the impact of non-target compounds on fuel properties.
Due to limited quantity of the biologically-derived materials, crude blendstock was prepared

from commercial reagents. Compared with the purified blendstock, crude blendstock displayed
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similar bulk properties, such as LHV and density (Table 6.3), which was expected given the
target G4 hydrocarbon being the major component. In contrast to bulk properties, the crude
blendstock exhibited a flash point 12 °C lower than that of the purified blendstock (Table 6.3).
As previously shown, hydrocarbons with lower boiling point tend to have lower flash point
(Figure E.1c in Appendix E). Therefore, the decrease in flash point was likely due to the short-
chain hydrocarbons in the crude blendstock (<15 vol.% based on simulated distillation analysis)
which resulted from HDO of 4-heptanone residue and undesired cracking reactions on acid
catalysts. These low boiling point byproducts need to be monitored to ensure compliance with
safety requirement. Nevertheless, the crude blendstock was well above the minimum flash point
requirement for diesel fuels. To evaluate the sooting tendency of the crude blendstock on a
volumetric basis that is consistent with volumetric blending, normalized soot concentration
(NSC) was used. NSC is defined as the concentration of soot measured for a blendstock or a
blend normalized to that of the base diesel (by definition having an NSC of 1). Both the purified
and crude blendstocks exhibited NSC more than 50% lower than that of the base diesel, with the
purified blendstock showing 21% lower NSC than the crude blendstock due to fewer non-target
compounds (Table 6.3). Overall, these results validated the fuel properties of the crude
blendstock and confirmed the successful conversion process development.

The promising fuel characteristics of the crude blendstock strongly indicate its suitability
for use as drop-in diesel blendstock. This was further verified by measuring the fuel properties of
a diesel blend containing a base diesel and 20 vol% crude blendstock derived from bio-butyric
acid. The base diesel is a petroleum diesel (commercial additives were removed)sthat ha
excellent properties including low cloud point, high energy density, and cetane number. When

comparing the measured fuel properties between the blend and the base diesel, it was evident that
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Table 6.3 Measured fuel properties af Blendstocks, base diesel, and a 20 vol% blend.

Properties C14 blendstock Diesel and blend
Purified Crudé  Base diesél  Blend
Melting point (°C) <-80 <-80 -9.7 -12
Cloud point (°C) <-80 <-80 -7.6 -8.7
Boiling point (°C) 230 266" 333 327
Flash point (°C) 74 62 55 54¢
LHV (MJ kg?) 44 44 45 43
LHV (MJ LY 34 34 39 37
CNf ND 48° 47 46°
YSI 98 NA NA NA
NSC 0.37 0.47 1 0.89
Viscosity (cSt) ND 1.4% 2.66 2.08
Density (g mL?) 0.78 0.78 0.86 0.85

ND = Not determined. NA = Not applicabRDerived from commercial butyric acid (65%.(urity). "Commercial additives were removed by
clay treatment20 vol% bio-butyric acid derived blendstock (61% @urity) in base dieseiT90 from simulated distillation profil€20 vol% 4-
heptanone derived blendstock (81% @urity). 'Measured as indicated cetane number using ASTM method D8183.

the bioblendstock was able to maintain the base ldsaity (Table 6.3). For example, the
bioblendstock slightly lowered the cloud point, demonstrating excellent solubility in the diesel
fuel. The T90 was slightly reduced due to the lower boiling-range of the bioblendstock compared
to the base diesel (Figure E.13 in Appendix E). Because the base diesel has a lower flash point
than the blendstock, the flash point of the blend was dominated by that of the base diesel. The
bioblendstock exhibited good ability to maintain diesel energy density compared with biodiesel
and alcoholic diesel blendstocd¥s® with only 5% reduction in blend LHV on either mass or
volume basis. The measured CN of the blend was nearly unchanged and remained sufficiently
beyond the minimum requirement of 40, which was expected considering the similar CN values
between the base diesel and the blendstock (Figure E.14a in Appendix E). It is notable that the
bioblendstock demonstrated the potential to reduce diesel soot formation, with the blend
reducing NSC by 11% compared with the base diesel (Table 6.3). In addition, NSC appeared to
linearly decrease with the blending volume of the bioblendstock (Figure E.14b in Appendix E),

suggesting the potential to further reduce diesel sooting by increasing the blend ratio.
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6.4 Discussion
To rationally target bioblendstocks that lead to advantageous properties, we leveraged

fuel property prediction tools to inform the conversion pathway and molecule selection based on

D 3IXHO SURSHUW\ ILUVW"™ DSSURDFK 7KLV Dth$Gth&kfdDdF K SULR

properties of potential products from an array of conversion pathways. We demonstrated this
approach by employing a variety of empirical, predictive models derived from functional group
contributions, molecular descriptors, and physical property correlations to screen 30 diesel-range
hydrocarbon molecules accessible from short-chairar@ G carboxylic acids derived from
biological processes. This screening step allowed us to down-select butyric acid as the primary
feedstock of interest for further catalytic upgrading to a non-cyclic branchdd/@ocarbon as

a potentially high combustion efficiency, low soot formation diesel blendstock. Tailoring
hydrocarbon diesel blendstock from biological-chemocatalytic conversion routes is only one
examSOH Rl WKH 3IXHO SURSHUW\ ILUVW" DSSURDFK 7KLV
conversion routes and molecules accessible from lignocellulosic bitifiags accelerate
biofuel development, and the growing availability of fuel property prediction tools and rifetrics
52,7476 can also guide design for a variety of fuel applications and combustion modes.

Fuel property predictive models enable low-cost rapid fuel property evaluation by
removing the sample quantity constraints associated with experimental synthesis and testing.
This allowed us to evaluate six fuel properties related to handling and storage, fuel economy, and
combustion performance, all of which are critical to successful fuel deployment. Notably, the
YSI predictive model made it possible to screen fuel molecules for their sooting tendency, which
is an emerging fuel property metric to evaluate particulate emis¥ioris’® Comparing fuel

property predictions across an array of molecule candidates narrowed the candidate pool from 30
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down to 5 molecules; more importantly, it also provided quantitative information to facilitate
further conversion pathway down-selection. Non-cyclic structures were identified as preferred
targets for diesel applications, when compared to cyclic structures, due to the higher autoignition
ability and lower sooting tendency of the former (Figure E.fkeAppendix E). Fuel property
measurements of the targets@ydrocarbon validated five out of six fuel property predictions,
highlighting the value of the predictive models in rational fuel design.

Upgrading butyric acid through an integrated process scheme validated the conversion
pathway and the advantageous fuel properties of théy@rocarbon. Furthermore, conversion
product analysis identified catalytic reaction byprodu€t/ D NH\ FRQVLGHUDWLRQ |
SURSHUW)\ ILUVW DS SybReD BdtregsKdLilF fielkiBsignVIne-p@ducing the C
hydrocarbon from butyric acid through sequential reactions, multiple non-target hydrocarbons
were accumulated in the crude conversion product (Figures 6.7, Figure E.10 and E.11 in
Appendix E) and entailed experimental evaluation of their influence on fuel properties. Although
these non-target compounds did not significantly affect the bulk properties fotsthke@istock,
minor components have the potential to dramatically impact fuel properties at low levels, such as
depressing flash point by >10°C with <15 vol.% low boiling point byproducts (Table 6.3). These
observations encourage future consideration of conversion byproducts in the early phase of fuel
design, which may be achieved by estimating the properties of mixtures for selected fuel
parameters. A critical consideration for designing blendstocks is their blending behavior, and
linear mixing rules have often been assumed to simplify prediction methodology in fuel blend
design studie$> ’® 8This simple blending behavior has been experimentally observed for bulk
properties such as CN and viscosity with hydrocarbon miftutéwhereas non-ideal behaviors

are frequently reported for other properties and oxygenate-hydrocarbon mi&téi&stor our
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bioblendstock blend, further testing is needed to determine the blend dependency since only
single point blends measurements were performed. The ability to accurately predict mixture
properties and blending relationships remains a grand challenge for computation and underscores
the need to couple experimental validation of product fuel quality with the specific conversion
routes and feedstocks of interest.

To further develop the butyric acid upgrading process we investigated, specific
improvements can be made to each catalytic step. The initial acid ketonization reaction will
likely not be a limiting step, as this work demonstrated complete butyric acid conversion and
high molar selectivity (88%) to the target ketone under solvent-free and continuous production
conditions and similarly high yields have been shown in other studies for acefié &dwirther
improvement of selectivity may be attained by adjusting operating conditions and introducing
metal sites to improve the reducibility of metal oxide cataR?st§® For 4-heptanone
condensation, although we have demonstrated promising single-pass productivity at process-
relevant ketone loadings, it will be important to understand the catalyst requirements and
reaction mechanism for internal ketone condensation. Knowledge of both will be critical to
developing effective strategies for increasing yields and staWifity,as rapid catalyst
deactivation has been reported with acid, base, and amphoteric catalysts for a broad class of
aldol-type condensation reactioff8 Introducing hydrogenation functionality to catalysts has
shown promise to improve dimer selectivity or catalyst stability fe«C€methyl ketone or
aldehydes? °® 7 put its potential to improve longer-chain internal ketone condensation still
needs to be assessed. Lastly, continuous HDO was demonstrated with very high initial selectivity
(98%) to the target hydrocarbon, but reversible catalyst deactivation by fouling resulted in

gradual decrease in selectivity. To prevent catalyst fouling, further work is needed to identify if
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carbon deposition is caused by heavy compounds in the faeditn formation. Depending on
the cause of deactivation, countermeasures can be taken such as pretreating the feed, tuning
catalysts and process conditions, and controlling reaction rate reirffed/hen considering
process integration, work is ongoing to improve the biological and separation efficiency of
microbial acids, as well as understand the impact of biogenic impurities on catalyst
performancé? 6% 100

Lastly, based on promising fuel property validation results, hebl@ndstock warrants
further engine testing to fully de-risk the bioblendstock from a fuel standpoint. Engine testing
can assess fuel performance and quantify air pollutant emissions over a range of operating
conditions reflective of use (e.g., compression ratio, air-fuel ratio, fuel injection pressure, cold
starting)!®1® 7HVWLQJ UHVXOWYV FDQ LQIRUP WKH 3IXHO SURSHUYV
understanding of priority fuel property metrics that reflect desired engine and emission
performance in actual use scenarios. Because traditional engine testing requires gallons of fuel,
in silico and bench scale tools will be valuable to facilitating fuel performance evaluation. Bench
scale evaluation of combustion kinetics can be performed with samples on the order of several
hundred milliliters of bioblendstoc®; 1% and these data can serve as the basis for kinetic
simulations that could ultimately be useth reduced formzas part of an engine simulation to
predict efficiency and approximate emissions effé®s%’ Bench scale studies of fuel sprays
and measurement of related properties can also inform these simul&tibogether with fuel
property predictive models, these strategies can further accelerate the development of

performance-advantaged bioblendstocks for diesel engines.
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6.5  Conclusions

Advancement of renewable biofuels requires high quality bioblendstocks accessible from
low-FRVW IHHGVWRFNV ZLWK HIILFLHQW FRQYHUVLRQ SDWKZD\
ILUVW™ GHVLJQ DSSUsmiRrgK didpRn bydfetakbdh ddRed bioblendstock from
lignocellulose derived short-chain carboxylic acids. By leveraging predictive models, critical fuel
properties were rapidly screened for an array of hydrocarbons accessible #i@macids,
leading to a down-selected conversion pathway targeting a non-cyclic branatisaii©carbon
molecule, 5-ethyl-4-propylnonane. Catalytic upgrading of butyric acid through an integrated
process scheme showed high selectivity (>85%) for individual conversion steps and achieved
>80% overall carbon yield to a hydrocarbon mixture product containing >60% of the target C
hydrocarbon. The majority of fuel property predictions were verified using a purified C
blendstock, while the crude conversion product exhibited similar bulk properties. Furthermore,
blending of the @ bioblendstock into a base diesel at 20 vol.% validated its suitability for use as
a drop-in diesel blendstock, reducing soot formation of the base diesel by 10%. Overall, this
ZRUN GHPRQVWUDWHY WKH SRWHQWLDO RInorm cEite&siGlUR SHUW
pathway development and produce advantageous bioblendstock from biomass.
6.6  Materials and Methods
6.6.1 Predictive models

Two models were used to estimate melting point. The first was sourced from commercial
software, ChemDraw Professional 15.1 (PerkinElmerZKLFK H[SORLWYV ERWK
IUDJPHQWDWLRQ PHWKRG DV ZHOO DV 6WHLTE\seddRIGLILFD\
prediction was obtained from the estimation program MPBPWIN EPI Suité™ (US EPA,
Syracuse Research CorgfJThis program estimates melting point by giving a weighted average
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of the results of two methods, the Joback Method (a group contribution method) and the Gold
and Ogle method (a correlation between melting point and boiling point). Boiling point
predictions also utilized the ChemDraw and EPI Suite tools, with the addition of a third available
predictive model developed by Satou et®dtlashpoint was estimated via two predictive models,
both requiring a reliable boiling point. One of the earliest was developed by 8udlet’ which
was built on correlation for petroleum boiling in the range of about 90 to 370 °C. The second
correlation was later developed by Prugh and based on a larger database of hydrocarbons and
fuel mixtures®® Numerous predictive models for the higher heating value for a variety of
samples have been developed, primarily based around species mass contributions. The first
model applied in this work is the Dulong equation, which was used to determine higher heating
value estimates for coal and fossil fu#lsThis work also includes two predictive estimates
ZKLFK DUH IURP PRGLILFDWLRQV WR 'XORQdufivd eR&iPax®D /OR
other oxygenates in their modification, and Bbiadapted the formula for a larger dataset.
Lower heating values reported here are determined by the following equation, which is a
function of the estimated mass% hydrogen (H) in a sample (ASTM D240, Section 18.5.1).

LHV = HHV +(0.2122*H) (6.1)

Cetane number predictions were produced using a back-propagating artificial neural
network (ANN) with inputs including experimental CN values and quantitative structure-
property relationships (QSPR) for individual molecules. The model uses an iterative regression
analysis technique to reduce the number of input parameters; in the case of CN, from >1500 to
15. The ANN randomly assigns an individual molecule from the known data set to one of three
conditions: learning, validation, and testing, with proportions of 65%, 25%, and 10%

respectively. The trained mM@HO LV VXEVHTXHQWO\ DSSOLHG WR WKH QH
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parameters in order to produce a predicted CN. The method has been shown to provide high
accuracy and repeatability across a broad range of hydrocarbons when predictitf €isld

sooting index predictions were generated using a group contribution model that sums
contributions from each carbon atém.

6.6.2 Catalytic upgrading

Commercial butyric acid, 4-heptanone, toluene and cyclohexane were purchased from
standard chemical suppliers such as Sigma-Aldrich or Acros. Biologically derived butyric acid
was obtained from lignocellulosic sugars fermentation as detailed in Appendix E.

Fresh catalysts and selected post-reaction catalysts were characterizecc by N
physisorption, ammonia TPD, pyridine DRIFTS, chemisorption, and TGA-IR. Details on
catalyst synthesis and characterization methods are provided in Appendix E.

Packed-bed reactor experiments were performed in a stainless-steel tubular reactor
system. The reactor tube was coated with a silica Dursan coating provided by SilcoTek Coating
Co. Batch reactor experiments were performed in a Parr multi-batch reactor system (Parr
Instrument Co.), and the reactors were also coated with the silica Dursan coating. Liquid
products were analyzed by gas chromatography with a flame ionization detector and a mass
spectrometer (GC-FID/MS). Carbon, hydrocarbon, nitrogen, sulfur, and metals analyses were
performed by Huffman Hazen Laboratories. Selected samples were analyzed by high resolution
mass spectrometry, nuclear magnetic resonance spectroscopy, and two-dimensional gas
chromatography with timef-flight mass spectrometry (GCxGC-TOFMS). Further details on

catalytic testing systems, data analysis, and analytical methods were provided in Appendix E.
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6.6.3 Fuel property testing

Cetane number was measured as indicated cetane number using 40 mL of sample in an
AFIDA instrument (ASTM D8183). Boiling point was estimated using simulated distillation
(D2887). Higher heating value was measured by combusting samples in a bomb calorimeter
(D240), with hydrogen content used to calculate lower heating value being measured for each
sample using a LECO TruSpec CHN determinator. Samples were combusted at 950 °€ under
flow of excess oxygen and the gas produced was analyzed with infrared spectroscopy to quantify
the amount of C®and HO produced. Ethylenediaminetetraacetic acid (EDTA) was used as the
calibration standard. Density was found using a Mettler-Toledo DM40 density meter (D4052).
Viscosity was measured at 40 °C using D445 or a TA Instrument AR1500 equipped with a
recessed rotor at a shear rate of 1-1&0Mgelting point and cloud point was measured using a
Phase Technology Series 70X (a modified version of D5773). Flash point was measured using
D7094. Two different types of sooting tendency measurements were performed. Measurement of
YSI followed published proceduré®. Briefly, samples of the test substance, n-heptane, and
toluene were doped into the fuel of a methane/air nonpremixed flame at a mole fraction of 1000
ppm. Soot concentrations in the resulting flames were quantified with line-of-sight spectral
radiance (LSSR). The maximum LSSR in each flame was then converted to a YSI by a linear
rescaling with the specified endpoints of n-heptane = 36.0 YSI units and toluene = 170.9 YSI
units. To obtain normalized soot concentration (NSC), the same procedures were followed
except that all of the dopants wer&6&G HG DW D IL[HG YROXPHWDhefFedlBRZUDWH
were not indexed to toluene and heptane; instead the soot concentration from the undoped flame
was subtracted off and then the concentration attributable to the dopant was normalized to the

value for the reference base diesel fuel.
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CHAPTER 7
SUMMARY, CONCLUSIONS, AND FUTURE WORK
7.7 Conclusions

This work identified alternatives to Pd-based catalysts for catalytic reduction of water
pollutants and integrated catalysts with other processes to advance the application of catalytic
reduction for drinking water treatment. The major findings are summarized as below.

Supported catalysts of four platinum group metals (Ru, Rh, Ir, and Pt) were shown to
exhibit favorable reactivity with aqueous bromate, chlorate, nitrate and perchlorate at ambient
conditions. Specifically, Rh and Ru showed significant advantages over Pd in terms of catalytic
turnover frequency, pH dependence, oxyanion substrate scope, or cost. Cross comparison of
multiple metals and tri-oxyanion substrates suggested that some previous interpretations of the
pH influence on catalyst reactivity should be revisited. The chemical nature of each metal
element is a key factor determining the catalyst activity and adaptability to different water
treatment conditions.

It was then demonstrated that supported Ru catalysts, which are much lower in cost than
Pdbased catalysts, have a high intrinsic activity in nitrate activation. The key features for
supported Ru catalysts that need to be controlled to achieve high activity are that reduced Ru
surface can be obtained by lfeduction at reaction temperature and that the surface is not
blocked by residues from the synthesis process or other surface-active substrates. Ru reduced
nitrate selectively to ammonia, while nitrite was reduced to a mixture ahdl ammonia, with
selectivity shifting towards Nat increasing nitrite:hydrogen ratio. The reaction mechanism was

proposed that sequential hydrogenation of nitrate to nitrite and NO is followed by parallel
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pathways involving the adsorbed NO: (1) sequential hydrogenation to ammonia, andN(2) N-
coupling with aqueous nitrite followed by hydrogenation to the detect&ditNermediate and
N2 endproduct.

Supported Ru catalysts were further shown to rapidly redingrosodimethylamine
(NDMA), a highly toxic nitrogenous disinfection byproduct that poses significant challenges to
potable water reuse systems. The high activity was demonstrated with both commercial and in-
house prepared Ru/ADs catalysts, with the commercial material yielding an initial metal
weight-normalized pseudo-first-order rate constant ¢k 1103+133 L-gu'*-h'* and an initial
turnover frequency (TQJF of 58.0+7.0 . NDMA was reduced to dimethylamine (DMA) and
ammonia end-products, and a small amount of 1,1-dimethylhydrazine (UDMH) was detected as
a transient intermediate. Experiment with a mixture af Rvnitrosamines spiked into tap water
(1 R L each) demonstrated that Ru catalysts are very effective in reducing a raNge of
nitrosamine structures at environmentally relevant concentrations.

Based on these promising results with Ru catalysts, this work demonstrated a hybrid
catalytic hydrogenation/membrane distillation process to enable nitrate-contaminated ion
exchange brine reuse and capture nitrogen as potential fertilizer product. A commercial Ru/C
caalyst was able to hydrogenate nitrate in typical waste brine conditions including conditions
representative of expected considering salt buildup upon brine reuse without requiring solution
pH control. In a real ion exchange waste brine, nitrate was hydrogenated to ammonia at high
selectivity. The resulting ammonia product was efficiently recovered using membrane distillation.
The ammonia mass transfer efficiency was favored by high solution pH and temperature and not

affected by salt concentration.
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Overall, this work revealed the importance and feasibility of applying metal catalysts
alternative to Pd-based materials for catalytic water treatment. Particularly, supported Ru
catalysts demonstrated cost competitiveness and high catalytic activities with a range of
contaminants, encouraging further catalyst development and process integration to advance the
development of practical water catalysis technologies.

,Q WKH ODVW SDUW RI WKLV GLVVHUWDWLRQ D 3IXHC
demonstrated to access low-sooting, drop-in hydrocarbon diesel bioblendstock from
lignocellulose derived short-chain carboxylic acids. By leveraging predictive models, critical fuel
properties were rapidly screened for an array of hydrocarbons accessible #@macids,
leading to a down-selected conversion pathway targeting a non-cyclic branatsali@carbon
molecule, 5-ethyl-4-propylnonane. Catalytic upgrading of butyric acid through an integrated
process scheme showed high selectivity (>85%) for individual conversion steps and achieved
>80% overall carbon yield to a hydrocarbon mixture product containing >60% of the target C
hydrocarbon. The majority of fuel property predictions were verified using a purified C
blendstock, while the crude conversion product exhibited similar bulk properties. Furthermore,
blending of the & bioblendstock into a base diesel at 20 vol% validated its suitability for use as
a drop-in diesel blendstock, reducing soot formation of the base diesel by 10%. Overall, the
SRWHQWLDO RI WKH 23 XHO SURSH U \Whersidh\pathway Hevelap@emd S SUR D
and produce advantageous bioblendstock from biomass was demonstrated.

7.7  Future Work

Results in chapter 2 identified that catalytic activity of supported metal catalysts for

hydrogenating individual substrate primarily depends on the chemical nature of the metal.

Further work is needed to provide greater mechanistic insights into these relationships, which is
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important to rational catalyst design and informs catalytic water treatment process design. A
common approach to investigating activity trend is to plot the measured activity over chemical
descriptors such as the adsorption energy of reactants (e.g., hydrogen) or reaction intermediates
(e.g., NO during nitrate and nitrite reduction) on metal surface. This type of plot often leads to
unambiguous identification of the optimal binding energy and the type of metal imparting such
properties. Even though it does not require detailed reaction pathway study to perform such
analysis, the most relevant chemical descriptors are likely those involved in the rate-limiting step.
Identification of the rate-limiting step can be achieved by experimental approach (e.g., kinetic
analysis, isotope exchange test), Density Functional Theory calculation, or a combination of both.

Chapter 3 provided a more in-depth investigation of nitrate and nitrite hydrogenation with
supported Ru catalysts, including reaction kinetics, pathway, and the influence of catalyst
pretreatment on activities. This work identified factors that have significant impact on catalyst
activity and product selectivity, which suggest a target for future Ru catalyst design. For example,
surface alloying may be used to improve catalyst activity at higher nitrate concentrations by
reducing the binding strength of nitrite, or to open up alternatisd bbupling pathway by
altering the surface species diffusion rates.

Both chapter 3 and chapter 4 showed that catalyst performance depends on the size and
morphology of the metal nanoparticles for supported metal catalysts. The catalyst structure-
activity relationship was not explored in detail in this work, but this is an important area to study
in future work to inform catalyst development. To study the influence of catalyst structure or
surface properties on catalyst activity, a series of supported metal catalysts can be synthesized
with various metal loading or using different synthetic techniques, followed by extensive

characterization of structural and chemical properties. By comparing catalytic activity among
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these catalysts, the critical structural or chemical properties may be identified. Alternatively,
synthetic control strategies can be leveraged to obtain catalysts with uniform nanopatrticle size
and shape, facilitating the elucidation of surface site distribution (e.g., different facets, terrace
versus edge sites) to catalyst activity. The potential interaction between catalyst support and
metal nanoparticle needs to be considered during experimental design as well.

The ability of Ru/C for efficient nitrate hydrogenation was demonstrated in a semi-batch
reactor under both freshwater conditions (chapter 3) and ion exchange waste brine conditions
(chapter 5). Moving towards practical application, efforts are required to develop and evaluate
other reactor configurations. Particularly, packed-bed reactors have the advantage of easy liquid-
catalyst separation and low catalyst attrition rate, resulting in their wide adoption in petroleum
processing and chemical production. Supported Ru catalysts in pellet or extrude form need to be
synthesized using scalable synthesis method and evaluated for catalyst activity under various
packed-bed reactor operating conditions. Catalyst performance will likely depend madd
transfer rate, solution chemistry and temperature. When treating concentrated nitrate in ion
exchange waste brine2Hhass transfer can become a major limitation. Increasigréssure
warrants further study as it is expected to improegHds-liquid transfer rate and enhance
surface kinetics for nitrate hydrogenation. AlternativesBurce (e.g., formic acid) and delivery
mechanism (e.g., electrochemical system) are worth exploring with Ru catalysts as well.
Continuous treatment of realistic matrices needs to be demonstrated at more industrially-relevant
timescale to assess catalyst stability and identify the potential deactivation mechanism.
Subsequently, catalyst regeneration and source water pretreatment strategies need to be studied
to extend catalyst lifetime. Finally, there are tremendous opportunities for further techno-

economic analysis and life cycle assessment of Ru catalyst systems to identify performance and
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lifetime benchmarks and evaluate their potential advantage over Pd catalysts and existing

technologies.
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APPENDIX A

SUPPLEMENTARY DATA FOR CHAPTER 2
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Figure A.1Timecourse profiles with Br mass balance for reduction of 1 mMszBe@d Br
product formation using 0.1 g't M/C (nominal 5 wt% metal for Pd, Rh, Ru, and Pt; 1 wt%
metal for Ir) and 1 atm H(100 mL min' sparging rate) at pH 7.2, 2.
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Figure A.2 Timecourse profiles observed at acidic pH conditions (pH 3.0) for reduction of (a) 1

mM BrOs' by 0.1 g L't M/C catalysts and (b) 1 mM Ci¥Oby 0.5 g L' M/C catalysts. All
experiments were carried out in continuously mixed aqueous suspensions and sparged with 1 atm
H2 at 22 €.
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Figure A.3 Timecourse profiles with Cl mass balance for reduction of 1 mMs'Cé@d Cf
product formation using 0.5 g't M/C (nominal 5 wt% metal for Pd, Rh, Ru, and Pt; 1 wt%
metal for Ir) and 1 atm £+(20 mL nin' sparging rate) at pH 7.2, 2@.
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Figure A.4 Reduction profiles for 1 mM NOby 0.5 g L' Ru/C catalyst at different pH.
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Table A.1 Market price range of the five hydrogenation métals.

6-month price range 5-year price range
(US $ per gram) (US $ per gram)
Pd 17~23 16~29
Rh 20~24 20~80
Ru 1.35 1.3~5.8
Pt 30~38 27~61
Ir 17~21 13~-35

@Data collected from http://www.infomine.com as of September 2016.

Table A.2 Perchlorate reduction results by M/C catalysts (without Re).

Reaction time pH ClG
Pd/C 8h 3.0 1.02
Rh/C 8h 3.0 0.99
Ru/C 25h 3.0 1.01
Ru/C 25h 7.2 1.03
Pt/C 8h 3.0 0.99
Ir/C 8h 3.0 1.01

aReaction conditions: CID Co=1 mM, 2.0 g L'* catalyst, 1 atm b 22 °C.
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APPENDIX B

SUPPLEMENTARY DATA FOR CHAPTER 3

B.1 Experimental Methods
B.1.1 Chemical reagents

Ru on carbon (Ru/C, catalog # 206180), Ru on alumina (RD#Atatalog # 381152), Pd
on carbon (Pd/C, catalog # 330116, dried in the air) and Pd on aluminax®déatalog #
205710), all in the form of a nominal 5 wt% noble metal, were purchased from Sigma-Aldrich.
NaNQ: e 1°R0s (98 atom %°N), °N2(g) (98 atom %4°N), Cu(NQ)2-3H20 (puriss.
p.a., 99-104%), IN(N&%s-3Hz 2 DQG 0(6 K\GUDWH S+ EXIIHU -
obtained from Sigma-Aldrich. Reagent-grade HCI and NaOH were purchased from Fisher
Scientific. N&°NOz ZDV REWDLQHG IURP &DPEULGJH ,VRWRSH /
ultrahigh purity H(g) (99.999%) and Mg) (99.999%) were supplied by Matheson Tri-Gas.
'"HLRQL]HG ZDW Ht)Barnstead IRahopure system) was used for all experiments.
B.1.2 Catalyst characterization

Metal contents were determined by inductively coupled plasma-optical emission
spectrometry (ICP-OES) (PerkinElmer Optima 2000DV) after digestion in ##O- (for Pd
catalysts) or KOH-KN®(for Ru catalysts). Specific surface area, total pore volume, and average
pore diameter of the support materials were determinedzlgyhixsisorption after degassing at
350 °C for 2 h (Micromeritics ASAP 2020 analyzer); the BET method was used to calculate

specific surface area.
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Metal dispersion, defined as the percentage of Ru or Pd atoms present on the clean
surface of the immobilized metal nanoparticles, was estimated by CO chemisorption using a
Micromeritics AutoChem Il analyzer equipped with a thermal conductivity detector (TCD).
Clean metallic surface was obtained by reducing the as-received catalysts at 350 °C in flowing
H2 (10 mL min?) for 2 h followed by cooling the material to 25 °C in flowing He. The CO
chemisorption was conducted in a pulse manner. The temperature of the sample was maintained
at 25 °C. A small dose of CO was repeatedly supplied to the catalyst. CO chemically reacts with
metal active sites until all actives sites have reacted. The quantity of CO molecules chemisorbed
is the difference between the total amount of CO gas supplied and the sum amount that did not
react with the catalyst as measured by the detector. Metal dispersion was calculated following
the equation below.

&2 XSWD NH PRO

OHWDO GLVSWO DE)_: U@J\Nd.liﬁpé (B.1)

where CO uptake is the quantity of CO molecules chemisorbed on the catalyst M oMyis
WKH DFWLYH PHWD O 1 V), Brw RiRdisthe hhetdlkWraclior &t the catalyst. A
CO:Metal (Ru or Pd) stoichiometric ratio of 1:1 was assuhted.

Active surface, defined as the percentage of Ru or Pd atoms accessible to reactants under
simulatedin situ conditions, was measured by using a CO chemisorption protocol adapted to
simulate thein situ reduction of catalyst surfaces that occur in the semi-batch reactor where
oxyanion reaction kinetics were determined. Prior to CO pulse delivery, catalysts were reduced
at 25 °C in flowing H (10 mL mint) for 30 min, followed by purging with He to remove weakly
physisorbed K Active surface was calculated using the same equation as metal dispersion

except that the value of CO uptake was obtained from a different protocol.
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Morphology of the supported metal nanoparticles was characterized by high angle
annular dark field (HAADF) imaging with scanning transmission electron microscopy (FEI Titan
S/TEM operated at 200 kV) or bright field imaging with transmission electron microscopy (TEM;
Philips/FEI CM200 microscope operated at 200 kV). Samples were dispersed in methanol and
mounted onto holey carbon Cu grids prior to analysis. To obtain the particle size distribution, at
least 150 particles were counted for each image. Long-range structural order was determined by
powder X-UD\ SRZGHU GLIIUDFWLRQ ;5" 6LHPHQMion)Uh& X DOORIO
ray source was set 30 kV and 25 mA, with a sampling step of 0.02° and dwell time of 1 s.
Spectra were compared to reference card files from the International Center for Diffraction Data
(ICDD) database. Ru reducibility was determined hy témperature-programmed reduction
(TPR) using the same instrument used for CO chemisorption analysis. Samples were first treated
ZLWK IORZLQJ $U DW « IRU PLQ WR UHPRYH DQ\ DLU WU
heated to 800 °C at 10 °C rfliin a gas stream of 10%#Ar.

B.1.3 Calculation of kinetic parameters

Catalyst activity was assessed by measuring initial mass-normalized pseudo-first-order
rate constants ¢kL grurd® mint) and turnover frequencies (T@mint), defined as the number
of nitrate or nitrite ions reduced per active catalyst surface site per minute. Initial observed
pseudo-first-order rate constantssfl min't) were determined by fitting the natural log of HO
or NO2 concentration versus time data for the first reaction half-life, and the corresponding
mass-normalized rate constants were determined by:

N —REV (B.2)
& pw D P\WWD O
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where Gataystis the catalyst mass loading in the aqueous suspensiof).(GHhe corresponding
TORy value was then calculated by dividing the product of #weokand the initial oxyanion
concentration (€ mol L) by the concentration of active surface Ru or Pd atormsu(Girface
mol L ™3

N E V& Nev&k O
& nwpo vy L Y H V XdhlRdnb&

72) (B.3)

where Gretal surfacelS €Stimated from active surface coupled with information efs, Wmetal
and M.
B.1.4 Analytical methods

Agueous nitrate and nitrite concentrations were analyzed by ion chromatography with
conductivity detection (Dionex ICS-2100 system; Dionex lonPac AS19 column; 20 mM KOH as
eluent; 1 mL mirt eluent flow rate). Total ammonia (NMIH4") was analyzed by colorimetric
analysis (Hach salicylate method). Headspace samples in closed batch reactor experiments were
analyzed for'®N-labeled products by gas chromatography with mass spectrometry (GC-MS;
Agilent Technologies; 6850 Network GC System; 5975C VL MSD with Triple-Axis Detector;
Column, Varian Plot CP-Molsieve 5A, 25 m x 0.25 mm; oven temperature 165 °C; He carrier
gas, 1.0 mL mirn). N2 calibration standards were prepared by adding known mas&®& ob
160 mL serum bottles containing 75 mL DI water and 85 mL headspace filled wthesame
water and headspace volumes as the catalyst-containing closed reactors). Six standards, ranging
from 2.05 pmol to 40.9 umdPN2-N, were prepared. After equilibrating the labeled standard in
the reactor, 0.1 mL of headspace was collected by gas tight syringe and injected onto the GC-
MS. As the total amount 0Nz in the reactor (including headspace and aqueous phase) is

linearly proportional td®°N2 concentration in the headspace, the calibration curve fortdtal
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was developed by plotting the peak area of the selected species (m/z ='3B)f@gainst the

total moles of N a¥°N2 added to the reference standard reactor (Figure B.1 in Appendix B).

3x10" F
s 2x10' -
;: y = 586220x
P R’ =0.9973
1x10"
0 1 1 1 1 1
0 10 20 30 40 50

Total amount of N—ISN2 (umol)
Figure B.1 Example calibration curve of total¥: in the reactor.

In the absence of '&N20 standard, a relative response factor (RRF) betweamtiNO
determined in a previous study that used the same instrument and analytical mathaded to
estimate'®N20O quantities in this study assuming that the RRF betweeantl NO is the same
as the RRF betweéfN2 and'°N20:

55)5)125)1 5) 125) 1 (B.4)
where RF refers to a response factor, which is the ratio between the concentration of a compound
and the response of the mass spec detector to the compound. The RFs for the gas species were
calculated by dividing the peak area integrated from the chromatogram of selected species by the

concentration of the species in the headspace gas sample:

3HDN DUHD (B.5)
Sh —g
1 J
3HDN DUHD (B.6)
5)12&—
12 J
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The calibration curve fot°N20, which is the relationship between the integrated peak
area oft®N20 and the total amount é¥N20 in the reactor, can be obtained from the following

eqguation:
TRWDO k. .,11 2579D QJOT& 12 J

3HDN RYHD

k. +1 2579D QJOTW

k .1 25795 9;003HDN DYHWRWDO 1
55)k +; 5795 9,03HDN DUHD

(B.7)

7KH +HQU\TV FRQVYORQIWN, K xnd W, kRave 2.4x16 M atntand
6.5x10* M atni, respectively, Vais the volume of the aqueous phase (75 mk)sthe volume
of the headspace (85 mL), R is the gas constant (0.082 L &tnmdt'), T is absolute
temperature (294.15 K), RRF is calculated to be 3.16 based on the slopes of the calibration
curves of N and NO,* and the ratio between the peak are®N$ and total amount 0Nz can
be obtained from Figure B.1 in Appendix B.
B.2  Experimental Results
B.2.1 Evaluation of mass transfer limitation

Data presented in Figure B.2 in Appendix B support the conclusion that reaction is not
limited by external rass transfer processes at the conditions used in experiments. The Weisz-
Prater parameter (%)° provides a measure of the characteristic time scale of an observed
reaction in comparison to the estimated characteristic time for internal diffusion of anreact
within the porous catalyst support. Values afrG< 1 indicate that the observed reaction is

much slower than the rate of internal mass transfer, so the latter can be assumed to not be
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limiting, whereas values of W approaching unity or > 1 indicatbat mass transfer may be

limiting the observed reaction rate. For this studyp (3 defined as:

g, —REV (B.8)

ZKHUH 5 LV WKH UDGLXV RI WKH FDWDO\VW VXSSRUW SDUW
(typically varies from 2 to 10)D is the diffusion coefficient of nitrate in bulk solution (1.7 x 10

‘MsHE DQG LV WKH SRURVLW\ RI WKH FDWDO\VW?°S®@RUWLFOH
projected area of the particles was determined by optical microscope, and thedradisis

estimated by treating the particles as spheres. A conservative estimate of the maximum value of
Cw ZDV REWDLQHG E\ FKRRVLQJ WKH VPDOOHVW ODUJH®
resulting Gve estimate of 0.18s << 1 when nitrate is reacted with the highest Ru/C loading

tested (0.5 g £), indicating that internal mass transfer is not limitinJ.It is inferred that mass

transfer limitation is not significant for ADs supported catalysts for the reason thaiQAl

supports have much larger pore size than C supports and sraabieakues (Table B.1).
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Figure B.2 Influence of 5 wt% Ru/C catalyst loading in the agueous suspension on the initial rate
of nitrate reduction (1 atm#tontinuous sparging, pH 5.0 maintained by automatic pH stat, 25 +
0.5 °C, [NQ]o = 1.6 mM). Error bars represent standard deviations of triplicate reactions.
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B.2.2 Experimental results
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Figure B.3Re-use of Ru/C in semi-batch system. Error bar for fresh catalyst represents standard
deviations of triplicate reactions. For reuse experiments, error bars represent the min/max values
measured in duplicate reactions.
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Figure B.4 Influence of pH on thRu-mass-normalized pseudo-first-order rate constants for
nitrate reduction on Ru/C (1 atmeldontinuous sparging, 25 + 0.5 °C, 0.2 g Ru/C, [NG]o =
1.6 mM). Error bars represent standard deviations of triplicate reactions.
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Figure B.5 (aHAADF-STEM image o&x situHz pretreated Pd/C and (b) TEM imageeafsitu
H2 pretreated Pd/ADs. The insets show Pd particle size distributions.

Table B.1 Nitrate reduction activity of Pd-Cu and Ru catalysts in batch reactor and vsisg H
reductant.

[NOsTo Initial rate

Catalyst 7 (MM) (Mol garg® mind)? Ref.
4.7 wt% Pd-1.4 wt% CufAl O3 20 1.6 5.2 1n
5 wt% Pd-1.25 wt% Cu/C 25 15 9.9 12
5wt %Pd1.5 wt % Cu/-Al,0s 21 2.1 10.8 13
5 wt% Pd-1 wt% Cu/C 25 1.6 0.6 14
2.8 wt % Pd-1.6 wt % CufFe0s 25 2.1 2.0 15
5 wt% Pd-1 wt% Cu/C 25 1.6 6.7 This study
5 wt% Ru/C 25 1.6 6.7 This study
5 wt% Ru/AbOs 25 1.6 15 This study

4n the case that rate constant instead of reaction rate was reported, the initial reaction rate was calculategihy theltipl
first-order rate constant by the initial nitrate concentration.

Table B.2 Surface and bulk properties of Ru catalysts from chemisorption analyses.

Catalyst Active surface Hz consumption

(%) (Umokiz pmok,™)?
Ru/C As-received 11 2.63
N, pretreated 33 2.13
H, pretreated 32 2.09
Ru/Al;O3 As-received 0 2.24
N, pretreated 0 2.01
H, pretreated 9 0.33

&DOFXODWHG IURP WKH PDMRU SHDN EHORZ * RI WKH 735 SURILOH
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Figure B.6 Temperature-programmed desorption profile of Ru/C.

Table B.3TOR of nitrate reduction and nitrite reduction measured in mixture of nitrate and
nitrite added to Ru/C reactors with varying initial concentration ratio.

[NOsTo [NO2]o TOR-NOs TOR-NOy
(mM) (mM) (min'Y (minY)
1.6 1.6 0.026 + 0.03 0.26 + 004
1.6 0.26 0.36 £ 0.03 0.95 + 005
0.26 0.26 021 £0.01 1.3+£0.2
0.26 0 1.1+0.1
1.6 0 2.1+£0.2
0 0.26 3.4+£0.2
0 1.6 0.73 £ 006

B.2.2 DFT calculation notes and results

DFT calculations were carried out to describe the thermodynamic favorability of the
reactions taking place in the experimental systems. # Bluster was kept rigid during the
optimization of various small molecular adsorbed species. As a result, some small imaginary
frequencies were observed, which were ignored. The Ruwcture was optimized to a true
minimum (no imaginary frequencies). To limit the effect of imaginary frequencies on the results,
only the bottom of the well (HF energies) were utilized to calculate adsorption energies and

compute the thermodynamic favorability of proposed reactions pathways. Additionally, surface
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conformations showing imaginary frequencies larger than 158 amshowing multiple (4 or
greater) imaginary frequencies were immediately disqualified from the mechanism. Furthermore,
multiple conformations were optimized for a variety of individual molecular species, including
edge bond moieties. To maintain cotsisy, edge bound species were omitted from the analysis.

Given the computational methods and assumptions within this study, we want to
emphasize the qualitative or semi-quantitative nature of the results. Additionally, all Ru
clusters were optimized asestricted ground state singlets, with all electrons paired. For
additional consistency, reactions involving reductions by a hydrogen atom assumed to proceed
via surface absorbed hydrogen atoms. The same strategy was used2®hisnpkbduced in a
reaction. However, acidic protons were modeled by a bulk solvai®d fdolecule unbound to
the surface. No significant difference was observed when a free implicitly solvated H-atom was
used to calculate reaction energetics. Similar strategy was used whemaldevolved in certain
reactions; HO was treated as an unbound, implicitly solvated water molecule. Finally, hydrogen
ions (H) were approximated by the difference betwee® ldnd HO*" complexes.

Spin contamination was present in the optimization of many Exe® containing
unpaired electrons. As a result, ROPBEO HF energies were computed with single point

calculations using geometries obtained at the spin contaminated UPBEDO level.

Table B.4 Adsorption energies (eV) of nitrogen sgec(major reactants, hypothesized
intermediates, and products) oniRelusters?

6SHFL 0(cvH9
RugNO3 -1.2
RU18-N02' -1.3
RU13-N02 -3.3
Rus-NO -2.0
Ruls-Nzo -1.7
Rulg-NHs -0.97
Rulg-Nz -1.4
Rulg-HzO -1.1

RUlB-H -1.9
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Table B.5 Energetics of the most thermodynamically favorable reaction pathways for aqueous
nitrate reduction on Reclusters.

5HDFWLRQ VWHS a( H9
Sequential reduction of Nd®to NO
NOs'ags+ 2Haas AENO2 'ags + HoOhads -3.5
NOzads+ Hags+ H* AENOags+ HzOads -5.6

Sequential reduction of NO to NH

NOags+ Hags AEHNO,qs -1.1
HNOags + Hads AEH2NOads -0.8
H2NOags + Hags AEH2NOHags -0.9
HoNOHads+ Hads AENH2 ags* HaOads -2.8
NH2 ads+ Hads AENH3 ads -1.4

N-N coupling and N production

NOads+ NO> fag AEN2O3 'ags+ HaOads -1.3
N2O3'ads + 2Hads AEN202 "ads+ HaOads -3.1
N202ads+ Hags H" AEN2Oags + HzOads -6.3
N2Oads + 2Hads AEN2ads+ HaOads -4.9
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APPENDIX C

SUPPLEMENTARY DATA FOR CHAPTER 4

C.1  Evaluation of Internal Mass Transfer Limitation

The Weisz-Prater parameter W€} was estimated to evaluate internal mass transfer
limitations? It provides a measure of the characteristic time scale of an observed reaction in
comparison to the estimated characteristic time for internal diffusion of a reactant within the
porous catalyst support. Values offC<< 1 indicate that the observed reaction is much slower
than the expected rate of internal mass transfer, so the latter can be assumed to not be limiting,
whereas values of W approaching unity or >1 indicate that internal mass transfer may be

limiting the observed reaction rate. For this stu@yr is defined as:

S) N?E\,Z (C.l)

&:3

Where R is the radius of the catalyst supptb UWLFOH 2 LV WKH WRUWXRVLW
(typically varies from 2 to 10),D is the diffusion coefficient of NDMA in bulk solution (9.64 x
10°m?s)3 DQG LV WKH SRalyBpartitle (B/picall\Hri€sOrom 0.2 to 047 he

projected area of the particles was determined by optical microscope, and thedradiss

estimated by treating the particles as spheres. A conservative estimate of the maximum value of
Cwpwas obDLQHG E\ FKRRVLQJ WKB DAPIHYV/OHY W DQG PD[LPXP
The resulting @p estimate of 0.16 is << 1 under standard testing conditions ([NDMAJOO

0 Jt Ru/Al203), indicating that internal mass transfer is not rate limitifg.
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C.2  Experimental Results

Table C.1 Composition of dechlorinated tap water.

&RPSR(C &RQFHQWUDWLI
Alkalinity PJ /DV &D&?2
TDS PJ-/

Chloride PJ /DV &O
Nitrate PJ /DV 12
Nitrite 1'P

Sulfate PJ /DV 62
Phosphate 1'P

Ca PJ /

Mg PJ /

Fe 1'P

Mn 1'DP

TOC PJ /
Ammonia PJ /1+-1

pH

PIRW GHWHFWHG

100f & & a n .
80 -
—_ B H only
Z ol A Reduced RWALO,, Ar
N
<
S 40t
A
&.
20

0 20 40 60 80 100 120

Time (min)

Figure C.1 Control experiments for NDMA reaction in-$parged solution (no catalyst) and
suspensions of commercial Ru@k catalyst sparged with Ar (inert gas) in place af Brror

bars representing the range of values measured in duplicate reactions are all smaller than
symbols shown.
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Table C.2 NDMA reduction activity and products over different catalysts.

[NDMA]o  Metal weight normalized . Inorganic
Catalyst Catalyst dose (M) psewlo-first-order rate constan Organic product product Ref.
3 G -Al,03 10 mggL? 14 11.5+0.9 L g4'* h* DMA -a 4
10 mgpe L1, i1 Bilb a 4
3G &XALOs g 1.4 66.5+7.4 L ge'l h DMA -
1
3G ,QAlL0s ig mgdll__'l, 1.4 45.3+3.6 L g4 h™* DMA Ammonia 6
1
3G 1LAILOs g:g mg? ||:-1’ 2 836421 L g hitb DMA a ;
Low surface area Ni 10 mgyi L 1.4 8.3+2.9 L gt hi*t DMA -a 4
) 435 mgy L, i1 pil 3
Raney Ni 40 mgy L 100 77.9+13.1Lg'th DMA N2
g o
NiB ggSmr;gt_'; © 100 20.5+2.4 L g hil DMA Ammonia 8
5%Pd/AbO3 4.6 mgpgL? 100 3.9+1.3 L g¢'* h'* Not analyzed Not analyzed This study
-1 i1 il
5%Pd1%In/A}Os 46mgal”, 44 23.9+5.1L ga™ h Not analyzed  Notanalyzed  This study
0.87 mg, L1
Commercial 100 1103+133 L g,/* h't
5; Ru/ilfoa 4.5 mgy L1 Low¢ 5030 L grt hite DMA Ammonia This study
0 § 0.014 5700490 L g, hit¢
g:’;c)hSllJJ/S:IZO 4.6 mgy L1 100 2718+321 L g, hit Not analyzed Not analyzed This study
3

3Ammonia was not detected potentially due to the limitation of detection methodavakMot measured.

bMetal is not specified.

¢Extrapolation from Langmuir-Hinshelwood model to linear region.
dFrom test of fiveN-nitrosamines mixed in tap water.
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Figure C.2 Initial reaction rate as a function of initial NDMA concentration. Lines represent

least-squares fit of Langmuir-Hinshelwood model to the data shown. Error bars represent
standard deviations of triplicate experiments.
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Figure C.3 NDMA reduction activity of commercial Ru#® in repetitive NDMA spiking
experiments (0.1 gt catalyst, pH 6.0 buffered by 10 mM MES buffer, continuous sparging of 1

atm H, 22 + 0.5 °C). Error bars represent range of results from duplicate reactions (smaller than
symbol if not visible).
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Figure C.4 NDMA reduction product selectivity to ammonia as a function of solution pH. Error
bars represent the range of observed values in duplicate experiments.
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Figure C.5(A) Comparison of metal weight-normalized pseudo-first-order rate constants for
reduction of NDMA and UDMH, and (B) UDMH reduction product selectivity as a function of
initial UDMH concentration in the semi-batch reactor system (0.1 gdtalyst, pH 6.0 buffered

by 10 mM MES buffer, continuous sparging of 1 atm B2 + 0.5 °C). Error bars represent
standard deviations obtained from triplicate experiments.

215



O
| N ™

N 0 0 N Iﬂ‘l
PN “\Q\\N/ ~_— Py

N-Nitrosodimethylamine (NDMA) N-Nitrosodiethylamine (NDEA) N-Nitrosodipropylamine (NDPA)
O/\‘
N 0 N 0
\\/ \\N = \"N =
N-Nitrosomorpholine (NMOR) N-nitrosopiperidine (INPIP)

Figure C.6 Structures adfl-nitrosamines examined in treatment experiments conducted in tap
water.
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Figure C.7 Catalytic reduction of a mixtureMitrosamines added to deionized water (1 tg L

of each N-nitrosamine, 0.1 g £ commercial Ru/AO3 catalyst, initial solution pH 9.0,
continuous sparging of 1 atmpH22 + 0.5 °C). Error bars represent the range of measured values
in duplicate reactions (smaller than symbol if not visible).
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Figure C.8 Comparison between Rw®d and Pd/AIOs catalyst activities for reduction of
different N-containing contaminants and halogenated aromatic contaminants. Error bars
represent standard deviations of triplicate reactions. Data ferfid@ previous study.
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APPENDIX D

SUPPLEMENTARY DATA FOR CHAPTER 5

R?=0.9899

Ru/C dose (g L")

Figure D.1 Initial nitrate hydrogenation rate as a function of Ru/C loading. Conditions: Initial
[NOs] = 100 mM, brine matrix (5 wt% NaCl, 100 mM NaH&Q00 mM NaSQy), 30 °C, no
solution pH control, 1 atm Hheadspace maintained by flowing bt ca. 300 mL mit. Error

bars indicate standard deviation from duplicate measurements (smaller than symbol if not
visible).
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Figure D.2 Plot of initial rate versus the inverse of initial nitrate concentrations. Error bars
indicate standard deviation from duplicate measurements (smaller than symbol if not visible).
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APPENDIX E

SUPPLEMENTARY DATA FOR CHAPTER 6

E.1 Experimental Methods
E.1.1 Catalyst synthesis and characterization

Pt/Al2O3 catalyst was prepared by strong electrostatic adsorption method with
chloroplatinic acid hexahydrate as Pt precursopOAlof 30-50 mesh and Pt precursor were
added to deionized water, and solution pH was adjusted to 3 by adding HCI. After stirring
overnight, the catalyst particles were recovered by filtration extensively washed with deionized
water. The catalyst was dried in the air and reduced in flowin@®0 mL min') at 300 °C for 4
h.

BET surface area was determined by nitrogen physisorption uSing XDGUDVRUE 6,C
surface area analyzer from Quantachrome Instruments. Samples #2680g were measured
using a 55-point nitrogen adsorption/desorption curve at -196 °C. Prior to analysis, the samples
were degassed at 300 °C for 16 h under vacuum. BET surface areas were calculated over a
relative pressure range of 0.050 to 0.250PTRe surface area measurements are within 10% of
deviation.

Pt dispersion on alumina was measured from CO pulse chemisorption performed using an
Altamira AMI-390 micro-flow reactor system equipped with a thermal conductivity detector
(TCD). Samples of ~5800 mg were loaded in a quartz U-tube reactor and heated %% H
to 250 °C at 5 °C mih with a hold time of 2 h. After the reduction step, catalyst samples were
flushed with He at 50 mL mihfor 1 h, cooled to 30 °C and dosed with sequential 5008 X O V H V
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of 10% CO/He mixture. A500/ VDPSOH ORRS ZDV XVHG WR FDOLEUDWH
after each experiment. Pt dispersion was calculated by assuming a Pt:CO stoichiometry of one-
to-one.

The total number of acid sites was determined by plHse chemisorption using the
same Altamira Instruments AMI-390 system. Samples of B0 mg were loaded in a quartz
U-tube reactor. Zr@samples were pretreated under flowing He at 5 °Clnur850 °C and then
held at this temperature for 2 h. A3 samples were pretreated under flowing He at 5°Clrron
300 °C with a hold time of 2 h. Pt/Abs samples were pretreated under flowing 5%AH to
300 °C at 5 °C min with a hold time of 2 h. The samples were cooled to 120 °C under flowing
He and dosed with sequential 2000-S X OV HV R #/He mikttire. A 2000-/ VDPSOH ORRS
was used to calibrate the TCD response fog Hifter each experiment.

The relative ratio of Brgnsted to Lewis acid sites was determined by pyridine adsorption
diffuse reflectance Fourier transform infrared spectroscopy (py-DRIFTS). Spectra represent the
average of 64 scans collected at 4-lcmesolution using a Thermo Nicolet iS50 FT-IR
spectrometer equipped with a Harrick Praying Mantis reaction chamber. Oxide samples were
pretreated under flowing Ar at 5°C mirto 350 °C and then held at this temperature for 2 h.
Pt/Al20s samples were pretreated under flowing 5%AHto 300 °C at 5°C mi with a hold
time of 2 h. After cooling to 150 °C at 5 °C mjrthe samples were purged with Ar for 10 min,
and a background spectrum was collected. The samples were then exposed to pyridine vapor for
5 min by flowing Ar through a pyridine-filled bubbler held at room temperature. Physisorbed
pyridine was subsequently desorbed in Ar by heating to 200°C at 5°€anihholding for 30
min. After cooling to 150 °C at 5°C min a spectrum was collected and referenced to the

background collected prior to pyridine exposure. The peak area of vibrational modes near 1445
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cmit (Lewis) and 1540 crh (Brgnsted) were used to determine the relative ratio of Brgnsted to
Lewis acidic sites.

The irreversibly adsorbed carbon amount of spent catalysts was measured by a Setaram
Setsys Evolution thermal gravimetric analyzer (TGA) coupled with a Nicolet 6700 Fourier
Transform InfraRed (FTIR) spectrometer via a transfer line heated at 200 °C. The FTIR
spectrometer is equipped with a gas cell maintained at 225°C to prevent vapor condensation. The
catalyst was heated to 800 °C under zero air (19-21% oxygen with a balance of nitrogen). The
onset of carbon combustion was determined by the observation of carbon dioxide in the FTIR.
Prior to the onset of carbon combustion, only water was observed in the FTIR spectra. Therefore,
the carbon content was calculated by subtracting the mass loss due to water from the total mass
loss recorded by the TGA.

E.1.2 Catalytic testing

Acid ketonization experiments were carried out in packed-bed reactor at 435 °C and
atmospheric pressure. The liquid flow and Ar flow rates were 0.2 mt! ama 100 mL (STP)
min, respectively. The feed was introduced to the reactor by a HPLC pump. Both the liquid
feed and Ar flew downward through a Zr@atalyst (Johnson Matthey, 30-50 mesh) bed in
betweeninert IPP JODVV EHDGYV ZKLFK ZHUH KHOG LQ SODFH ZLWK
wall thickness) tubular stainless-steel reactor coated with a silica Dursan coating (SilcoTek
Coating Co.). The reactor was heated by a tubular split furnace. A back-pressure regulator was
used to control the reactor pressure (the regulator was fully open for ketonization experiments).
Liquid products were collected in a knock-out pot and analyzed off-line. The gaseous products
were monitored by an on-line gas chromatograph and a nondispersive infrared detector.

Conversion and carbon yield are defined by the following equations:
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&RQYHHQZI_-I%%DQEI\HDHWGPW DYH E.1)

I5HDFWDQW IHHG

DUERQ VEYRGE W OYH (E.2)

lsHDFWDQW IHHG

where Reactant, feed= mMolar flow rate of carbon in reactant in the fe@d;cfant.ave= average molar
flow rate of carbon in reactant during sampling intervabadct, ave= average molar flow rate of
carbon in product during sampling interval.

Ketone condensation experiments were performed in a Parr multi-batch reactor system
(Parr Instrument Co.). Feed solution anc@®catalyst (CBMM, calcined in air at 350 °C for 12
h) were added to 75-mL reactor cups, followed by purging and flushing of the system with He
for three cycles. The reactors were sealed and heated to the desired temperature over a period of
~20 min. Reaction solution and catalyst were well mixed by using magnetic stir bars operating at
800 rpm. Reactors were quenched in an ice bath to terminate the reaction at predetermined time.
Products were filtered through 0.2 37)( PHPEUDQHYV WR VHSDUDWH WKH OL

Conversion, average rate, carbon yield and selectivity are defined by the following equations:
&RQYH U&Wm‘ﬂu @0 W (E.3)
HDFWDQW LQLWLDO
QHpF WeH O W
$Y HU D J Hg Bl ey Bi o o o (E.4)
gowd &Nvw

<LHOQGURGXFW W (E.5)

Q@HDFWDQW LQLWLDO

&DUERQ \LHOG

E.6
GHOHFW&%W_\_HLIJVLRQ (E.6)

where meactantinitiai= mole of carbon in reactant in the feedsaanti= mole of carbon in reactant
at a given time; muayst = mass of catalyst; t = reaction timerdkant= the molar mass of

reactant; mroductt= mole of carbon in product at a given time.
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To prepare feed for HDO, the liquid product from condensation experiments were
distilled by using spinning band distillation. Solvent and unreacted ketone were recycled to
condensation reaction during process integration experiments. Purified condensation products
were directly used as feed, with exception of biologically derived condensation products. Due to
limited quantity, bioderived condensation products were mixed with cyclohexane at 20 wt%.
HDO experiments were carried out at 334 °C and under@ds$sure of 500 psi over a Pt/B%
catalyst (30-50 mesh) in the same flow reactor where ketonization experiments were performed.
The liquid flow and H flow rates were 0.1 mL mihand 165 mL (STP) mih respectively.

E.1.3 Chemical analysis

For GC-FID/MS, samples were analyzed using an Agilent 7890A GC operating in split
mode (25:1 split ratio). The GC was outfitted with an Agilent HP-5ms column (30 m *r25-

id, 0.25- P ILOP DQG KHOLXP ZDV XVHG DV W#nnFDw TheHU JDV
LOQMHFWRU YROXPH ZDV VHW Wa&npler/ THeVG@QnietboQ cnbis@dHaDaV D X W
front inlet temperature of 260°C and an oven temperature program that starts at 40°C, holding

for 2 min and then ramping at 18°C nito a temperature of 280 °C before cooling down.

Sample was analyzed simultaneously by a Polyasstem/FID and 5975 mass spectrometer
detector (Agilent Technologies). FID was set at 300°Cfléw at 30 mL mint, air flow at 350

mL min?, and makeup flow at 20 mL minMS transfer line temperature was set at 293 °C.

High resolution mass spectra were collected using a JEOL GCmate Il double-focusing
mass spectrometer (JEOL, Peabody, MA) coupled with a DSC/TGA Q600 (TA Instruments,
Newcastle, DE). Liquid samples were introduced to the MS via a heated transfer line and
evaporated by heating in the DSC/TGA instrument to their boiling point. Calorimetric data were

not collected as the aim of these experiments were to collect mass spectra of volatilized
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compounds only. The ionization source was operated in electron ionization (El) mode at 70 eV.
7KH PDVV VSHFWURPHWHU ZDV WXQHG SULRU WR H[SHULPHQ
at half maximum (FWHM)) based on m/z 69 using the spectrum of perfluorokerosene. The full
spectrum of perfluorkerosene was used for mass calibration across the range of the spectrum
collected from m/z 35 to 400.

Quantitative '3C NMR spectra were acquired with ~400 pL sample and included a
capillary tube filled with 1 mg/mL TSP4dn DMSO-a for referencing. Experiments were run
using a Bruker AVANCE Il 600 MHz spectrometer (14.7 T) equipped with a room temperature
BBO (broad band optimized) 5 mm probe head. All spectra were measured at 25 °C using a 90°
pulse angle, inverse-gated decoupling, 2048 scans, and a delay of either 10 or 30 s. Integrations
were performed on phased and baseline-corrected spectra, with solvent peaks excluded.
Distortionless Enhancement by Polarization Transfer (DEPT) experiments were run with
selection angle parameter of 135° which in CH and Gkbups as positive peaks, and LCH
groups as negative peaks. The coupling constant, JCH, was set to 145 Hz. All data analysis was
performed in Topspin 3.6pl7.

GCxGC-TOFMS was performed with LECO Pegasus® 4D GCxGC-TOFMS operating
in split mode (50:1 split ratio). The GC was outfitted a Restek RTX-5 column (10 m xndnl5-
id, 0.18- P ILOP DV WKH SULPDU\ FROXPQ DQG DQ $dm@HQW "%
0.10- P ILOP DV WKH VHFRQGDU\ FROXPQ +HOLXP Z'DWieXVHG D\
injector volume was setto 1/ XVLQJ D *H P\awddainp®B @Gnd the inlet temperature
was set at 300°C. The primary oven temperature was held at 35 °C for 7 min, ramped at 5 °C
mint to 255 °C and held for 1 min. The primary oven temperature was held at 35°C for 7 min,

ramped at 5 °C mihto 255 °C and held for 1 min. The secondary oven temperature was set
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10 °C offset from the primary oven, held for 4 min, ramped at 5 °C mwi275°C and held for 2
min. Modulator Temperature was set 15 °C offset from the secondary oven and tracking the
secondary oven program. Modulator Time was set at 6 s modulation, 1.0 s hot pulse / 2.0 s cold
pulse. The MS setting consisted of MS transfer line temperature of 250°C and scan range from
29 m/z to 350 m/z at 200 spectra €hromaTOR data acquisition software was used to collect
the chromatograms.
E.1.4 Lignocellulosic sugars fermentation and acids separation

The production of corn stover hydrolysate from deacetylation and dilute-acid
pretreatment was previously descridéthe hydrolysate was concentrated via rotavapor to reach
a sugar concentration of approximately 450 g(tee composition in Table E.5) and stored at 4
°C. Prior the fermentation, the hydrolysate was diluted with fermentation media to achieve an
initial sugar (glucose, xylose, arabinose, and galactose) concentration of 65 ghe
fermentation media consisted of yeast extract (5 peptone (10 g t), ammonium sulfate (3
g LY, KH2POs (3.26 g 1Y), MgSOs+ 20 (0.3 g 1), CaCbt 20 (0.02 g L), FeSQt 20
(0.03 g Y, MnSO1 £+ 2 1), dysteine-HCI (0.5 g t) and resazurin (1 mgi). The
organism utilized for sugars conversion to carboxylic acids @astridium butyricum(ATCC
19398). This strict anaerobic bacterium was stored in sealed glycerol stocks at -80 °C and
revived anaerobically in sealed serum bottles containing Reinforced Clostridial media
supplemented with 20 giglucose and 10 gtxylose. Cultures were incubated for ~15 h in a
rotatory shaker at 37 °C and 150 rpm. Cells were then directly inoculated in two 10-L New
Brunswick BioFlo®/CelliGen® 310 bioreactors (Eppendorf) at an initial optical density at 600
nm (ODsoo) of 0.1. Nitrogen was sparged overnight (0.1 vvm) to ensure anaerobic conditions but

the gas was turned off at ~7 h to reduce foaming issues. Fermentations were maintain€d at 37
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and 100 rpm. The pH was initially adjusted at pH 7 and further controlled at pH 6 by the addition
of 4 N NaOH to neutralize the acids. Antifoam 204 (Sigma-Aldrich) was added when required.
Samples (2 mL) were taken periodically in aseptic conditions from the bioreactors to track
bacterial growth (OB»o), sugar utilization, and acids production. The analytical methods to
quantify these metabolites were previously described.

To recover bio-butyric acid from the fermentation broth, cells were first removed by
centrifugation at 12,000 x g during 10 min. Then, the supernatants were filtered through 0.8-0.2
MM Sartopore 2 XLG cartridges (Sartorius) and further pumped through a 10 kDa hollow fiber
filter (GE Model #UFP-10-C-4X2MA) maintaining a head pressure of 10 psi. After filtration, the
broth, pH 6.5, was loaded with 10% w/v activated carbon and stirred for 2 hours. The activated
FDUERQ ZDV UHPRYHG XVLQJ D [/ -Flowrfilter.3(é fitr&x® pHH ORI 5DSLG
was further processed in 900 g batches. Each batch was concentrated to 23% of its original mass
by removing water using a rotary evaporator at 30mbar and 50°C. The concentrated broth was
then acidified to pH <2 using 1 g:80s (Sigma-Aldrich ACS reagent, 95.0-98.0%) per 10 g of
concentrated broth. The acidified concentrated broth was then extracted twice, 1:1 v/v with ethyl
acctate (Sigma$OGULFK $&6 UHDJHQW - LQ D VHSDUDWRU\ I1XC
collected, and the ethyl acetate was removed on the rotary evaporator at 150mbar and 50 °C. The
remaining concentrated acetic and butyric acids were further purified and separated by vacuum
distillation. The spinning band distillation column (BR Instruments 800 micro fractional
distillation system) was operated at 100mbar. 4 fractions were collected: impurities below
112 °C, acetic acid between 112-122°C, acetic and butyric acid mixture between 122-173 °C,
butyric acid between 173-175 °C. The concentration of ethyl acetate, acetic acid, and butyric

acid in each fraction was determined in parallel with NMR and HPLC. Mixing several
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distillation fractions to obtain the desired purity and ratio of acetic and butyric acid produced the
final purified mixed acid product.

E.2 Experimental Resuls
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Table E.1 Model predictions of melting point, boiling point, flash point, lower heating value,
cetane number, and yield sooting index (normalized to carbon number in parentheses) for
mapped hydrocarbons.

Melting point Boiling point Flash point L-heating value N eI
No. Structure CNo. ) (4] (°C) MIkg)
MI M2 Ml M2 M3 M4 M5 ME M7 ME MO MI10
Non-cyclic branched hydrocarbons
IS 6 -131  -106 63 s6 71 29 29 45 48 45 37 40 (6.6)
IS PN 10 86 55 155 152 173 18 34 45 47 44 46 63 (6.3)
3 T 10 -101 67 155 138 173 29 34 45 47 #  M 68 (6.8)
4+ T 14 56 20 246 221 255 76 87 44 47 44 48 01(63)
5 Tl 8 -109 80 109 106 125 0 3 45 47 45 M 48 (6.0)
6 [ g -109 80 109 106 125 0 3 45 47 45 M 48 (6.0
77 8 124 © 109 o1 125 0 3 45 47 45 B 52(6.5)
I 10 86 55 155 152 173 1w M 45 47 4 40 59(5.0
o T 10 -1 .67 155 138 173 20 34 45 47 44 38 63 (6.3)
0 T 12 64 <32 201 194 216 58 65 #4744 45 7150
IS O 12 79 43 200 181 216 57 63 4 47 M M 75(6.2)
VS OF 12 79 43 200 181 216 57 65 # 47 M4 B 75(6.2)
Cyclic hydrocarbons
13 [k 9 55 45 148 134 150 26 29 4 46 44 20 81 (9.0)
4 13 8 20 280 249 272 100 119 44 46 44 35 125(83)
15 Q=L 15 4 17 276 244 272 106 116 44 46 44 32 121(8.1)
16 2 67 74 408 331 359 188 207 44 46 44 30 161(77)
17 ) 9 83 58 143 140 150 23 26 44 46 4 2% T6(R4)
18 5 13 -16 11 280 258 272 100 120 44 46 44 30 110(73)
19 %o 15 -29 0 266 243 272 99 110 44 46 44 290 127(84)
0 ok 2 30 S0 403 334 3390 185 204 44 46 4 32 161(7T
n S0 11 33 21 193 178 196 55 60 4 46 44 37 8119
2 A 11 61 34 188 184 196 51 57 4 46 44 38 8I(719)
23 S 13 -10 2 239 218 236 83 02 4 46 44 37 99(76)
u A 13 38 -11 234 222 236 80 88 4 46 44 44 00(76)
25 50 15 12 24 285 254 272 112 123 44 46 44 35 110(73)
% 4 13 -20 7 275 253 272 105 116 44 46 44 38 116(7T)
27 F0n 17 31 41 326 282 304 137 151 44 46 44 34 127(15)
28 Sk‘m 17 3 28 321 286 04 134 148 M4 46 44 40 127(75)
29 %L 19 40 58 367 308 333 163 179 44 46 44 32 144(78)
30 4o 19 21 33 0362 311 333 150 176 44 46 44 34 144(76)

M1: ChemDraw? M2: EPISuite? M3: Satou (19923.M4: Prugh (19735. M5: Butler (1956F M6: Lloyd (1980)7 M7: Mott
(1940)8 M8: Boie (19538 M9: Kessler (20173° M10: Das (2018} Note: Representative cyclic hydrocarbons were included
from ketone cross-condensation reactions due to the large number of possible molecules.
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Figure E.1 Plot of model predictions of (A) melting point, (B) boiling point, (C) flash point, (D)

lower heating value, (E) cetane number, and (F) yield sooting index. Error bars represent
standard deviations of multiple model predictions summarized in Table E.1. Grey dash lines and
arrows represent screening criteria.

Table E.2 Surface area, acidity and metal dispersion of fresh Kt@Ds, and Pt/AiOs.

Catalyst Surface area  Total acid sites  Brgnsted acid sites Lewis acid sites _Metal_
(m?g?h (umol gb) (umol gb) (umol gb) dispersion
ZrO, 65 163 22 141 NA
Nb2Os 137 255 49 206 NA
Pt/Al,O3 198 329 27 302 9.4%

NA = Not applicable
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Figure E.2 (A) Conversion of commercial 4-heptanone and selectivity to dimer with reaction
time (15 g feed, 20 wt.% 4-heptanone in toluene, 0.75 g fres@sNbatalystto-ketone mass

ratio = 1:4, 180 °C). (B) Decreasing average rate for 4-heptanone condensation with reaction
time (same reaction as figure A). (C) Performance of recycled catalyst (15 g feed, 20 wt% 4-
heptanone in toluene, 0.75 g spent catalyst after washing with solvent and drying at room
temperature, catalyst-to-ketone mass ratio = 1:4, 180 °C, 10 h or 24 h). All experiments were
conducted in an initial He headspace at atmospheric pressure.

Table E.3 Carbon content, surface area and total acidity of fre£bs ldbd regenerated NDs in
Figure 6.4.

Catalvst C content Surface area  Total acid sites
Y (Wt.%) (m2 g (Hmol g")
Fresh NBbOs 0 137 255
Regenerated NDs after 1 use <0.1 123 266
Regenerated N5 after 4 uses 0.3 120 247
A B Conversion B@Yield ¢ Selectivity B Cc B4-Heptanone BDimer
120 ~
% 100 ’fa 03 :800 0%
2 40 o [S /
3 B0 s 2600 | /4
};30 1 s § 9‘ 02 g /
g ¢ s 2 . + 7 400 | /’6
g 20 oz o t |7
5 e g oy S Z
O 10 1 20 S 5 200 | /
E E: ° |
0 0 0.0 . . . . : 0 %
20 50 70 100 0 20 40 60 80 100 Initial 1:20 1:10 15
4-Heptanone loading (wt%)

4-Heptanone loading (wt%) Catalyst-to-ketone mass ratio

Figure E.3(A) 4-Heptanone condensation at varying ketone loadings (15 g feed, 0.75 g fresh

Nb20s, 20 100 wt% 4-heptanone in toluene, corresponding cattdylsttone mass ratio from

1:4 to 1:20, 180 °C, 10h). (B) Average rate for 4-heptanone condensation (same reaction as
figure A). (C) 4-Heptanone and dimer concentrations in the organic phase product at varying

fresh NkOs loadings (15 g feed, neat 4-heptanone, catédyketone mass ratio from 1:20 to 1:5,
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180 °C, 24 h). All experiments were conducted in an initial He headspace at atmospheric
pressure.
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Figure E.4(A) Conversion of 4-heptanone at varying temperatures (15 g feed, 20 wt% 4-
heptanone in toluene, 0.75 g fresh2@Y catalystto-ketone mass ratio = 1:4, 10 h). (B)
Arrhenius plot for 4-heptanone condensation. All experiments were conducted in an initial He
headspace at atmospheric pressure.
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Figure E.5 Simulated distillation curves of purified dimer and heavier compounds (heavies were
obtained from removing dimer by distillation).
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Figure E.6 High resolution mass spectra of theh@drocarbon.
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Figure E.7-C NMR spectrum of purified Ghydrocarbon.

Table E.4 Physicochenal properties of fresh and regenerated PQAI

Catalyst Pt content Metal Surface area Total acid sites
(wt.%) dispersion (m?g?h (umol gb)
Fresh 3.34 9.4% 198 1054
Regenerated 3.36 9.3% 197 1044
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Figure E.8 Mass recovery and dimer purity in three distillation fractions when distilling
condensation product.
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Figure E.9GC-Polyarc/FID chromatogram of crude hydrocarbon blendstock from upgrading
commercial butyric acid. The major component is the target non-cyclic branched C
hydrocarbon. Scale was adjusted to highlight minor components. Peak at 4.6 min was from
solvent impurity.
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Figure E.10GCxGC-TOFMS chromatogram of crude hydrocarbon blendstock from upgrading
commercial butyric acid: (a) dilution 20:1 and (b) dilution 400:1. The major component is the
target non-cyclic @ hydrocarbon. The most abundant classes present in the mixture are non-
cyclic alkanes and cyclic alkanes, although there is potential overlap between these classes and
ambiguous identification of linear alkanes and alkenes in these regions. Other structures
identified in the plot include aromatics. Note that results are not quantitative.
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Figure E.11'°C NMR analysis of crude hydrocarbon blendstock from upgrading commercial
butyric acid. The crude blendstock exhibited approximately 2% carbon in double bond or
aromatic bond. Compared with pures@ydrocarbon, the crude blendstock displayed 3%
decrease in the ratio of primary carbon. The ratio of carbon having two hydrogen attached
(mostly secondary carbon) also decreased 3%. Accordingly, the ratio of carbon having one or no
hydrogen attached (e.qg., tertiary carbon, quaternary carbon, aromatic carbon) slightly increased.

Table E.5 Concentrations of monomeric and total sugars in concentrated deacetylated dilute acid
enzyme hydrolysate. Total sugars account for soluble oligomeric sugars.

Concentration (g 1) Sucrose Glucose Xylose Galactose Arabinose  Fructose
Monomeric sugar 29.15 253.52 136.47 8.09 20.29 5.62
Total sugar ND 292.80 149.29 8.46 19.96 1.35

ND = Not determined.
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Figure E.12 Batch conversion of lignocellulosic sugars Gigstridium butyricum(ATCC
19398). (A) Sugar utilization and bacterial growth measured as optical density at 600 nm (OD).
(B) Butyric acid and byproducts formation. Data show the average of two biological replicates.
Error bars represent the absolute difference between those replicates.

Table E.6 Impurities in the acid feed and organic phase products from upgrading of biologically
derived butyric acid

Element concentration (ugf NP S Si Ca Na P K B Al Fe T Mg

Bio-butyric acid feed <2 <5 <100 <5 24 <1 <20 <5 <1 1 <01 <«1
Ketonization product <2 <5 160 <5 <10 <1 <20 <5 <1 <1 <01 <«1
Condensation product <2 <5 340 <5 <10 <1 <20 <5 1 <1 <01 <«1
HDO product <2 <5 <100 <5 <10 <1 <20 <5 <1 <1 <01 <1

3Data obtained with ICP-AES.
bData obtained with chemiluminescence, unit is mig L
‘Before removing cyclohexane solvent.
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Figure E.13 Simulated distillation curves of commercial butyric acid derived crude C
blendstock, base diesel, and diesel blend with 20 vol% bioblendstock (D86 correlation was
applied to all three curves).
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Figure E.14 Pot of (A) CN and (B) normalized soot concentration over blend ratio of commercial
butyric acid derived crudei&blendstock (and bioblendstock as indicated in figure). Dotted lines
are to guide the eye.
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