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SUMMARY

The demand for energy and chemiaddsived from petroleum continues to increase
due to the rise in the global population and quality of life. As a result, it is important to find
new alternatives to supplement petroleum resources to increase sustainability and reduce
risk in the energy anchemical markets. Lignocellulosic biomas& @neration biomass)
has been identified as a promising renewable resource since it is inatbbéeabundant
and cheapecomponent of biomass. Significant progress in the field of catalysis has been
made regarding upstream lignocellulose processing (breaking down the oligomeric
molecules to platform chemicals), while downstream catalytic processing to create value
added products requires improvements. Consequently, more fundamental research needs
to be conduted on convertingiomass platform molecules into fuel additives and specialty

chemicals utilizing heterogeneous catalysis

The aim of this dissertation was to investigate the conversion of furanics (mainly
furfural), which have been identified as a topatfirm molecule derived from
hemicellulose, into valdadded products. Additionally, it was sought to develop
heterogeneous multhetal catalysts without precious metal additions to selectively and
actively produce products reducedownstream separati@nd reactiorcoststo create a
moreeconomical process. It was identified that tuneable, versatile, thermally stable, and
porous multimetal catalysts could be easily synthesized through the thermal treatment of
layered double hydroxides (LE¥H Generallythe studies in this dissertation focused on
changing the metal combinations in the LDH precursor to create active mixed metal oxide

(MMO) after reduction for various furanic chemistries.
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The first aim focused on studyirtge effects of different metaldditions in a Ni
based MMO catalyst for the vapor phase hydrogenation of furfdirdfig-Al and NCo-
Al with varying metal ratios were reduced underdimosphere and subsequently, tested
for the conversion of furfural into furfuryl alcohol and tetrahydr@iryl alcohol at
multiple conversions. It was determined that the yields towards hydrogenation products
did not vary significantly, but it was observed that theQO&#Al catalysts had a higher
activity on a per site basis compared teNNJ-Al. Multiple characterization techniques
including microscopy and spectroscopy suggested that the materials were highly dispersed

before and after reduction and that®b may formanalloy postreduction.

Building off the Ni based studies, &d based MMGwere shown to have promising
yields towards #nethylfuran, a potential fuel additiv&urther studies were done to
investigate the effects of adding in an oxophilic promoter such asdfeaim to increase
the selectivity and activity towardsrethylfuran. In tandem with reactivity studies that
demonstrated the enhancement when Fe was doped in tAé rGatrix, spectroscopic
experiments were conducted that suggested that upon reduction the Fe was well

incorporated into Co metallic particles.

The third dojective of this thesis was to evaluate the activity of MMO materials on
the ringopening of furanic compounds into renewable diols. By exploiting the tunability
of the MMO synthesis, GCo-Al was identified as a promising multetal catalysthat
displayed high yields towards 1;pentanediol, a potential pgbste} precursor, in liquid
phase batch underhbressuresPathway experiments were conducted to suggesathat
unsaturated or partially saturated ring was the active species; however, a fallesiatur

compound was inactive under these conditiovsiltiple characterization techniques

XXii



probed the electronic environment of the catalysts and suggested that both CoO and

Co”/CP species were located on the surface prior to reaction.

Though the above olgtves displayed the promising aspects of various MMO
materials for furanic chemistries, the complexity of the materials made it difficult to full
understand reaction mechanisms and active sites. Consequently, the final objective was to
stray away from LDHbased materials, and develop a method to createdef@iied multi
metal catalysts. The aim of the last project was to design and construct an atomic layer
deposition instrument to control metal deposition on an oxide support in an effort to move
towardsmore weltdefined catalysts for furanic conversion. This transition was done with
the outlook that future projects will utilize this equipment to develop materials for not only

catalysis, but also separations.
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CHAPTER 1 INTRODUCTION

1.1 Motivation

Rising population levels and increasing economic development in the world has
intensifiedenergydemands, consumer chemicals demaads,resource diversification
demandsOne outcoméas been a surge in shale gas production, and this rise in production
of fossil resources will continue for the foreseeable futudmwever, it has become ever
more important to not rely solely on one eneagglor chemicalresource, especially due
to the recent volatility in the petroleum matkAdditionally, fossil fuels release significant
amounts of greenhouse gases into the atmosphere, which has driven researchers and
industries to seek cleaner sources of el chemicalsNot only do petroleum resources
make up a large portion of ourengy consumption, but also petroleum resources are
traditionally used to produce commodity chemicals such as adhesives, cosmetics, inks,
paints, polymers, surfactants, etc. Therefbih academia and industry have begun to
increase focusn creating proesses to derive both fuel additives and consumer products

from renewable resources to create a more sustainable future.

Biomass is one such renewable source of carbon that can supplement petroleum
because unlike wind and solar, biom&ssa renewable resoee thatcan be used as a
feedstock to create both fuels and vaheled chemical? Ideally, biomass feedstosk
that do not compete with food sources would be used to supplement the fuel and chemical
industry; therefore, breaking dowri“yeneration biomass (i.e. crop and tree residues)
instead of 1 generation biomass would be chosen as the starting mateniain&ely,

lignocellulosic biomass is also cheaper and more abunaaking it asuperior feedstock



over P! generation biomas®r both fuel and chemical productiéi.For these reasons,
researchers have been developing methods to selectively break down lignocellulosic
biomass into platform molecules, which can then be further converted into fuel additives
and spedalty chemicals using heterogeneous catalysis, homogeneous catalysis, or bio
catalysis. Various advances in upstream biorefining including fermentation, gasification
pyrolysis, acid hydrolysis, enzymatic hydrolysed lignocellulose have made the
downstreamprocessing of platform molecules, such as furanics, more attrécfive.
Therefore, the interest in developing more economic processes for converting bioderived
molecules has gained significant traction in the scientific community, especially in the field
of heterogeneous catalysisThe work presented in this thesis investigates utilizing non
precious metals to covert furanic compounds into sggatdlemicals and fuel additives

and utilizing various characterization techniques to understand the catalytic materials.

1.2 Catalysis for Furanic Conversion

As mentioned above, this workmsot i vat ed by the desire
dependence on petroleum resources by developing ésoreomic processes for biomass
conversion. More specifically, developing lower cost catalysts with higher activities and
selectivities to desired valtaded products would significantly reduce separation costs in
the downstream biomass processing. Onesclaf downstream biomass derivatives is
furanic compounds such dsrfural (FUR) and hydroxymethylfurfural(HMF). These
molecules have been identified as top biorefinery platform chemicals, and they are the
major components of bioil derived from pyrolys of lignocellulosé:*2%* Current

commercial production relies on aadtalyzed dehydration of sugars that come from



agricultural wasteFurthermore, FURvas beig produced on the scale of°t@ns/yeain

2013
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40-50% HO S >/
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Figure 1.1 17 Example acid dehydration pathway to create furanic compounds from
lignocellulosic biomass Modified with permission from The Royal Society of
Chemistry.t

FUR is a critical bioderived platform molecule, and it is a uaicpmpound due to
the wide variety ofeactionpathwaysowards valueadded products that are possible. This
makesFUR a good model compound itovestigate how selective a catalyst is towards a
specific product anadtan a catalyst be tuned to choose a desired pathieey major
productsto which FUR can be corerted usingheterogenous catalysis, typically in the
presence of b areshown in Figurel.2 (note the colored molecules are associated with
the different target molecules for each objedtivdese pathways include hydrogenation,
hydrogenolysis, decarbolagion, coupling, etcAlthough Figurel.2 displays a wide
variety of pathways, there are significantly more reaction pathways that have been

investigatedhat are not relevant to this thesis



o}

o

O \
LA / Pe
— ""‘.:"‘.‘

~r°

GVL

C,; alkanes

O/
O S = O
L) L)
(0]
X/
O
(0]
L
FUR

l

(0]

U Furan
N

o ~~_-0H
<—7 1-BOH

r
CcPO O

///Jr —

OH
THFA

1,5-PD

Ho/\K\/ 1,2-PD

OH

2w
N

o) A ~_~~_-OH
o

1-POH

2-MTHF 2.POH

Figure 1.2 - Major proposed pathways of FURto value added products. Pink 15t
objective targetmolecules; Blue: 29 objective target molecule; Maroon: 3 objective
target molecules.

1.2.1 Single Metal Catalysts for Furanic Conversion

Early studies on furanic conversion through heterogeneous catalystsbberne
conductedoth undervapor phase and liquighaseconditions andthese studieprovide
the benchmarks for this thesladustrially, coppechromite catalysts have been used for
hydrogenation of FUR, but due to the potential environmental hazards of some chromite
species continuedresearch hasaught to develop other transition metal cataly<$t$
Regardingsingle metal catalysts (one fully reduced metal), most of the transition metals
supported on inert oxides or carbon have been studied for the conversion of furanic
compounds. The most common routes of FUR convesgitinsingle metal catalysisre

the hydrogenation of the aldehyde farfuryl alcohol (FAL), full saturation to



tetrahydrofurfuryl alcoho(THFA), or decarbonylation towards furan. Each of these bio
based products can be used as solvents, resins, or polynoeirspre but further
conversion can result in other valadded chemicalas well*213 One of the pioneering
studiesin FUR conversion wafom Resasco et alin which a comparative studyvas
conductedbetween Cu, Ni, and Pd supported on S the vapor phaskydrogenation

of FUR under high bconcentrations® Through various temperature studies (210i °C
250 °C) and a range of conversiotigegeproposed mechmsms for FUR hydrogenation

arediscussedhat tailorto eachmetal (depicted in Figure.3).

\
_ 0 /0 | o
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n?-(C-0) Acyl species n'-(0)

Figure 1.3 - Proposed mechanism of FUR adsorption over metals.

In regards to Cu/Si©only FAL and2-methylfuran(2-MF) areobserved over a wide
range of temperatures and conversions, wisgpportsa few otherstudies with Cu
metal” 2% More recent studies alseaveshown that Cu supported on oxides other than
SiOy, such as ZnO and CeQlemonstratpromising aldehyde hydrogenation yields in the
gas phasé-?This suggests hat t he adsorption of PFUR pri
(O) due to the repulsive interactions of the satisfied 3d band and thieoawling orbital
of the aromatic furan rintf. These resultare also further supported Bensity Functional
Theory DFT) calculationgperformed of a Cu(111) surfateathasdemonstrate that the
furan ring isrepelled from the surfacé Unlike Cu/SiQ,Pd and Ni (Group VIII metals)

supported on Si®havedemonstrate that not onlyis FAL formed, but also THFA and



decarbonylation productdufan andtetrahydrofuran,THF), which suggestshat both
met als can ads &(ChO) df &cR spedes. Burtiieimora, Nidand Pd have
increased interaction with the furan ring, resultinghigher ringsaturated products.
Lastly, it isobserved that the activityurnover frequencylf OF) proceeded as follows: Pd

> Ni > Cu.An in depth adsorptiontisdy including temperature programmed desorption
(TPD)and DFT onthe Pd(111) surface complemented reaction studies by elucidating the
FUR and FAL pathways towards furanMF, and full decompositio/®?° Pt, another
Group VIII metal, monometallic catalysts have ae®n thoroughly investigated for the
hydrogenation of FUR¥?’ Like Ni and Pd, Pt has been reported to predoath AL and
furanin the vapor phase (~200 °@Yyer varioussupportss u g ge st i m-(C,O)drat t he
acyl species are gferential. Further work has shown tha®t particle sizes and surface
facetsaremajor factors in the selectivity of FAL and furahe general trenig smaller Pt
nanoparticle preferfuran (~X2 nm) while larger particles produceore FAL when
converting FUR®?® Finally, studies in the liquid phase have investigated single metal
catalysts for the hydrogenation of FUR to FAL such as Co/3iRu/Ui0-66,! Pt/C3233
Cu/Al03,** and Pd/Si@3*°but there are limitations to these studies such as high hydrogen

pressuresside reactions, and use of costly metals.

Further hydrogenation of FUR/FAL to THFA hakobeen studied utilizing single
metal catalysts. Ni metal supported oncsilhave been studied in the vapor phase and
display high yields towards THFAhe fully saturated compound (~94% yield at 140 °C).

This pathway requireBAL to adsorb flat onto the surface where the ring is egilsntly
hydrogenated to THFA. Consequently, single metal Cu catalysts are generally unable to

produce THFA in vapor or liquid phase due to the repulsion effect upon the aromatic ring.



This repulsion is absent with a majority of Group VIII metalbich allows the ability to
adsorb the furanic ring and hydrogenat& iDther precious metaatalysts have been
investigated mainly through liquid phase studies on complete saturation of FUR. For
example Ru supported on various metal oxides including M@AMNOy, NaY, and TiQ

all demonstratéigh yields towards THFA at mild temperatufés®

In general, single mat catalyst studieprovidea great deal of information on how
FUR and FAL adsorbs onto the surface of the metal species. However, single metal
cdalysts tend to lack eithén activity or selectivity compared tohwr catalystsuch as
those based omulti-metals. Though much of the pioneering work has been conducted on
singlemetal catalysts for furanic conversion, the more recent and promisingiroutke
synthesizing multmetal or multifunctional catalysts to investigate not only

hydrogenation patkays, but also, hydrogenoylsis, ringening, coupling, etc.

1.2.2 Multi-Metal and MultiFunctional Catalysts for Furanic Conversion

As mentioned above, the current focus in biomass conversion has shifted towards
designing and synthesizing more complex catatgstelectively target a produdthis can
be done in several ways such as introducing an additional metal, additional metal oxide, a
nortmetal promoter, or changing the synthesis metididof these possibilitiegry to
target one or more aspects: impgd\activity, improvel selectivity, and/or improwe
stability! The most common way to achieve one of the goals above is to introduce a
secondary or tertiary metal or metal oxide to either create a bimetallic or bifunctional
catalyst. Though it can be difficult to discern during experimemtattois important to

differentiate between bimetallic and bifunctiomalthis discussionBimetallic catalysts



referto a system with two fully reduced metals that can have geometric effects, electronic
effects, stabilizing effects, afat synergistic dects!3® On the contrary, bifunctional
catalysts typically do not contain two fully reduced netatstead two metals have
separate characteristics that perate in the reaction mechanism such as nietalid,
metali base, or metal metal oxide. Both types of catalysts can be effective in furanic
conversion due tthe ability to more selectively cbhee a reaction pathwain the rest of

this subchapter, raltiple examples of bimetallic and bifunctional catalysts for furanic
chemistries including hydrogenation, hydrogenoylsis, andapening will be presented.
Additionally, some pertinent examples will be presented that do not have matti
systems, buthrough synthesis methods have created unique bifunctionalities. Finally,
reaction pathways including rearrangement, coupling, oxidation, and hydralgsisot
outlined below, but the reader can refer diher comprehensive reviews of furanic

conversiorp1314

1.2.2.1Hydrogenation

As mentioned above the most wstlidied pathway is the hydrogenatmiFUR to
FAL and/or THFA, which again are potential solvents, resin precursors, or intermediates
to other chemical$n regard tanulti-metal systems, few studies have focused on the vapor
phase hydrogenation of FUR to FAL or THFA. Maétthese vaporphase studies have
looked intoadding metals besides Cr to Cu such ag’®ib,** and Cé&? which all have
shownhigh yields towards FAL from FUR, and had comparable if not begigdals than
single metal CuHowever, theseatalysts displayninimal affinity towards THFA, which

suggest€u still had a major electronic impact in the bimetallic matrix.



Thoughthere ardew vapor phase studies with bimetadlimany other studies have
investigated bimetallics for liquid phasednggenation of furanics. The most notable
bimetallic mixture washe addition ®Sn toPt or Ni, whichhaveshown promising results
in the hydrogenation of FUR to FAL due to the high selecti¥iffDue tothe oxophilicity
of Snwhen redged, the Sn selectively adsorthee C=0O, which the is subsequently
hydrogenated by the adimt noble metal that dissociatds444*Further advancements
utilizing Sn as an oxophilic promoter for FUR mgdenation have been studjedich as
creating encapsulated -Bh bimetallic nanoparticles to increaseSet interaction.*®
Recently, a few other bimetallic systems have bestudied for the liquid phase
hydrogenation of FUR to FAL including @Do/SBA-15*" and PdCu/MgQ,*® which have
obtainedyields of FAL greater than 80% with operating temperatofels/0 °C and 110

°C, respectively.

Investigations into the series reaction of FUR to FAL to THFA have been thoroughly
studied with multimetal systems; however, these studi@snly focuson utilizing high H
pressure batch reactors instead of plug flow reactors. For exddpleas mixedvith Ni
to create a more active catalyisan the monometallj@and ithasdisplayed abouh 96%
yield at mild temperatures and 8 MPa of#lIn that study, it has beemlemonstrated that
other furanics such as HMF could be converted into their fully-satgrated produdas
well. This same bimetallic combinatidrasbeentested utilizing another support, O
ZrO;, instead of Si@ and ithasdemonstrated similar resuff$Lastly, Tomishigehas
provided evidence that adf/SiO> had superior performance for the total hydrogenation
of FUR compared to other precious metal combinationsKE&®dRh, and PeRu) at room

temperature and 8 MPa of Hressuré?



Though some metal combinations have been studied for the hydrogenation of FUR
in both the vapor phase and liquid phase, most of the studies corwasalgsts based on
expensive precious metals or aoaducted under high +pressures and low throughput.
Consequently, more mulinetal systems need to be investigated to better understand how

suchcatalysts interact with the highyxygenated biomass molecules.

1.2.2.2Side Chain Hydrogenolysis

Another cruciakeaction pathway for creating vakaelded products from furanics is
hydrogenoylsis, whichtypically removes oxygen from the oxygenated compounds.
Generally hydrogenolysis is the breaking of aCor Gheteroatonbond mainly GO, G
N, or GS, by hydrogenhut GO bond cleavage is the mastmmon chemistrin biomass
conversion. In regards to furanic hydrogenolysis, the focus is on breaking@hleoGd
located on the methyloxy side chain without going through a decarbonylation pafoway.
FUR and HMEF side-chain hydrogenolysisesuls in the producton of 2-MF or 2,5
dimethylfuran (2,5DMF), respectively, which are promising fuel additives due to their
higher research octane numbers than ethanol and lower water solubility than ®thanol.
Also, these molecules are precursors in forming toluengatytene through the Diels
Alder mechanism®>* For these reactions, it is crucial to avoidCCbond breakge that
creats products such as furan; therefpdesigning catalysts selectivity cleave the ©

would help create an economic procésat can supplemepetroleum in the fuel sector

Most of the catalystthat have beestudied for this reaction involve multmetal
systems or single metal catalyghat through synthesis pretreatmentmethods have

created bifunctionalities. Typically, single metal catalysts have low selectivities towards 2

1C



MF or 2,5DMF, which requires additional promoters and metals to drive the reaction

towards breaking the-O bond. A few notable vapor phase studies have been conducted

on both precious and ngrecious metals. Very early works on FUR or FAL {dE have
beenconducted in the vapor phase with-Cucatalysts and GEe catalysts, which both
display high yields( O 80%) in the vapor pif@ samvevert
these studies dmot investigate the mechanism or deactivation of the catdfys.
Additionally, TPD and high resolution electron energy loss spectroscpREELS
experimentshave demonstrated a higher affinity towardsMF on Ni(111}Cu(111)
bimetallic surfaces’ In one of the most recent influentiabrks, Resascoet al.conducted
investigations intothe bimetallic NiFe supported on silica fothe vapor phase
hydrogenolysis of FUR and FAL to@F.>® When FAL isutilized as the feed, a yiof
about 78% towards-RIF is achieved (5wt% Ni 2 wt.% Fe/SiQ at 250 °C), which is
attributed to the oxophilic nature of the Fe addition. According to their €ffculatiors,
the Fe addit i §@0) sandingrnarei tizaetise purehNé sudace, and

suppresses the acyl species formatidecrease decarbonylation produets.
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Figure 1.4 1 The reaction of FAL over a bimetallic catalyst containing M (noble
metal) and M2 (oxophilic metal) to produce 2MF.58

Another bimetallic combination, fn, has beenexplored utilizing TPD and

HREELS which also suggestlat the oxopholicity of the metallic Zn particle allowed for
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higher affinity towards sidehain hydrogenoylsis of FA?® This stud inspired other
works that exploitthe oxophilicity of metallic Fe such as -Re/AlLOs investigating
hydrodeoxygenation in the vapor phasenadny bio-oil model compounds including
FAL.%° Additional studies with Fas a promotehave beerinvestigated including Gu
Fe/SiQ% and reduced G&e-Al mixed metal oxide IMO) materials®? which will be
discussedurtherin Chapter 3. Lastly, PBe/SiQ% and NiFe/C** have beeinvestigated
for the liquid phase and vapor phase hyeragysis of FUR and FAL anldave showro

obtain optimum yields of ~80%wards 2MF.

The abovementioned catalysts mainly focus oxp#iting the oxopholicity ofone
metallic species in the system; however, other catalysts without a second metal have bee
studied for the hydrogenolysis of FUR and FAL. Unlfestemscontaining an oxophilic
and noble bimetallic combination, these catalysts have bifunctionalities (i.e. rratadljc
that can selectively produceNF. For examplethrough aco-precipitationmethod Cu
based catalysts were embedded in oxide supports such gsA%QOs;, and ZnO, and
utilized in a vapor phase flow react8©°® The screening studidsaveindicaed that the
Cu/SiQ catalystis superior due to the formation of a copper phyllosilicate phase along
with metallic copper, which resulis a significant increase in acid sitesdetermined by
NH3 TPD. This additioal acidic functionality results high yields towards-2F (~95%)
at 200 °C when FURs fed & Anothe bifunctional catalyst tt has beeexplored for the
hydrodeoxygenationrHDO) of FUR was MeC, whichhasachieved a 5% yield towards
2-MF at 150 °C. Interestingly, kinetic analysis suggestse r e walsi lkae figniett @d

with an additional site, either carbidic, oxycarbjdic oxide sit€®5” Further DA studies

12



on aMo2C (101) slab also supportise hypothesis that the MG contained two sites in

which one adsorbed the furanic compound while the other site dissocigted H

Most of he above examples focus on vapor phase reactions of FUR or FAL, but
some prior literature has observed/iE production in liquid phase reactions. Thorough
work has been conducted on Ru based catalysts mainly on transfer hydrogenation to
produce 2MF from FUR in the liquid phase between 12200 °C anchasachieved
approximately 61%76% vyield®®’° Vlachoset al. claimsthat the Ru spees ispartial
reduced resultingn a Ru/RuQ@ bifunctional combinatiorthat could conduct transfer
hydrogenation between-@opanol and FUR to produce-MF and acetone. This
Meerwein-PonndorkVerley reactioris further supported by a DFT study amdeuterium
labelled study thathowsthat H can readily occupy Russites on an Rugsurfaceadjacent

to aLewis acid site This results irC-O bond cleavage to produceviF.”*?

Though thisthesis focuses on the conversion of FUR and its derivatives, it is
important to identify catalysts utilized in the conversion of HMF to help design better
materials HMF contains both an alcohol and aldehyde functional group attachikd to t
furan ring, and this molecule can be converted 2¢5DMF, which has similar promising
fuel additivecharacteristics as®IF. This requires the breaking of twe@bonds, which
creates additional pathways and complexity; however, some catalystsemavaded for
both FUR and HMF hydrogenolysis such as R{¥/€Since HMF has a high boiling pi
and can decompose at high temperatugssg;tions are typically conductedliquid phase
batch reactions between 130 4%C 220 °C. Many catalysts including Ni/g0s,™
Ru/Ca04,"° Ru/Mg-Al "6 Ni-W2C/C’” Cu-Mg-Al MMO "8 Ni/SiO2 (phyllosilicate)”® and

PtCo/C nanospheré8 have displayed yields towards ZBF between 58% 98% in

13



liquid phase batcheactons under H pressure. Lastly, Dumeset al.hasdemonstrate
tha yields of 76% of 2,5DMF canbe produced starting from fructose in a biphasic reactor
with a dehydration step and then a subsequent hydrogenoylsis step uilrBu/C

catalyst>?

1.2.2.3Ring-Opening

Other than hydrogenation and sicleain hydrogenolysis, an interestingaction
pathway for furanic conversion is risgpening to produce diols. This reaction can be
categorized as a hydrogenoylsis reactioesiit requires the breaking of theGCbondof
thecyclic ether using K The two major products of FUR risgpeningarel,5-pentanediol
(1,5PD) and 1,2-pentanediol 1,2-PD), which could be used as potential monomers in
resins and polgstejs, resultingin rapid developments in this ar&aln gereral these
reactions must be conducted in the liquid phase in the presengdwé kb the high boiling
points of the diol products (>205°Candthelikelihood of unwanted sidesactions above
these temperatures in the vapor phase. Most of the primmesented belowasconducted
in liquid phase batch or flow reactors under high hydrogen pressures. The first study on
ring-opening of FUR to 1D and 1,2°D has beertonducted over a CGr catalyst at
temperatures above 175 °C and very high hydrogesspres (15 MPa),and has

demonstrated yields of approximately 40% towardsPD2and 30% towards :BD1°

After the initial CuCr work, no reportso my knowledgeregarding ringopening of
furanicswere presentedntil Tomishige et al. demonstrated the rmgening of THFA to
1,5PD over a RFReQ/SiO; in liquid phase batcttonditions®? This communication

claimsthat Rhis in a fully reduced state while Re wagtgly oxidized, which resultg
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a bifunctional catalyst. Thdyaveachieved approximately 80% yield towards-PB after

a 24 h reaction at 120 °C, water as a solvent, and 8 MP££dAHer this discovery, many
papers have followed to screen other bifunctional combinations and elucidate the
mechanism THFA ringppening. For example, other bifunctional catalysts including Rh
MoGO/Si0z, RHW0OL/SIO,, Ir-ReQ/SiOz, Ir-MoO«/SiO,, and IFWOL/SiO; have been
utilized for the ringopening of THFAS?8 Another group hasinvesigated effects of
different noble metals (Pt, Pd, Ir, Ru, and Rh) with MeGpported on Si@and conclude
that the IrMoOx and RAMoOx catalystsaremost efficient at 1,9°D productiorf’ Various
spectroscopic experimenis-fay absorption spectroscop¥AS), CO chensorption, and
kinetic analysisuggesthe oxophilic metal species (Mo, Re, and &&decorated around
the noble metal nanopatrtisl@r and Rh) in a partially oxidized stateis important to note
that he supports chosen were relatively inert (S&hd C), which resultsn high

interactions between the muitietal system8&'-88
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Figure 1.57 Proposed pathways of the ringopening of furanic compounds: a) Ring
opening of THFA through hydride pathway 8° b) THFA ring -opening through acidic
H.8% ¢) FAL ring -opening over reduced MMO catalysts’%° Figure a) and b) were
modified with permission from [14]. Copyright 2013 American Chemical Society.

Further investigatiosnof the mechanisrhave ben conducted using kinetic analysis,
deuteriumlabelled experiments, and reacts of other cglic ethers, whichhaveresulted
in the proposednechanisndisplayedin Figure1.5a8%8¢ |t suggestshat the oxohilic Re
species readily adsortike alcohol, and the Hundergoedeterolytic activation on the
adjacent noble metal species (Rh or Ir) forming a hydride specieshydiride species
then attackshe 2position of thealkoxide species, and underg@S2 reacton to break

the GO bond**
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In parale | t o Tomi Oimegcetdaks waw also knyestigating the ring
opening of cyclic ethers including THFA utilizing FfoO,/C and RRReQG/C at 120 °C
and 3.4 MPa of Hin water®® A wide range of cyclic ethers including tetrahydropyran,
tetrahydrofuran, and-ghydroxymethyl) tetrahydropyran along with other diols and triols
(i.e. glycerol, pentaned® and 1,2,éexanetriols)have beerutilized as substrates to
determine the reaction mechanism. AddiatbDFT calculationfhave beerconductedo
determine the shalization of possible intermediatesrdm these studieshe proposed
mechanism (Figuré&.5b) involvesan acidic protoriocatedon the Re hydroxide specjes
resulting in the formation cd stable carbenium ion intermediatier reacting with the
acidic poton® Both mechanisms have been well studied and have their merit; however, it
is alsopossible that more than one mechanism may be involved due to the complexity of

these reactions.

Though the above examples describe the-ojpgning of THFA, it is important to
investigate the possibility of deriving 2BD from the fully unsaturated furanic compound,
FUR. Various multimetal catalysts were screened in one study to determine the feasibility
of deriving 1,5PD starting from FUR in a ongot synthesis. Thiasresulted in an
optimized reaction procedel including a twestepprocess where a low temperature ¥ing
saturation step (50 °@employed follaved bya high temperature rirgpening step (120
°C) 2192 For this onepot reactiona tri-metal catalyshas beenitilized, Pd-Ir-ReQ/SiOz
or RhIr-ReQ/SiO,, which seemto incorporate multiple active sites specific for each step.
XAS data suppoed the hypothesis thahereare negligible stronginteractiors between
the two reducible metals or no bimetallic formation-{(Pdr Rh-Ir); however, the Re©

particles decoratk both metallic speci€8:®? It has beersuggestedhat the PeReQ
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particles perfan the total hydrogenation, while theReQ, particles perfornthe ring
opening.Although these studigsrovideevidence that 1;%D could be produced at high
yields (max 78%)rom FUR theyrequirethe usage of three precious metals, long reaction

times,and high H pressures, makingatsignificantly less attractive route.

Ring-opening of other furanic compoundsas been attempted utilizing the
bifunctional catalysts containing gensive precious metals. Heeetsl. investigated the
pathways into making 1;6exanediol, an important precursor in producing renewable
nylon products, from HMF over RReO«/SiO; combined witha solid acid catalyse®*

For these catalysts, the pathway still requires the full saturation of HMF to 2,5
bishydroxymethyl tetrahydrofuran (BHMTF), which then can be -dpgned® Also,
anotherstudy hasdemonstrate that a series reactor with a dual zone catalyst bed that
includesPd/SiQ for hydrogenation and 4ReQJ/SiO, for the ringopening reactiortan
convert HMF to 1,6HD in one proces¥ In that work,58% yield towards 1;&exanediol
have beerachieved, buthe processtill requiresexpensive metals and high pressures

(7 MPa).

The above examples give a detailed outline of prewmark conducted on the rirg
opening of the fully saturated compound, either THFA or BHMTF, to renewabe dio
Some accounts displéye ability to convert FUR into 1;BD, but this requires the addition
of multiple expensive metsland a two phase reactiprocess Though there has been
significant advancement in THFA rirgpening, recent attention has been given to the
conversion of the unsaturateddnic compounds suchs FAL using other bifunctional
catalysts. Thiallows for a onestep reaction procesghereboth hydrogenation and ring

openng occur. A majority of these catalysts are derived from MMO materials or reduced
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metals on highly active spprts. Some of these catalysts are derived feymred double
hydroxide(LDH) materials including NCo-Al MMO ,*° Cu-Mg-Al MMO ,°*” and Pt/Ce

Al®8 and thesere discussed in more detail in chapter 1.3. Outside of the LDH derived
materials, Ru/Mn@ has demonstrate the ability to ringopen FAL to 1,2°D with an
optimum vyield of 42% at 150 °C and 1.5MPa ofptessuré’ The proposed mechanism

is that FAL adsorb®n the surfacand either partially hydrogenated and rwgened or
fully hydrogenagd to yield THFA. This suggestisat therearethree parallel pathways to
THFA, 1,2PD, and 1,5°D and givingrise to the general pathway proposed in Figure
1.5¢37°%More recently, Cu/#0s and Ru/AbOs have shownrelatively high selectivities
towards 1,2PD in the liquid phase ringpening of FAL, 50% and 32%, respectivély®
Finally, Co/TiQx has beerused in the aqueous phase hydrogenatioRAdf and has
demonstratedbout 30% yielddwards 1,5PD, which ismainly due to the stronrgetal
supportinteraction (SMSIY°! All the catalysts described in this paragh have shown
their ability to ringopen the unsaturated furanic compound (FAMR, or THF), but there

are still many limitations including the use of expensive metals, low yields towards 1,5
PD, and little spectroscopic experiments to understand thetiste of the bifunctional

catalysts.

1.3 Layered Double Hydroxides Derived Catalysis

The above section describes how maoigtal catalysts have been utilized for various
furanic chemistries either in the form of bifunctional, bimetalliccatalysts comining
bothtypes of domainsThough there are many ways to synthesiulti-metal catalysts, a
majarity of the catalysts above asgnthesized through traditional wetness impregnation

on high surface area supports. However, this traditional method cao |@aal interaction
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with the oxide support resulting in leaching and sintering of the metallic particle
especially when investigating base metals for liquid phase biomass processes and high
temperature$? 193 Due to the possible irreversible deactivation pathveayspotentially

poor metal miing, it is necessary to investigagher multi-metal catalysts for biomass
processing. Consequently, the work in this dissertation involves investigating tunable and
versatile multimetal catalysts derived from LDH materials for the conversion of furanic
compounds.Thermal treatment of LDH materials can vyield catalytic materials with
relatively high surface areas, high dispersion, and high thermal stalbilityis secton, a
detailed introduction about LDH materials and their beneficial propertieatalysisis

presented
1.3.1 LDH Materials

LDH materials are hydrotalciiéke compoundsind have become increasing useful
in catalysis, adsorption, and medicii&A hydrotalcite is a mineral found in nature with
the formula MgAl2(OH)16C0O3-4H,0, where the hydroxide and carbonate sgggebalance
the cationic charge formed by the Mg complex. Therefore, hydrotalcHée materials
consist of metal cations counterbalanced with interlayer anions with a chemical formula of
[M 25 1M 3 (OH)** (A™wn)-mH20. One benefit of these materidts ther versatility:
many different multimetal systems can form the LDH structure includirfg (#e, Co, Ni,
Mg, Cu, and Zhand M* (Al, Co, Fe, Mn, and Qr°41% These types of aterials are
synthesized through a simple-peecipitation method at a controlled pH (typically above
pH 9), and must contain a%M>* ratio between 1.5 4 to create the layered structdfé.

107 Without the creation of the layered structure thessy fine significant loss in surface

areaand /or poor dispersioifhe experimental sections in future chapters will give more
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detail of the preparation methods for materials in this dissertation. Varying synthesis
methods, such as anion intercalatiaranoconposite assembly, oposttreatments
methods, can allow for unique catalytic propertf@sOf the posttreatment methods,
calcinationat high temperatureseatesMMOs, which can be useful multhetal materia.
Including a reduction step pesalcination can result in supported metal lyats
containing bimetallic or bifunctional moieties depicted in Figli& Typically, upon
reduction, these metal species are highly embedded in the matrix, which may result in
increased stability and/or increased interaction between other metals/ridésd im the

system.

Mixed Metal Hydroxides [

Mixed Metal Oxides | GavavavaYaval
Interlayer Anions
Embedded nanoparticles @
Calcination Reduction
I | ——» e

Figure 1.6 i General depiction of LDH materials exposed to various postynthesis
thermal treatments.

After filtering and drying the LDH materialX-ray diffraction XRD) is an easy
method to determine if the layered structure has been created. The sharp (003) and (006)
peaksindicate that a crystalline layered structure with irdeted anions (C€¥) in
between eaclayer. After calcinationthe organic layerand watelare removed, which is
observedby thermogravimetric analysis (TGA) and differential scanning calorimetry
(DSC). Once the thermal treatment in air is complete, the resulting material is a less

crystalline material with small, wetlispersedMMOs, possiblya solidsolution® Since
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the orgait anions and water are removedring calcinationpocketsare createdvithin

the materiglincreasing pore volume and accessible surface Alaag with tunability, the
postcalcination MMO materials derived from LDBHcan give enhanced catalytic
properties especially when mukimetal systems are includefigain, hese materials can

then be reduced in hydrogen, which can result in small embedded nanopatrticles within an

oxide Abindero or support.
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Figure 1.71 (Left) Example XRD pattern of LDH material; (center): TGA and DSC
plot during thermal treatment in air; (right) Example XRD pattern of MMO
materials post-calcination at 400 °C

Reduction of these MMO materials i BEllows for much greater tunability of these
catalysts possynthesis. Due to the high dagity of each metal oxide pestlcination,
there is high interaction among each oxide in the matrix, creating unique reduction profiles
compared to traditional inmpgnation techniqueé$® Behrens et al.has conducted
thermoanalytical analysis on a Zm-Al LDH material to determine how different
reduction parameteraffect the species evolutiol?® Transmission electron microscopy
(TEM) and chemisorptioanalysisshowsthat after reduction the metallic Cu surface area
(determined through XD chemisorption)s lessthan expected from calculated surface

areasfrom TEM particle size. This suggestthat due to the high dispersity of the LDH
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matrix, the Cu particleareembedded into the oxide matriexposing less surface area.
Although there may be less accessible sites, the i$@fkich greater thacatalysts made

by traditional impregnationsuggesting the strong interaction with the oxides (possibly
creating bifunctionalities) in thmatrix.1°® Additionally, if multiple reducible metals are
incorporated into the LDH matrix, it igossibleto create small bimetallic nanoparticles
even at high loadings of reducible tals1°¢11°Especially due to the high dispersity, this
can allow for greater electronic changes within the MMO matrix upon reduetiahcan

be exploited for different furanic chemistries

1.3.2 LDH Derived Catalysts for Biomass Conversion

Due to tke recent developments in the LDH platform, very few investigations have
been conducted on furanic compound conversion; however, some investigations mainly on
Cu based LDH materials for the conversionFafR to FAL have been attemptedor
example LDH derived Ci-Mg-Al and CuzZn-Al MMOs have beenitilized for the liquid
phaseconversion of FUR to FAL, and it has bedetermined that the TOF for @vg-Al
is twice that of CeCr and five times greater than Cu/S#®' Further workhas also
demonstraté the ability to use the GMg-Al for liquid phase transfer hydrogenation
instead of relying on high Hpressures!? These studiesuggesthat thee is a strong
interaction betweethe MgAIl oxide matrix andhe embedded Cu particlegich may
have led to thebservedncreased activityand it ispossible that FUR iable to be activated

by both the oxophilic MeAl oxide and metallic Cu.

Other hydrogenatin studies includéhe use of a bimetallic CNi catalysts within a

Cu-Ni-Mg-Al MMO matrix derived from LDH materials:>*'4It has beememonstrated
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tha the bimetallic catalysts more active than the reduced-Mg-Al and CuMg-Al
catalysts for F® hydrogenation to FAL. This ithen followed upby anotheresearch
group thahasdemonstrate thatvarying the CeNi ratio along wih reduction temperature
resuls in different hydrogenation selectivities (FAL vs THFA) in the liquid phase
hydrogenation of FUR'® These few investigati@showthe promise of utilizing catalysts
derived from LDH materials for hydrogenation of furanic compounds due to the high

dispersity andunability of the metal species

The other major reaction pathway that has gained recent attraction for LDH derived
catalysts is ringppening. In subchapter 1.2.2.3, a variety of catabstsliscusseadbout
thering-opening of furanics utilizing bifunctional catalysts (metdllmxide),most ofthem
containing precious metals. Due to the versatility of LDH materigispilar
bifunctionalities can arise after careful reduction treats)grassibly resulting in active
catalysts for ringppening.To my knowledge four different MMO catalysts derived from
LDH materials have been tested for the fopgening of unsaturated furanic compounds

including NiCo-Al, %° Pt/CoALO4,°® Cu-Mg-Al,°” and Pt/MgAll. 116

The first of these works involves impregnating Pt on &ACBIMO material derived
from LDHs to investigate the ringpening of FAL in the liquid phase. An optimum 1,5
PD yield was obtained when Wias doped into the matrix to create a more basic catalyst.
Ultimately, a yield of approximately 31% was achieved after 24 hours at 140 °C, 1.5 MPa
of Hz, with ethanol as a solvent and FUR as a reactany @laén that theCco®** species
located on the suate may have allowed for a tilted adsorption confirmation and
subsequent hydrogenation; hoxee little characterization has begone to determine the

surface specie¥. After reduction, the GiMg-Al and Pt/MgAl MMO catalysts have
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displayed high yields towds 1,2PD (>70%), but very low yields towards 1F®, which

is a more desired produtt!!®Lastly, N-Co-Al MMO sderived from LDH materials have
demonstrated the ability to conduct riogening of HMF to 1,2&exanetriol through a
very similar mechanism as proposed in Figufe ° This demonstrates the possibility to
have similar mechanisms for riggening for the related unsaturated furanic compounds

HMF or FUR.

The above redions mentioned from LDH derived materials highlight important
pathways relevant to this dissertation; however, LDH materials have been used for a wide
variety of other biomass conversions including oxidation, aldol condensation,
isomerization, dehydratip etc., and there is a very recent comprehensive review on this

subjecttt’

1.4 Research Gaps and Dissertation Objectives

1.4.1 Research Gaps and Outlook

From theexamples laove multi-metal systems have improved the activity and/or the
selectivity when it comes to the conversion of biomass oxygenates. Howewsr of the
studies utilize reactions with highpldressures, low throughput, and/or expensive metals
Along with those concernsmprovements in activity and selectivigye still neededo
increase the viability of producing fuels and chemicals from bionGmssequently, it is
crucial to continue to explore new muitietal catalysts for the conversion of furanic
compoundsespea@lly without the use of precious metals. Along with screening various
metal combinations, conducting spectroscopic experiments will help explore how each

metal interactsvith the catalystand correlate that to structureactivity properties. The

25



overall goal of this project wato provide evidence of the tunability of MMlerived
from LDH materials for different furanic reaction pathways, all while usingprenious

metals.

1.4.2 Vapor Phase Hydrogenation of Furfural (Chapter 2)

The objective of this chapteis to investigate the effects on vapor phase
hydrogenation of FUR to FAL and THFA when different metal dopardadded into a
Ni-Al MMO matrix. This study isaimed to determine how Nhteractswith other metal
additives and screen various metal ratiddditionaly, it is important to utilizevarious
characterization techniques to shed light on how the electronic environfrteetmetals
and morphology of the catalysts change after being introduced to a reducing environment

Something that has been iafjuently studied with MMO materials based off LOH

Hypothesis: Ni has been shown todreactivemetal incatalysts for hydrogenation
of FUR to both THFA and FAL,; therefore, including additional promoters such as Co
and/or Mgmay enhance the hydrogenati activity of FUR. The reducibility of Co and
irreducibility of Mg under theore-treatmentconditions employed will resuit electronic

changedo the Ni metathat could vary activity and/or selectivity

1.4.3 Vapor Phase Hydrogenolysis of Furfuryl AlcoliGhapter 3)

As mentioned in the introduction;MF producton has become of interefiie to its
potential in supplementing petroleum fgjgherefore, it is ofnterestto develop catalytic

processes that can effectively produekl2 from FUR/FAL. From knwledge gained in
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Chapter 2, it became evident that Co based MMO materials have promise in producing 2

MF.

Hypothesis: Instead of incorporating Ni into the MMO matrix, incorporating small
amounts of a more oxophilig/et still reducible metal, Fe, into tb CoAl matrix will

facilitate the hydrogenoylsis reaction of FAL téMF in the vapor phase flow reaction.

1.4.4 Liquid Phase Ringdpening of Furanics (Chapter 4)

Ring-Opening of FUR, FAL, or THFA to diol products is a crucial pathway in
creating renewable @#c precursors. Over the past few years, interest in this field has
grown, and most of the catalysts active for this pathway involve bifunctionalities (metallic
T oxide domaing. Still, many concernsremainincluding low 1,5PD yieldsand use of
preciougmetals; however, tuning the MMO matrix may craateuebifunctionalitiesthat

aremore active for ringppening.

Hypothesis: Exploiting the tunability characteristic of LDétided MMO catalysts,
incorporating Cun the CoAl matrix will result in increasd activity for the liquid phase
ring-opening of FAL under a Hatmosphere. Cu will help facilitate reduction of the Co
oxide species, but the catalyst will still contain both oxide and metallic species to allow for

ring-opening.

1.4.5 WellDefined MulttMetal Catalysts for Furanic Conversion (Chapter 5)

From the knowledge gained in Chapte4, 2 is apparentherearesome limitations
in characterizing thstructure of the active domains MMO materials especially after

reduction. This made it difficult caluct mechanistic studies on furanic hydrogenation and
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hydrogenolysis; howeverwasstill able to determine effective multietal combinations,

and gain a broad understanding of the electronic environmkrihe key metals
Consequently, | sought to mowvay from MMO materials and create we#fined
catalyst structures, while still incorporating ideas gained from the MMO investigations.
Recent developments atomic layer depositionrALD ) experiments have made it a highly
attractive catalyst synthesis thed, which may allow for greater control and tuning of

metal additions on an oxide supptft.

Hypothesis: Synthesizing wellefined multimetal catalysts (C€o) through ALD
will enhance the ringpening activity, due to the ability of tuning particle size, metal
placement, and oxidation state. This is the overall hypothegtseafesearch directns
introduced inthis chapter; howevethis work is still underway, and will be completed by
others in the group. here is an intermediate hypothesis thvas more fully investigated
within this chapter: Designing and building a controlled vacuum atisarpystem will
allow for volatile metal precursors to be adsorbed onto oxide supports, thudimgoi

home built ALD apparatus.
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CHAPTER 2 VAPOR PHASE HYDROGENATION OF

FURFURAL UTILIZING N | BASED MMO CATALYST S

This chapteandAppendix Aareadapted from the published articgylmonetti, T.
P.; Pang, S. H.; Taborga Claure, M.; Lee, S.; Cullen, D. A.; Agrawal, P. K.; Jones, C. W.
Vapor phase hydrogenation of furfural over nickel mixed metal oxide catalysts derived
from layered double hydroxide&ppl. Catal. A Ger016 517, 187i 195 with permission

from Elsever. DOI: 10.1016/j.apcata.2016.03.0b5

2.1 Introduction

Inan effort t o deperdéncyonenil a5 @ ¢eedstockc@nsgersion of
biomass into chmicals and fuels continues to be a promising remxeards feedstock
sustainability? Different challenges emerge in biomass refining compsrggktroleum
refining due to the ovefunctionalized and highly oxygenated compounds derived from
common forms of biomass suchliamocellulose®* FUR, which can be produced through
the dehydration of xylose ofia fast pyrolysisof biomassis a lignocellulose derivative
that can be converted into a wide variety of chemicals and¥8&sme of the important
chemicals includé=AL, THFA, 2-MF, furan, and 1,%°D. Typically, FUR conversion
utilizes heterogeneous catalyslue to the higher stabilities and ease of separatitese
materials compared ttomogeneous catalysts.

Industrially, ciromiumbased catalystsave been heavily used for conversionFiJR
to various chemicals However, due to the environmentally hazardoasure ofmany

oxidized chromium specie®ther metalamay be prefeed®!? To date, many studies
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utilizing catalysts derived from aingle metalspeciessupported on a relatively inert
material such as silidaave been reportdfdr FUR reduction. Specific examples include
reports utilizing a variety of different transition metals, includiigPd, Ir, Ni, and C&*
21 Unfortunatelymanymonometallic catalysts suffer from lack of selectiahgdtherefore,
the addition of a secondary melals been used greatlyimprove the properties of the
first metal. One particularly successful approach has beemmaboe a reducible metal
with a more oxophilic metal to create catalytic domains that offer the potential for multi
point interactions with the oxygenated Fd®lecule?? 26 The degree of reductiaof the
metal(s)plays a key role in creating a bifurantial catalyst surfaceith the reducible and
oxophilic metalpair.®

Among the array of bimetallic/bifunctional catalysts used for FUR hydrogen#tion,
ReQ: catalysts have demonstrated high selectivity towards FAL, with some authors
proposing that the Rerients FUR on the surface, while Ir subsequently hydrogenates
the aldehydé’-?® Since typially these bifunctional catalysts contain precious metals that
may not be economicallgttractive for large scale usee ®ughtto utilize no-precious
metals to creatéMO domains similar to those mentioned ahoM®re specifically Ni
haspreviouslybeen shown to be a good hydrogenation cateiysFUR 1° To this endNi
was chosen as the reducible metal, and other oxophiitalswere included into the
supportmatrix. Most studies conducted with two metal systems for FUR conversion
containing Ni have focused on bimetallics or alloyed catalysts including NiFe, NiPd, and
NiSn system$32%% Two recent reports have shown the promise of Ni bifunctional
catalysts by demonstrating that both Ni phyllosilicates andINVIMOs conduct CO

hydrogenolysis of HMF due to acid sites adjacent to Ni nanopaffiéfda this work,
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nickelcontaining LDHsimilar tohydrotalcites have beensed to create highly dispersed,
porous, and thermally stablMOs. LDH derived MMOsprovide useful characteristics

in the field of catalysis due to their wide versatifit$* LDH materials derived from
hydrotalcite structures have a balance f Bhd M* cations, which allows for a variety

of metals to be incorporated into the structure while maintaining high metal dispersity, high
thermal stability, and sufficiergorosity. Few studies have been conducted to investigate
furanic compound hydrogenation utilizing LDH derived catalysts, and radepith
spectroscopy has been reporté#:*°In this study, two other metals, Co and Mg, were
mixed with Ni and Al through a eprecipitation method. A couple of recent studies have
been conducted with Co in the metallic phase, which have shown promise in the
hydrogenation of FUR to FAL in liquid phase batéfi’ Thermodynamically, Co and Mg
oxides have vastly different reduction energies, Co oxide being more reducible than Mg
oxide which causes varying interactions with Ni during the reduction phase of catalyst
synthesis. An irdepth investigation wsaconducted on the metallic and oxide species
present after reduction, which gave insight into the catalytic behavior of the materials in

the gas phase hydrogenation of FUR.

2.2 Experimental Procedures

2.2.1 Materials and Chemicals

Furfural (99% purity, ACS Grade) was purchased from Sigma Aldrich and stored in
inert N2 atmosphere tdimit its polymerization. Co(N@)26H20 (99% purity), NaCOs
(99.5% purity), and ethylene glycol diethyl ether (98% purity) were purchased from Sigma

Aldrich. Ni(NGz)2¥6H20, AI(NO3)s¥9H20, and Mg(NQ)2*6H20 were purchased from Alfa
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Aesar (98%102%). NaOH (97% purity) was purchased from EMD. Lastly, all chemicals

were used aeceivedwithout any further purification.

2.2.2 Catalyst Synthesis

Ni-M-Al (M- Co, Mg)mixed metal oxides with varyinNi:M ratios of 1:2, 1:1, 2:1,
while trying to maintain (Ni+M)/Al=0.25yere prepared in the following manner. Solution
A contained 0.8M of the metal nitrates corresponding to the molar ratio of metal cations.
Solution B caitained 1M solution of NaOH, and solution C contained ®3olution of
NaCQs. Using a peristaltic pump Solution A and Solution B were added dropwise into
Solution C, contained in a flitottom flask, at approximately faL/min under vigorous
stirring androom temperature. A pH meter wpkaced inthe solution, and a Labview
program maintained the pH at approximately 10 by adjusting the flow of Solution B. Once
Solution A was empty, the mixture was heated to 60°C, and it was aged under vigorous
stirring far 48 hours. After, the precipitant was filtered and washed with distilled water
until the wash solution was at about pH of 7. The recovered solid was dried in an oven at
100°C overnight, and then it was calcined at 400°C with 50 mL/min flow of air wétimp r

rate of 10°C/min and a hold time of 4 hours.

2.2.3 Reaction Studies

Vapor phase reactions were performed in
inside a furnace. The catalyst was pelletized {120 mesh) diluted with SiC (26400
mesh) and loadeitito the reactor between layers of SiC (46 mesh) and quartz wool. The

catalystwasreducedn situunder 60 mL/min H (Airgas, UHP) to 50@C at 5°C/min and

held for one hour. Once the reduction was completed, the bed was cooled uffdegds,
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UHP) toreaction temperature. Unless stated otherwesetions were conducted in a flow
of 60 mL/min of H.. FUR was pumped into the vaporizati zone at a rate of 5.5 mmol/h
(~2.5 mol% ethylene glycol diethyl ether as internal standaid.FURflow met heated

H> (H2/FUR approximately 25)in the vaporization zonewhich was heated to
approximately 165C. The vapor flowed through the catalyst la¢demperatures fixed in
the range of 155 °@75 °C and then it flowed into an online Agilent 7890A @&Cough
linesheated to approximately 18C to minimize condensation. Selectivity and conversion
were determined by the internal standard method, and carbon batérsmswithin 5%
unless stated otherwis@fter the reactioror reductionwas completed, the catalysts
passivated for one hour at room temperature under AB& (Airgas)before removal from

the reactarseparated form SiC, and stored under argon for further characterization studies.

2.2.4 Catalyst Characterization

2.2.4.1Adsorption Characterization:2NPhysisorpton and Chemisorption

Nitrogen physisorption was performed in a Micromeritics Tristar HLAE’C after
the samples were pretreated atZDQAL5CC for uncalcined LDH materials) under vacuum
for 12 hours. Chemisorption experiments including temperaturgrgoroned reduction
(TPR) and pulse CO chemisorptiarere conducteth Micromeritics AutoChem 11 2920.
For eachTPR experiment, approximately 58g of sample was placed on top of a small
bed of quartz wool in a quartz-tube. In regards to the TPR experimahe MMO was
pretreated in 20 mL/min of He (Airgas, UHP) at 20@or 2 hours to remove preadsorbed
species. The sample was then cooled tC5hd 20mL/min of 10% H balance He was

flown over the sample. The furnace was heated t6@@05C/min while under the flow
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of 10% H/He. The outlet gas passed through a liquid acetone/nitrogen trap, and then
passed through &hermal conductivity detector (TCD). Pulse CO experiments were
conducted in a similar fashion with a few minor chandggproximately 20 mg catalyst
sample was diluted with 80 mg of SiC, and placed in the quartz tube held in place by quartz

wool. During te reduction step the sample was heated t&&805C/min and held for 1
hour. The sample was then cooled to“@®&here He bgan to flow for 30 min to remove
all adsorbed species. Afteardsthe sample was cooled down to°’GQto begin pulse CO

testing. Doses of 10% CO/He (Airgasgrepassed over the sample and analyzed in the
TCD. Once saturatiowas reached, Hevas flowed overthe sample for 60 min to remove
physisorbed speciefinally, a second round of pulsesagconducted toverify if there

were any physisorbed species adsorbed, which was taken into consideration when

calculatingthe active metallic surface area.

2.2.4.2XRD, XPS,ICP Analysis, and STEM Characterization

PowderXRD were collected using a Philips-iXe r t di ffractometer

radiation. Xray Photoemission Spectroscopy (XPS) analysis e@asductedusing a

Thermo KAlpha spectrometer employing a monochromatic Al K The pressur.
the analytical chambawas approximately 5x18 Torr. The binding energies (BE) afl

elements were tuned to the Bdpeak (368.2V) with an uncertainty of + 0.2e\Catalysts

for scanning transmission electron microscopy (STEMpaging were prepared by

dropping a methanalatalyst mixture on a lacy carbaoated Cu grid and allowing the

methanol to evaporate. Images were collected on an abercati@attedNion

UltraSTEM100 at 100 kV and aberration corrected JEOL 2200FS STEMGak\Z.
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Electron energy loss spectroscopy (EELS) was performed on the Nion while -energy
dispersive Xray spectroscopy (EDS) was performed on the JEOL. Elemental analysis was
conducted at Georgia Tech Renewable Bioproducts Institute utilizing inductivgdiedou
plasma optical emission spectroscopy {CBS) by Perkin Elmer OPTIMA 7300 DV

after dissolving the metal oxides by caustic fusion and acid digestion.

2.2.4.3X-ray Absorption Spectroscopy

In situX-ray absagption spectroscopyX-ray absorption near edge struct¥&NES
and extended Xray absorption fine structur&XAFS) was conducted athe Advanced
Photon Sources (APS), Argonne National Lab (ANL) at beamlinBMI2The data were
obtained in transmission mode at thekNadge(8333 eV) in the range of 8131190 eV,
and the Cd-edge (7712 eV) in the range of 758260 e\, both withaspot size of 0.5mm
x 1.2mm. To perform thén situ reduction XASexperimentsthe catalyst sampleas
diluted and ground with boron nitride, artteh ~1 mgsamplewa s | oaded i nt o
guartz tube held in place by quartz wool. The quartz tube was secured in a sample holder
with agas inlet and outlet, and a coil heater was centered along the catalygdS’scan

wastakenbeforereduction at roontemperature. Next the catalyst was heated t6G@d
5°C/min and held for h, all while under a 10 mL/min flow of 4%4He. Transient scans

were collected during the reduction. After the reduction was complete, the sample was
cooled in He, and a finalcan was collected at room temperature. The XAS data were
processed and analyzed with Athena software including background removasteulge

normalization, and Fourier transform.

2.3 Results and Discussion
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2.3.1 Materials Synthesis and Initial Characterization

LDH materials were synthesized as the precsigotheMMO catalystsdue to the
large variability of metal cations that can be introduced during synthesis. LDH precursors
allow for synthesis of materials wittonsistentphysical properties even when various
metals and metal ratios are used. Once these materials are calcined there is an emergence
of highporosity and surface areand additionally, high dispersion of metal oxides can be
achievedThis suggests the potential for high interaction of the metalkcies with oxide
species once thidMOs arepartially reduced compared to catalysts prepared by traditional
wetness impregnation techniqué&be physical properties of the catalysts are summarized
in Table2.1. The catalysts are hamed according to thestal molar ratio determined

through ICRPOES, normalized to Al content.

As shown in Table2.1, the LDH derived synthesisyielded porousMMOs with
relatively high BET surfacareagranging from 150 rfig i 300 nf/g. In general, calcined
Co samplesadlower surface aresthan Mg samples, and @& had the lowest surface
areaof all the catalystswhich maybe dueto the larger ionic radius of €oover Mg* and
the potential for C8 to oxidize to Cé*.31*® According to ICPOES results, the synthesized
Co catalysts did not reach the target molar ratios. Since Co has the ability to oxidize to the
3+ oxidation state, the presence of large amounts of Co may have caused a charge
imbalance that did not allowts full incorporation into the precursor hydrotalcite

structure®®

46



Table 2.17 Physical properties of the catalysts utilized for FUR hydrogenation

Catalyst @. Uncalcined Calcined at 400°C
Analysis
Pore Average Pore Average
Ni:'\ﬂ-zAI BET Sun;ace Volume D-Poret BET Sun;ace Volume D-Poret
ratio iameter iameter
Area (m /g) (cm3/g) nm) Area (m /g) (cm3/g) (nm)
2Ni-Al 2.0:.0:1 129 0.47 14.6 239 0.61 12.8
1.3NFO.SCOAT | 3:0.5:1 113 0.54 19.4 196 067 165
LONEMG-AL 1 1 9:111 137 0.45 9.3 288 05 8.9
1.1Ni-0.8CoAl 1.1:.0.8:1 108 0.57 21.4 175 0.59 16.3
1.4Ni-1.4Mg-Al 1.4:1.4:1 128 0.51 15.6 236 0.39 10.6
0.7Ni-1.1CoAl 0.7:1.1:1 93 0.41 211 163 0.46 12.0
0.9Ni-1.9Mg-Al 0.9:11.9:1 148 0.41 10.9 236 0.51 10.3
Co-Al 0:1:1 62 0.33 28 160 0.32 8.5
2Ni-Al
~ |
> WWMWMMMWWMWMW 1.3Ni0.5Co-Al
@©
N—r
Prd
T | o ki 1.N-0.8C0-Al
Q
c :
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Figure 2.17 XRD patterns of postcalcined N+Co-Al MMO materials .
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Figure 2.217 XRD patterns of postcalcined NrMg-Al MMO materials .

XRD patterns obtained for the uncalcined samples stalaracteristic layered
structures such as the (003) and (006) peékigure Al), whereas the XRD patterns of the
calcined catalysts shown in Figl2.1 and 2.2above, lack such sharp crystalline peaks
Interestingly, as the Co content increased, the intensity of the peaks decreased, which is
similar to the phenomenon observed upon incorporation of Co inteAIMigDH
materials®® Once the samples were calcined in air, the crystalline laystredture
vanished anthe XRD patterns contained ordynall, moderately broad peaHl$e lack of
sharp peaks inigure 2.1 and 2.3uggestedhe absence of largerystallinedomains or
clusters of metal oxides, whichayhavehelped promote metal dispsionwhen reducing

the catalysts.

The three diffraction lines approximately at 3742.5, and 62.8weredifficult to

conclusively assigmsince various metal oxides and sgsé thecompositionalsystem
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have reflections thaiverlap with the broad p&s Figure A2). The intensities of the Co
sample peaks were severely diminished compared to the Mg sasyggeshg smaller
domain sizes or a more amorphous strucfline. absence of specific metal oxide domains
may be explained by the homogeneousingjof oxides that creatiex solid solutiorf#40:4

These solid solutions causeeduction of nickeld be significantly more difficulthan for
samples containing large nickel oxide domains, such as those often prepared by
impregnation methodsjue to the dispersioaf the NiO domainsand intermixing with

other oxide speciesTherefore, HTPR was a usefuool in determining the reduction
profiles of theMMOs. The reductiomehaviorof eachMMO is displayed irFFigure 23 and

2.4, and the total hydgen uptakes in Table ALl.

The TPR profiles contagd many different features due to tle®mpositional
complexty of the MMOs. Under these condition®gO and AbOs are unreducible, but
Ni?*, Co**, and Cé" are reducibleStarting with the more complex TPR profiles, the Ni
Co-Al catalysts displayed large hydrogen uptakes as the temperature incréased.
addition of Co resultedn the emergence offeak at lower temperatures (~250°C). This
suggestdthat during calcination in air, GOs domainsvolved, and at lower temperatures
Co04 wasreducel to CoQ*2 The verybroad uptake could result from a mixture of many
different oxide species being reduced, including*Nind C3&*. According to prior
literature, the low temperature shoulder is due to the reduction of surfade Ni°, which
is followed by the reductionf bulk Ni#* to metallic Ni?42¢43Although XRD does not
provide evidence for any spinel structurBigA] 204 or NiCa04), as the temperatures rise

above 600°C, the reduction of more recalcitrant (perhaps highly embedded) Ni or Co

species clearly occurréd® As the Ni content was increased, the apex of the broad peak
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shifted slightly to bwer temperatures, confirming that Ni oxide species required less
thermal energy to reduce. Along with the shift in the broad peak, tf@:@eak shifted
towards lower temperatures as well, which alludes to the potential of Ni assisting in the
reduction ® Co. Similar to the addition of Pt to Co/ADs, the more easily reducible Ni
may assist in the reduction of cobalt oxide through di$sociation and spillovér.
Therefore, not only does Ni@duce to metallic Niput it waspossible thatCoO was
reducel to metallic Co under specificeductionconditions. Unfortunately, these TPR
profiles cannot give a detailed depiction of the umal species. Consequently,

spectroscopic studies wertenductedo probe this, as dcussed further below
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Figure 2.37 TPR profiles of Ni-Co-Al catalysts.
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Figure 2.47 TPR profiles of Ni-Mg-Al catalysts

Unlike the Co samples, théi-Mg-Al catalysts showed significantly less hydrogen
uptake due to the unreducible (under these conditions). Mig® the Co samples, there
wasa shift of the main peato lower temperatures as theresaan increase of Ni in the
system The NiMg-Al profilesdisplayed a prominetawer emperature shouldealluding
to more surface NiO speciesgsegated from embedded NiO speciHse potential for
more segregated surface species allowed for production of larger Ni domains during
reduction (see belowPverall, theseMMOs deirived from LDH precursors create highly
embedded oxide species, which yields higher reduction temperaturgrgred to samples
prepared by wetness impregnatibor the vapor phase reactistudies, 500C was chosen
as the preeductiontemperaturéo create a bifunctional catalyst with the partial reduction
of the reducible oxide speciddetallic Ni or Co wasexpected t@ctas the hydrogenation
site, while the hydrophilic oxide support would facilitate adsorption of the highly

oxygended FUR molecule.
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2.3.2 Vapor Phase Flow Reactions

Initial high FUR conversion testing (90999.5%) was completed usirgl the
catalysts to compare selectivities and activities at sinrigactions conditions and
conversionsReactios were condcted at 155°C, pressure oaboutl atm, andh H/FUR
molar ratio of~25. The major pathway for all reactions was hydrogenation of the aldehyde
to produce FAL, followed by side or sequential products yielding products such as THFA,

furan, and 2MF.

Table 2.2 T Selectivities andactivities for each catalyst under reaction conditions
yielding nearly complete conversion of FUR.

Catalyst* Conversion Aitivity Selectivity (%)
% l' IFILH:IH ~ FAL THFA Furan 2MF 8 (1)' 1,2PD  Others?
2Ni-Al 94 Oéc_’ggzi 582 211 117 56 1.2 1.4 0.8
1.9Ni-Mg-Al 95 Oles* 650 131 182 11 20 06 0.0
1'3Ni'A(|)'5C° 99 oé%gglt 700 118 110 4.1 1.8 1.3 0.0
1'4Ni'A1|'4M9' 94 06930171 68.6 102 190 0.4 1.3 0.0 05
LAN#.8Co 98 OLor 718 99 89 53 22 09 1.0
0'9'\%'9'\"9' 92 0693075 667 131 169 0.7 16 0.4 0.6
0-7N#L1Co o1 0l4* 756 66 68 64 22 12 1.2
Co-Al3 08 o(.)c.)gg; 480 08 23 423 34 0.6 2.6

1Reactions Conditions: 15% and 1 atm with &UR flow rate of 5.5mmol/hr and H/FUR = 25. Values
obtained after approximately 1 hour on stredg@thers include ‘pentanol, 2oentanol, and -butanal.
3Carbon balanceas within 10%.; BOH- 1-butanol
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The major product obtained for each catalyst wad F#vhich resulted from the
hydrogenation of the aldehyde of FUR to an alcohol. In prior literature, it has been
established that bifunctional catalysts that contain a reduced metal and an oxide such as Ir
ReQJ/SiO; are highly active and selective towards unsaturated aldehyde hydrogéhation.
The oxide is suggested to adsorb the oxygen of the aldehyde and the zero valent metal
hydrogenates the carbonyl o MMOsretlucegin sitb i f unc
may create similar bifunctionalities due to the formation oaii/or Co metallic phases
embedded in a solid solution metal oxide support. The oxide support may allow for strong
interaction of the aldehyde with the catalyst, while the reduced metal hydrogenates the
carbonyl species. Furthermotbe LDH synthesis metid allowedfor strong interactions
between the oxide and the reduced metal due to the relative homogeneity of the starting
MMO. In general, the NCo-Al catalysts produced slightly more FAL than the Nig-Al
materials, and the major outliers were 2Miand Co-Al due to the large amounts of side

products or sequential products formed.

OH

@]
@F@”»Cﬁ(o
Cr

Figure 257 Reaction pathways of the major products fromFUR conversion of Ni
based catalysts

Other products were formedhrough hydrogenation, decarbonylation, and
hydrogenolysis pathways. Further hydrogenation through ring saturation occurred in all
catalysts except CAl, potentially due to reduced Ni allowing for flat adsorption of FAL

at low temperatures, leading tadwetion of the olefinic bondS. The second major side
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product was furan, resulting from decarbonylation of FUR, whiclbkas shown to form
over Ni catalysts at high temperatuté®rior studies revealed that furan production is due
t o t he ?G&Q) adsampgon df the aldehydehish seems to be more predominant
over the Mg catalyst¥.When Co was incorporated into the MMOs, 2-MF production
increased slightly; moreover, &d, which cortained no Ni species, produced a significant
amount of 2MF. Additional, minor ringopening products were formed, includindggOH

and 1,2PD, but were in insignificant amounts.

Activities per gram of catalyst are displayed in Téb® and it can be sed¢hat the
1.1Ni-0.8CcAl catalyst showed the highest activity per gram. However, further
investigation at lower FUR conversions of 1.9Mg-Al, 1.4Ni-1.4MgAl, 1.1Ni-0.8Cc
Al, 0.7Ni-1.1CcAl, and 2N+Al were conducted to compare catalysts with various metal
ratios under conditions that minimized side reactions and sequential reactions2.3able
displays the activity per gram and per active site, as estimated by CO chemisorption (for
chemisorption data, see Table2A.Due to the potential for multiple COespes forming
on the metallic surfaces, including monodentate and bidendate CO, it was assumed that
each adsorbed CO corresponded to 1.5 active*§it8sThe active site estimation by CO
chemisorption may be slightly overstated for each catalyst due to potential titration of
Lewis acid sites with CO, but previous literature has used CO adsorption to estimate
metallic sites on similar catalysts based on LDHwetMMOs.315152The 1.4Nil.4AMg-

Al catalyst gave slightly higher CO adsorption than both the 1018 cAl and 2Nt+Al
materials. Even though the dispersion and estimated particle size ranged between
approximately 2.5%45.5% and 18 nA38 nm, respectively, these values are likely not a

good represeation of the morphology (Table A.2f the metal speciedIMOs derived
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from LDH precursors yield highly embedded metallic species after reduction, which can
yield lower exposed metallic surface aréd€onsequently dispersion will be understated

in such materials, while particle diameter will be overstated.

Table 2.3 71 Activity and selectivity at low FUR conversion for selectedcatalysts

Catalyst! Conversion Activity Selectivity (%)
% {ilyry  Tllywrn FAL  THFA  Furan  2-MF
AT A A

1.4Ni-1.4Mg-Al 14 0.20 550410 80.7 35 15.8 -
1.1Nir0.8CoAl 25 0.44 1690+160 78.6 7.2 11.0 3.2
0.7Ni-1.1CcAl 15 0.25 1020+100 79.1 7.8 8.6 4.4

1.9Ni-Mg-Al 17 0.29 550+10 76.0 10.5 13.5 -
2Ni-Al 16 0.29 1050480 77.8 9.1 11.9 1.2

IReactions Cnditions: 155°C and latm with a FURflow rate of 12 mmol/hr and #FUR = 20. Values
obtained after approximately 1 hour on stream. Assuming 1.5 sites per CO adsorbed.

Table 2.4 1 Activity and selectivity of the 1.1Ni0.8CoAl catalyst at various
temperatures

Catalyst' Conversion Activity Selectivity (%)
1.1NiF0.8COAl % l' II‘IIHLIHT FAL  THFA  Furan  2-MF  Others?
155 e( 24 0.44 78.6 7.2 11.0 3.2 -
165 e( 26 0.57 75.8 7.1 11.3 3.3 2.5
175 e( 27 0.61 74.3 6.5 11.8 4.6 2.8

1Reactions Conditions: 1 atm withF&JR flow rate of 12nmol/hr and H/FUR = 20. Values obtained after
approximately 1 hour on streaf®thers includes-BOH and butanal.

Others have reported the use of base metal catalysts fohidliBgenation as well.
Reduced Cu impregnated on Sikas beeremployed for vapor phase hydrogenation of

FUR and displayed high selectivity towards FAL (99%). Similarly, Ni impregnated on
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SiO; has shown high selectivity towards THFA at a low temperatwe 130 °C
(94%) 11854 For FUR conversion to FAL, Tomishige et al. reported a TOF of 13@th
130 °C using a 10 wt% Ni/Sgatalyst, and Mérid®obles et al. reported a TOF of 976 h

! for an 8 wt% Cu/Si@catalyst at 170 °C. Although these studies were conducted at
different temperatures, the stiene-yields (STYs) of both 1.1N0.8CcAl and 2NHAl
demonstraté these materials to have promising activity for FUR hydrogenation (Table
2.3); however, improvements iselectivity by lowering decarbonylation products are

needed to compete with the best catalysts

Low conversion testing also supported the observation at higher FUR conversions
of higher activity (per gram catalyst) associated with the XQL8ICcAl, compared to all
other catalysts tested at low conversion. Also, both Co catalysts showed highigr etiv
site compared to both Mg samples. The activity per site, as measured by CO chemisorption,
showed an almost three times higher activity of the XABICcAI catalyst compared to
1.4Ni-1.4MgAl and 1.9NiMg-Al sample. The 1.1ND.8CoAl catalyst hadmore than a
50% higher turnover frequency than 2Alj suggesting the addition of Co had a positive
effect on activity, unlike Mg addition. In terms of selectivity very little difference was
observed compared to high conversion tests except slightlyrtigtieselectivites due to
reduced sequential reactions. The 1-:0NSCGAI catalyst was used at low conversion to
investigate the effects of temperature on the reaction rate, with the results displayed in
Table 2.4. Increasing the temperature increased abtvity, as expected, while also
charging the product distributionSlightly greater amounts of furan andViF were
produced with the increase in temperature, which has been noted in a previous report

utilizing Ni catalystst®
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2.3.3 Spectroscopic Characterization

The use of TPR and XRD together did not allow for sufficient insight into the nature
of the reduced metallic species. To this end, XAS and XPS were appligthter elucidate
the states of Ni and Cdn situ XAS under reduction conditions similar to the reaction
pretreatment was utilized to give insight into the bulk characteristics of the 1.4:1.4 Ni:Mg
and 1.1:0.8 Ni:Co catalysts. XAS was conducted in a quartz tube that was heatett@o 500
at 5aC/min and hkl for 1 hour, all while under 10 mL/min 4% kKbalance He). Scans were
taken throughout the reduction process, but gmbyand postreductionconditions are
presented here. The quality of the EXAFS spectrum can significantly diminish as
temperature riseespecially temperatures above 600K, due to significant changes in the
DebyeWaller factor, which adjusts for the thermal vibration effé2f.For this reason,
room temperature spectra were used to allow for ease of EXAFS processing and
comparison. Both the Ni¥€dge and the Codge were interrogated to determine if Co
also reduced under the pretreatrhconditionemployed in this work. Figure 2displays
the Ni kedge XAS results for both the 1.4MidMg-Al and 1.1N#0.8CcAl samples at

room temperature before and after reductios0&x°C.
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Figure 2.6 7 XANES spectra at the Ni kedge of the catalysts at RT both before and
after reduction at 500°C with 4% H 2 balance He and 10 mL/min. Inset graphs show
Fourier Transformed EXAFS data for each catalyst; a) 1.1ND.8CoAl b) 1.4Nk

1.4Mg-Al.
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Qualitatively, both XANES spectra showed a shift in the white line to lower energies
as well as a decrease in the intensity; however, the Mg catalyst showed a much more
significant shift and reduction in intensity, suggesting larger amounts of NiO rethuced
Ni® in this catalyst>°® The prereduction spectra for both the Co and Mg containing
samples mimicked the NiO spectrum due to the presence of teelgeefeature at 8333
eV and the major peak at 8352 eV. Afteduetion for an hour at 50%C, the preedge
feature disappeared for the Mg catalyst and the appearance of a second edge started, similar
to that of Ni foil>>%°Moreover, when examinintipe derivative norm(E) (Figure B) there
was an increase in the peak at 8333 eV and a dedrepsaks at 8342 eV and 8346 eV,
which was more characteristic of Ni foil reference. The Co catalyst displayed a smaller
shift in the white line of the Nidedge, suggesting a simultaneous reduction of both Ni and
Co. The Mg samples do not have that reidmccompetition since MgO and ADs are not
reducible under these conditions, allowing for significantly more reduction of the NiO
species. In terms of the Co catalyst, there were still strong characteristic NiO features after
reduction, including the sriigore-edge feature at 8333 eV; therefore, there was clearly less
reduction of Ni in the NICo-Al catalyst, relative to the NVig-Al catalyst. Overall, both
catalysts did not have 100% reduction of'No Ni° possibly due to the large amount of
imbeddedNi?* species in the welhixed oxide as well as strong interactions with the oxide

support, as supported by TPR results, unlike traditional impregnated Ni catalysts.
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Figure 2.7 1 In situ XANES of Co k-edge of the 1.1ND.8Co-Al catalyst at RT both
before and after reduction with 4% Hz balance He and 10 mL/min. Inset graph show
Fourier transformed EXAFS data of the same sample.

EXAFS spectra displayed significant changes between thanargostreduction
catalyst samples, especially with the first two major scattering peaks. For beth pre
reduction samples, two major peaks weresent: a first peak at ~1.5 A and a second peak
at ~2.5 A corresponding to ND and NiNi (or Ni-Co) scattering, respectively® After
pretreatment, each catalyst showed a large increase in tNé (Ni-Co) peak, which
suggested an increase in the coordination number and formation of metallic Ni particles or
Ni-Co alloys. Althouty both samples showed an increase of the retshl peaks after
reduction, the Mg sample also showed a slight shift to lower atomic scattering distances,
suggesting a larger degree of agglomeration of the Ni atoms. This larger agglomeration
was potentiall due to the larger amount of Ni atoms present on the surface of the mixed

oxide, as shown by the larger shoulder at lower reduction temperatures in the TPR data.
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Even though there was a large increase in the magnitude of the second peak of the
Co samplethere was no shift ithe second peak, which suggesiest Ni agglomeration
due to the Co addition. From TPR, it was suggested that Co begins mainly #3 &@b
was reduced to CoO at low temperatures. However, from the TPR data over these samples,
at higher temperatures it was uncertain when CoO reduction began STt AS spectra
of the Cacontaining sample at the Cegkige before and aftexductionas shown in Figure
2.7, do not display characteristics of significant metallic Co, as therpdattion white
line mimics CoO from prior literatur® However, the EXAFS spectrum showed a small
increase in the second scattering peak corresponding@o@8oNi), suggesting a slight
increase in the coordination number, which could result from total reduction of some Co

oxide species to metallic Co or development of alloyed, metallic CoNi dofffains.

XPS spectra of the catalysts before and after reduction in hydrogen further support
the hypothesis that some Co oxide species were reduced to metallic Co, mdych
contribute to increased activity (Tal2e3) of the catalyst. XPS spectra shown in Figure
2.8 demonstrate the partial reduction of CoO to metallic cobalt. Peak deconvolution of
the spectra, including multiplet splitting and Auger peaks, was condsictddr to prior
literature using standard references analyzed on the same instPAif¥arite experimental
conditions were slightly different than those for the XAS experiments, sinceguhsition
XPS was conducted after the catalysts were passivated in {8al@nce N) for one hour,
which was necessary to transfer the sample from the reactor to the XPS instrument.
Deconvolution of the Co region revealed that the main species present before reduction
was CaOs, which was reduced to €aand C4 after reduction. This was ticeable mainly

through the increase in the 2isatellite peak (786.7 eV), since many of the@oand
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Co** 2p2 peaks were similar. After reduction at 56C and passivation at room
temperature, the major species present was CoO, with a quantifiatlmtaoi C48 that
caused the shoulder at lower binding energies. Even after passivation, by analyzing the
2ps2 deconvolution approximately 15% Eepecies remained on the surface of the

catalysts, hence adding to the metallic surface area of the catalyst.

XPS conducted around the Ni binding energy region displayed reduction results that
were consistent with those gleaned from the previously mentioned characterization
techniques (TPR, XAS). After passivation of the 1-DNICcAl sample, the amount of
Ni® on the surface was approximately 19% compared to the-1.4Nig-Al sample, which
had 14% Ni. Although this may at first glance appear to differ with the results from XAS,
which showed more extensive reduction, the pedtiction XPS results were from a
sample that experienced a passivation step, whicixickzes some of the reduced metal
in the catalysts. When considering the combined results, the XPS and XAS of the 1.4Ni
1.4AMgAl catalyst gave evidence of significant agglomeration of Ni, likely dugh¢o
presence of more Ni species on the surface after calcination compared to th@ 8CdNi
Al sample. This would yield more accessiblé€ Bjyecies, which after passivation yielded

less N?, as observed in the XPS results.
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Figure 2.81 XPS spectra of 1.1N0.8Cc-Al catalysts in the Co binding energy region.
a) Pre-reduction; b) Postreduction, after passivation.

The combined spectroscopic studies demonstrated that there was the emergence of
metallic Ni inthe NiMg-Al catalyst and both metallic Ni and Co species in th&hHAI
sample. However, these techniques were unable to determine the interactions between the
two metallic species in the NiEo-Al catalyst. High angle annular dark field (HAADF)
STEM allonved the morphology of both the reduced and unreduced catalysts to be probed,
and EDS and EELS were conductedctomplement the imaging. Figure Z&plays a
HAADF-STEM image of a nanopatrticle approximately 5 nm in size on the reduced 1.1Ni
0.8CaoAl sample which had been reduced at similar conditions and then passivated for 1
hour in 1% Q (balance N) for sample transfer to the microscope. Two major domains can
be distinguished in the nanoparticle through fast Fourier transform (FFT) analysis: the
centerdomain contains either Ni and/or Co and the outer edge contains either NiO and/or
CoO. Lattice analysis cannot discern if the particle is a mixture of Ni and Co or just an

individual species; therefore, EELS and EDS were used beghe compositions (Fige
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A.8,A.9, andA.10). Both methods provide evidence that suggests a random mixture of Ni
and Co species, which hints that upon reduction, NiCo alloys were produced when both
metals were present in the sample. This EELS and EDS certainly support tigereer

of NiCo alloys previously observed by the other techniques.

Figure 297 HRSTEM image and diffraction of reduced 1.1N#0.8Cc-Al catalysts at
500 °C for 1 hour and then passivated at RT for 1 hour i1% Oz balance N.

The hypothesis that bimetallic nanoparticle emerge after reduction may offer an
explanation for the enhanced catalytic activity in the 1-ARCoAl compared to both
2Ni-Al and 1.4Ni#1.4MgAl, where no bimetallic particles can be formadder the
reduction conditions employed. The intimate mixing of each metal species may facilitate
hydrogen spillover to CoO, which may allow CoO to reduce simultaneously, ultimately
being a factor in the increase in activity. From XAS, XPS, and STEM seshé oxide
species present after reduction were a mixture of NiO, CoO, a,Avhich may have

been a more useful combination than NiO, MgO, an@AlLastly, it is interesting to note
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that the metallic species do not seem to significantly changevirall FAL selectivity,
but the nature of the oxide species does produce changes in the nature of the different side

products observed.

2.4 Conclusions

Porous nickelIMMO catalysts were synthesized by calcination of LDH derived
materials to investigate the eftts of various oxophilic metal additions to the structure and
reactivity of the Ni metal particles. LDH derivédMOs allowed for the comparison of
various metal additions to Ni based catalysts on the conversion of FUR under vapor phase
hydrogenation contdons. In the calcined mixed oxideaterials,a homogeneous solid
solution was formed with no observed separation of oxide domains as shown by XRD,
suggesting close interactions between the Ni and other metals. TPR profiles suggested
complex reduction betvior in the materials due to the various reducible species present in
theMMOs including surface NiO, bulk NiO, @04, and CoO species. Under the reduction
conditions employed, neither Ni nor Co were fully reduced, which is attributed to metallic
particles embedded in an oxide structure, likely with strong rretpport interactions. At
high FUR conversion in a flow reactor, FAL was the major product produced. The
inclusion of different oxophilic metals (Co vs. Mg) in varied amounts influenced the
productdistribution (mildly) and activity (more significantly) of the catalysts. In general,

Mg catalysts showed less activity per site and slightly higher furan production, while the
Co catalysts showed higher activity per site and slightly highdFZroduction. At low
conversions, the STY of the 1.ERi8CcoAIl was more than three times that of the 1-4Ni
1.4MgAl catalyst and 50% greater than the catalyst with no metal additiorAR2Ni

Through extensive spectroscopic characterization by XAS and XPS, thesmaneactivity
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was attributed to the increased homogeneity of th€dNcatalysts, which gave metallic
domains associated with both®Nind C8. STEM and EELS characterization supported
the hypothesis that NiCo alloys may have formed in the catalgstaining both metals.
Further studies varying the calcination temperature and reduction temperature could
potentially allow for tuning of the nature of the reduced species in the NiCo catalyst, further

influencing the activity and product distribution.
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CHAPTER 3 PRODUCTION OF 2-METH YLFURAN UTILIZING

REDUCED CO-FE-AL MMO CATALYSTS

This chapteand Appendix B aradapted from the published artickylmonetti, T.
P.; Hu, B.; Ifkovits, Z. P.; Lee, S.; Agmal, P. K.; Jones, C. W. Vapgshase
hydrogenolysis of furanics utilizing reduced cobalt mixed metal oxide catalysts.
ChemCatChem 2017 9, 18151823 with permission from Wiley. DOI:

10.1002/cctc.201700228

3.1 Introduction

Second generation lignocellulosic biomass, the inedible fraction of biomass, is a
target for conversion into chemicals and fuel additives because of its perceived likelihood
to not interrupt food suppli€s’ Lignocellulose can be broken down into various sugars
that can be further processed through dehyairaty create furanic compnds. FUR and
FAL are major platform chemicals in biomass processing that can be catalytically
converted into valuable products suah THFA 2-MF, 1,2-PD, and 1,5PD, among
others? Through the hydrogenolysis of EA2-MF is produced, which is a valuable fuel
additive. With a researchctane number of 131 and low water solubilityME is an
attractive replacement for biethanol as a fuel additiveTherefore, recent research has

focused on catalytically converting FUR and/orlFgelectively towards-2F.

Industrially, CuCr catalysts have shown versatility in FUR conversion, and at
certain conditions, these catalysts give high yields towatt2 However, due to

environmental concesn associated with Cr, development of alternative catalysts is
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worthwhile. Many monometallic catalysts, typically supported on silica, have been
investigated for hydrogenation of furanic compounds. However, these typically suffer from
poor selectivities toards 2MF.”8 Improvements in selectivity for catalytic conversion of
furanics has often le@ achieved by the incorporation of multiple metals to form bimetallic

or bifunctional catalysts. In this work, the term bimetallic catalyst will refer to a catalyst
that contains two fully reduced metals forming an alloy, while the term bifunctional
catalyst will refer to catalysts that combine a metallic species and metal oxide species,
which may form acidic or basic sité regards to MF production, prior work involving
Ni-Fe/SiQ has been conducted to investigate the enhancement in selectivity that occurs
when a secondary metal is add@@hroughDFT and kinetic studies, it has bestrggested

that the oxophilicity of Fe facilitated the adsorption ofLFA h r o u %(®,0) surfate
species, which drove the reaction towards hydrogenolysis of the C=0'%dnd.
Additionally, very recent studidsve beerconducted with Cdre supported on daon and

silica havealso demonstrated a synergistic effect between the more oxophilic Fe species
and the more reduced Cu species for hydrogenation and hydrogenolysis aff&nd
HREELS experimentsunder ultrahigh vacuum conducted on -Bh catalystshave
suggested armilar mechanism, where Zn a@sthe oxophilic metal and allower a tilted
adsorption mode to be more prevalent on the catalyst sdfif@tieer vapor phase reactions
have been conducted with mple metal systems including €n-Al and CuZn-Al-Ca
Nal>1¢Lastly, MaC catalysts have been showmnbe selective towards@F due to the
creation of two activlei lseteistddidmchcai oamab
or oxide site; however, the type of secondary site remains unknown based on the evidence

presented to dafé.
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Many investigations involving liquid phase reactions, both flow and batch, for the
hydrogenolysis of furanics including FUR toMF and HMF to DMF have been
performed, mainly involving multiple metal catalyst systems. In regartéIF to DMF,
Ni/C0304, Ru/Ca04, Ni-WC/C, CuRu/C, PtCo/C, CuCo/C and C&ZnO have been
investigated, and in regards to FUR tME, RuURuG,/C, Cu-Co/Al203, and Pd/TiQhave
been utilized:*® 26 Unfortunately, many of these reactions require higiprdssures, have
low product throughput, and/or use precious metals, which makes vapor phase flow
reactions with noiprecious metals a potentially attragtialternative. Consequently, in this
work, we sought to create a nprecious, multmetal system that would be selective

towards hydrogenolysis of the@ bondof FAL in vapor phase flow reactions.

A previous study involving G&l MMOs derived fromLDH displayed elevated
selectivities towards-®IF in the vapor phase hydrogenation of FUR at 15%’°The wse
of LDH materials as precursors to synthed¥dOs is a welkknown approdg to create
well-dispersed and relatively high porosity materfdlshe LDH material allows for high
interaction between the various metals in the matrix, and can lead to smaller metal domains
upon reduction. To this en@p was chosen as the base metal in the catalyst family explored
here, while various Fe amounts were added into the matrix to tailor the activity and
selectivity. Reduction with hydrogen allowed for the creation of active metallic species,
and throughTPR, XAS, and XPS, it washown that the incorporation of Fe facilities
reduction at lower temperatures, which in turn enhances both selectivity and activity

towards 2MF

3.2 Experimental Section
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3.2.1 Materials and Chemicals

Furfural (99% purity, ACS Grade) and Furfunplcohol (98% purity) were
purchased from Sigma Aldrich, vacuum distilled, and then stored in inert atmosphere
before use in reactions. Co(NEH.O (99% purity), NaCOs (99.5% purity), and
ethylene glycol diethyl ether (98% purity) were purchased froigm& Aldrich.
Fe(NQ)sH.0, and AI(NQ)sH.O were all purchased from Alfa Aesar (98%2%).
NaOH (97% purity) was purchased from EMD. Lastly, unless noted, all chemicals were

used as is without any further purification.

3.2.2 Catalyst Synthesis

Co-Fe-Al mixed metal oxides with varying Co:Fe ratios of 12:1, 6:1, 4:1, 3:1, and
no Fe addition (Co/(Fe+Al) always kept at 0.25) were prepared in the following manner,
similar to prior LDH syntheses, with minor modificatioiig€® A 0.6 M metal nitrate
solution, Solution A, with corresponding metal cations ratios above, and a 1.0 M NaOH
solution, Solution B, were created. A 0.3 Mwtion of NaCQOgs, Solution C, was placed in
a 3neck, 1 L flask, and using a peristaltic pump Solution A and Solution B were added
dropwise into Solution C at approximately 5 mL/min under vigorous stirring, at room
temperature, with Nbubbling. The pH wamaintained at 10 by adjusting Solution B. The
pump was shut off once Solution A ran out, and the final solution was heated to 60 °C, and
maintained under vigorous stirring and Bubbling for 24 h. Once complete, the final
solution was filtered and wadgheintil the filtered solution had a pH of ~7 (about 1.5 L of
DI water was used) to obtain the LDH precipitant. The recovered solid was dried in an

oven at 105°C overnight. To create MO, the dried LDH material was calcined at
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400°C with 50 mL/min flowof air with a ramp rate of 10°C/min, being held at 400°C for

4 hours.

3.2.3 Reaction Studies

Vapor phase reactions were performed in
inside a furnace. The catalyst was pelletized (>270 mesh), diluted with Sie1@00
mesh), and loaded into the reactor between layers of SiC (46 mesh) and quartz wool. The
catalysts were reduced in situ under 60 mL/min(HAi r ga s , UHP) to 500e
rate of 5°C/min, then subsequently held for one hour. Once the reduction wdstedmp
the bed was cooled undes td reaction temperature, which was typically conducted at 180
°C. Unless stated otherwise, reactions were conducted in a flow of 60 mL/minvatité
FAL was pumped into the vaporization zone at a rate of 5.5 mmolth i mol%
ethylene glycol diethyl ether as internal standard). The Fdw met heated Hin the
vaporization zone, which was heated to approximately 180 °C. The vapor flowed through
the catalyst bed, and then it flowed into an online Agilent 7890A Gaighr lines heated
to approximately 185C to mitigate reactant and product condensation. Selectivity and
conversion were determined by the internal standard method, and carbon balances were
within 95% typically due to small amounts of unknown producteamstated otherwise.
After the reaction or reduction was completed, the catalyst was passivated for one hour at
room temperature under 1%/Q, (Airgas), separated form SiC, and stored under argon

for further characterization studies.

3.2.4 Characterization Tdwniques

3.2.4.1Physical Characterization and XRD
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Nitrogen physisorption was performed in a Micromeritics Tristar HL86°C after
the samples were pretreated at 200°C under vacuum for 12 h. Chemisorption and TPR
experiments were conducted in a Micromeriticsd®hiem Il 2920. For each experiment,
approximately 50 mg of sample was placed on top of a small bed of quartz wool in a quartz
U-tube. In regards to the TPR experiment, MO was pretreated in 20 mL/min of He
(Airgas, UHP) at 200°C for 2 h to remove faasorbed species. The sample was then
cooled to 50°C and 20 mL/min of 10% kbalance Ar) was passed through the sample.
The furnace was heated to 800°C at 5°C/min while under the flow of 20% Hhe outlet
gas passed through a liquid acetone/nitrogap, tand then was passed through a TCD.
Elemental analysis for each catalyst was conducted at the Georgia Tech Renewable
Bioproducts Institute on a€P-OESinstrument, a PerkinElImer OPTIMA 7300 DV, after

dissolving the metal oxides in dilute$Q; solution.

PowderXRD were collected using a Philips-iXe r t di ffractometer
radiation. XPS analysis was performed using a Therafdpka spectrometer employing
a monochromatic Al KU. The pressures 1 nsi
1x107 Torr. The binding energies (BE) of all elements were tuned to the Ag 3d peak (368.2

eV) with an uncertainty of £ 0.2 eV.

3.2.4.2Spectroscopic Experiments

In situ X-ray absorptiorspectroscopy (XANES and EXAFS) were conducted at the
APS in ANL at beamline 12BM. The data were obtained in transmission mode at the Fe
K-edge (7112 eV) in the range of 6971910 eV, andhe Co kedge (7712 eV) in the range

of 75108712 eV, both with a spot size of 0.5 mm x 1.2 mm. To performnthstu
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reduction XAS, the catalyst sample was diluted and ground with boron nitride (5:1 BN:
catalyst), and then ~8 mg of the mixture w:
(multiple samples could be pressed into the holder). This holder was then placed into a
guartz tube with Kapton windows at each end to allowaifs to pass through, and a gas

line was attached to the tube. A scan was collected prior to reduction at room temperature.
Next, the catalyst was heated to 5@at 5°C/min and held for 1 h, all whilender a 60
mL/min flow of pure H. After the reduction was complete, the sample was cooled down

in Hz, and a final scan was collected at room temperature. Various standards were used to
verify the species present in the catalyst sample. The XAS datapreressed and
analyzed with Athena software including background removal,-stigenormalization,

and Fourier transform. Artemis software was utilized to fit the Fourier transformed EXAFS
data with a model. G€o, FeFe, FeO reference parameters reecatulated using Co foil

(FCO), Fe foil (BCC), and Fe(lll) acetylacetonate as standards. Multiple scattering paths
through crystallographic data including, Co’°, FeFe®!, Fe O-Fe*2, FeO-Al®3 and Fe

Al%4 were calculated using FEFE8Due to the complexity of the matrix, various
constraints were added on the DelValler factor and bond distances for some of the

catalysts, similar to previous bimetallic systeth¥.

3.3 Resuls and Discussion

3.3.1 Initial MMOs Characterization

Our main irterest in LDH based materials wiasit the synthesis procedure allows
for versatility in metal additions while maintaining similar physical properties. After

calcination of these materials, iléercalated anions are removed, leaving a pokM©
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with high dispersion of metal oxide species. This high dispersion suggests intimate contact
of various metal species, which could improve activity or selectivity of the catalyst. To that
end, Co was cleen as the base metal in the system due to the unique selectivity properties
previously determined in FUR reductiéhAlong with Co, small amounts of Fe were added

into MMO matrix to tune the activity and selectivity towarddViE. In Table3.1, the

physical properties are summarized for variGogFeratio.

a) b)
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Figure 3.17 a) XRD patterns of CoxFe-yAl catalysts after calcination at 4@ °C; b)
Enlarged section of major Bragg peak between 380°.

The porosity of the postalcined LDH materials is displayed in Taldd, which
shows that the BET surface area for all materiaéss within a narrow range (105%g-
150 n¥/g), while the porerolumes were approximately 0.30 ¥m ICP analyses were in
good agreement with the targeted molar ratios, with slightly lower Co amounts than
anticipated. For simplicity throughout the manuscript, the catalysts were labeled with their

target molar ratios.
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Table 3.17 Physical propeties of multiple Co based MMO atalysts

Catalvst Elemental analysis BET Surface Pore Volume Average Pore

Y (Co:Fe:Al) Area (m?4/g) (cm®/g) Diameter (nm)
3Co-Al 2.94:0:1.0 129 0.35 11.0
3Co0-0.25Fe0.75Al 2.83:0.25:0.75 150 0.32 8.6
3Co-0.5Fe0.5Al 2.83:0.50:0.50 133 0.30 8.7
3Co0-0.75Fe0.25Al 2.92:0.74:0.26 115 0.31 104
3CoFe 2.93:1.0:0 107 0.33 12.1

After calcination at 400 °C, most LDH materials lose their layered struictgreate
a more homogeneous MMOThrough XAS and XPS analysis, it was determined that the
majority of the crystalline species present after calcination wei®BeOs, and AbOs,
and there was no indication of CoO, FeO, or significant metal alunspatees. The XRD
patterns of the uncalcined mastiare shown in Figure B, which display prominent (003)
and (006) peaks. These peaks represent the layered hydroxides with intercalafiag€O
H-20 to balance framewhrcharge. The XRD patterns paslcinationdemonstrated that a
noncrystalline structure was created, as evidenced by the lack of sharp peaks associated
with the oxides present in FiguBela. One broad peak is distinguishable betweeaA(B5
which correlates with the GO4 (311) peak aB7.0°. Additionally, when that section is
enlarged in Figur8.1b, there was a small yet noticeable shift to lower Bragg angles with
the increased addition of Fe. The poor crystallinity along with the shift in th@.C&11)
peak towards the B®3; (311) mak at 35.0° anaho visible AbOs peaks, mighthave
suggestd good dispersion of the oxide spexi®otentially the materialformed a solid

solution similar to NiCo-Al and Ni-Mg-Al MMOs reported in prior literaturé2838
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The reduction profile of each catalyst was investigated through TPR to gather
information about the catalyst under apaimosphere with varying temperatuiFigure
3.2 shows the reduction profile of each catalyst in 108AHusing a 5 °C/min ramp rate.
All five profiles demonstrata two-step reduction, one at a low temperature between 200
°C- 300 °C and one at high temperature between 4007%D °C. Tke low temperature
peaksreferredto CaO4 and FeOs phases reducing to CoO, and:Bg£FeO, while the
broad, high temperature peak weassociated with the reduction of cobalt and iron oxide
species to metallic Co and B&*° As expected, the addition of Fe slightly shifted the peak
reduction temperature to lower temperatures since the redpctiential of Fe oxide was
much greater than ADs. Without any AbOs, the TPR profile became much sharper, and
the H uptake began to significantly dawi around 500 °C. This indicatéuht the A$Os
acts as a stabilizer, even at 6.6 wt% in the matmcesit was unable to reduce under these

conditions, and maljavehelped prevent complete aggregation of metadipecies.

1 3Co-Fe

4 3Co-0.75Fe-0.25Al

3Co-0.25Fe-0.75Al

3Co-Al

i | = | v ) i ) i I i ) i ) i |
100 200 300 400 500 600 700 800

Intensity (a.u.)

Temperature (°C)

Figure 3.2 7 TPR profile of each CexFe-yAl catalyst in a 10% Hz (balance Ar)
atmosphere with a 5 °C/min ramp rate.
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3.3.2Vapor Phase Flow Reactions

Initial reaction studies with HAas the substrate were conducted at a common weight
hourly space velocity (WHSV) to screen the various catalysts synthesized. Further studies
were conducted on the 3@o25Fe0.75Al catalyst due to the observed high activity of this
sample during the inai screening. When comparing the catalysts at similar WHSV,
noticeable differences in conversion were observed. Initial testing helped distinguish the
effects of Fe addibn into the CeAl matrix. It wasclear that the addition of Fe significantly
enhanceghe activity of the catalysts, while also increasing the selectivity towards the
desired product. In all samples that contained Fe, the selectivity towd&shdvered
around 83% while MF selectivity for the 3CeAl was between 53%7%. The 3Cd-e
catdyst is not displayed due to its inactivity under the conditions used for these reactions.
A wide variety of other products were obtained due to the many side reactions and series
readions that are possible (Table1. Additional products include fura@;MTHF, 1-
butanol (:BOL), 2-pentanone (PONE), tpentanol(1-POH), 2-pentanol(2-POH), etc.,
the latter of which are a result of risgturation, decarbonylation, and ragening.
Interestingly, some hydrocarbons were observed, such as propane arg ltenh
indicates minor hydrocracking pathways, similar to what was previously observed over a
Cu/Cr/Ni/Zn/Fe catalyst in the vapor phase hydrogenatiorMF2° At similar WHSV,
the Co catalysts with lowest Fe addition displayed the highesttacfiowed by 3Ce
0.5Fe0.5Al and 3Ce0.75Fe0.25Al. A catalytic test was performed on a lower Fe loaded
catalyst (3Ce0.125Fe0.875) which demonstrated an incremental increase in conversion
(99% after 40 min on stream) with no variation in selectivityis suggested that there

may be an exact optimum in regards to activity at lower Fe loadings thaf.28e
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0.75Al. Since further characterization studies, such as XAS, at lower Fe loadings would

have been difficult, only the higher loaded catalysts wkosen for further studies.
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Figure 3.3 1 Time on stream data of FA. conversion and 2MF selectivity over

various 3CoxFe-yAl catalysts at W/F (gat*h*mol 1) = 3.63, 180 °C, 1 atm, and FA

conc = 0.0015 mmidmL; Black lines represent conversion and red lines represent-2
methylfuran selectivity. a) 3Cc0.25Fe0.75Al; b) 3Co0.5Fe0.5Al; c¢) 3Co0.75Fe

0.25Al; d) 3CoAl; e) 3Co-xFe-yAl; f) 3Co-Al.

Time on stream data indicated deactivation of all the catabystistime; however,
little to no change in the selectivity ocoed. Posteaction TGA (Figure BL.2) experiments
displayed little to no carbon deposition, which miagve suggestd that the major
deactivation mechanism was not blocking of sites from carbon deposits. Additionally,
recycle tests were conducted on the &C2bFe0.75Al catalyst, which included a
calcination step at 400 °C in air for 4 h followed by a reduction stemedtin the
experimental section. Each of the catalysts in the recycle test was run for approximately
150 min. The recycle tests demonstrated the catalysts regained their initial activity upon
reuse over 3 recycles, as shown in Fig8ire This indicatedthe MMO matrix prepared

through the ceprecipitation method does not facilitate irreversible sintering after reduction

83



and the mildly deactivated sample can be easily regenerated. A more likely deactivation
mechanism could be through the oxidation of nlietsites, since 2VIF production creates

H20, potentially causing surface oxidation similar to what Resasco et al. observed-over Ni
Fe/SiQ.” However, operando specsaopic studies would need to be conducted to further

verify the major deactivation mechanism.

100
904
80
70
60
50 -
40
30
20-
10

0

Il Conversion

I o-MF

Conversion/Selectivity (%)

Run

Figure 3.41 Recycle tests of B0-0.25Fe0.75Al displaying conversion and selectivity
towards 22MF at W/F (gcatth*mol 1) = 3.63 with FAL as a substrate. Data point taken
at approximately 40 min on stream.

Further investigations of the 3@b25Fe0.75Al catalyst were conducted as a
function of the weight hourly space velocity, W/F. Fig@r® shows the conversicand
selectivity of 2MF along with significant minor products while the temperature and
pressure remained constant at 180 °C and 1 atm. The values were obtained at approximately

40 min on stream after the system reached a pseudo Staaely
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As expected,conversion increasedvith an increase in residence time, but
interestingly, at lygh W/F, there wasoticeably little difference in the selectivity towards
2-MF (80-85%). On the contrary, when lower residence times were used there was an
incremental decresg in 2MF selectivity, and an increase in ring saturation products,
THFA, and FUR. These results were reproducible yet unexpected since THFA and FUR
are not intermediates to-RIF. It waslikely a result of differing surface coverages of
various species,ut more mechanistic studies aBéT would need to be conducted to

determine the root cause of risgturation propensity to THFA only at lower conversions.

Investigations into the reactivity of FUR over the-BE®Al catalysts were conducted
to verify reation pathways and to determine if additional side products emerged. Various
weight hourly space velocities were tested utilizing the-8@&Fe0.75Al catalyst due its
greater activity for FA conversion. As expected, the data for FUR conversion in Table
3.2 demonstratkan increase in conversion with an increase in catalysts loading, and an
increase in MF selectivity as the conversion increases. Similarly, the yield tb FA
seenedto decrease linearly with the increase #MB, confirming the series retian of

FUR to FAL to 2-MF observed in prior literatur®.
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Figure 3.57 Varying W/F of the 3C0-0.25Fe0.75Al catalyst at 180 °C and 1 atm with
a FAL flow rate varying between 5.512 mmol/h and H flow rate varying between
60-130 mL/min while keeping the FA. concentration at 0.0015 mmol/mL. Inset graph
displays the selectivity of significant minor products over varying W/F. Values taken
at approximately 40 min on stream.

A combined selectivity towds 2MF and FA. of 7579% was achieved at a variety
of conversion levels. An important distinction between reactions betwekerafd FUR
was the slight decrease in carbon balance when FUR was fed into the reactor, and
significantly more unknown peaks wevesible at high retention times, indicating more
oligomer formation from FUR. Though the carbon balance closed within 91% for each
FUR run, there was a clear indication of the increased propensity of FUR oligomerization
with itself or other unidentifiablside producté!*?Deactivation was also observed during
continuous flowike the deactivation with FA as the substrate. Ultimately, a yield of 60%
towards 2MF was ackeved when feeding FUR, which wasguivalent to or better than

most prior literature using vap phase reactiont8:1%1"43Though a very recently study of
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imbedded Cu in Si©demonstrated higher yields toward$/E in the vapor phase when

FUR was fed as the reactant, the reactions were conducted mainly 20R@*24°

Table 3.27 Reaction data of FUR over 3Ce).25Fe0.75Al at 180 °C at various W/F

W/F Conversion 2-MF FAL Furan 1-BOL 2-PONE

(geah*mol ) (%) %) %) (%) (%) (%) Others
3.63 45.0 43.7 35.0 3.9 2.6 1.4 13.4
7.27 83.0 57.1 19.2 45 3.8 1.5 13.9
10.91 90.0 66.6 8.5 4.0 3.9 2.4 14.6

Conversion and selectivitiezbtained at approximately 40 min on strearBQL, 2-PONE, and others
include hydrocarbon2-MTHF, THFA, 1,2PD, :POH, and 2POH.

3.3.3In situ Spectroscopic Experiments

Further characterizatisnof these complexMMOs were carried out to better
understand the electronic environment of the catalyst before reaXB&was utilized to
probe the catalytic surface after reduction; however, due to pyrophoric nature of the
reduced catalyst, a 1 h passivation step at room temperature in \A&s ©onducted prior
to employing the characterizatidechnique. As shown in Figure B.therewasa clear
change in the Co species before and after reduction/passivation of te25€Ee0.75Al
sample. Prior to reaction, the spectrum mimics@alue to the lack of a 3p satellite
peak and the peak maximm of 2p,, at approximately 780.5 e¥/:*948 The emergence of
a shoulder after reduction at approximately at 778 eV, andésemces of a satellite peak,

indicated the reduction of Cs4 to CoO and Cb* With regards to the Fe species, very
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little change wasdicated before and after reduction/passivation, with the peak maximu
around712 eV. This maximum wagcated at higher eV than standard Fe oxides (FeO,
Fex0s, and FeOs), which may further support the strong interaction between Fe and Co,
causingthe Fe spectra to shift as a consequence of the more electronegative C8 oxide.
XPS suggestdthat the Fe oxidepecies hardly reduced or that the passivation had enough
of an impact to bring it close to its original state after initial redudfioast likely the

latter).

To further probe the catalyst structume,situ XAS was used to investigate the
electronic emironment of these materials before and after reduction without the need to
passivate the catalyst. The same catalyst pretreatment conditions were implemented at
ANL, and scans were taken at room temperature to reduce the effect of the\iballgre
factor, a correction for thermal vibration effects! After investigating the Co-kdge
before reduction and matching each spectrum to standards, it was cksi B (Figure
B.6) and EXAFSanalysis that the major species was@p which matches XPS results
(Figure B5). There was no indication of additional spinel structures formed including
CoFeO4 or CoALOs, though there may still be strong interactions betweervdhneus
oxide species. Once the samples were reduced for an hourarctkéar change in theo
species was indicated by the major shift in the white line XANES of each catalyst and the
emergence of a new peak in EXAFS analysis. Near edge analysis idigtenthat the
majority of the Co species were imgetallic state (Table B). EXAFS analysis of the
catalyst posteduction displayed one major feature at the 1st shell, which corresponds to
Co-Co (Fe) sctering peak associated to a FGtucture, simar to that of Co foil and

stable metallic C&? Fitting of each catalyst using Co fai$ a reference was conducted to
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determine the coordination number or-Co (Fe) species, since the magnitude of the peaks
are significantly lower than the foil. The parameters of the fit are given in Bahland

example fits are shown in FiguBe10 andB.11.

---—- 3Co-Al

—-—- 3C0-0.25Fe-0.75Al
4 - = =3Co0-0.5Fe-0.5Al
------ 3Co-0.75Fe-0.25Al
Co Foll

1R A7)

Radial Distance (A)

Figure 3.6 1 Fourier tran sformed EXAFS of Co kedge postreduction at 500 °C.
Scans were taken at room temperature, and the k range displayed is 2.2 A* with a
k weight of k2.

Table 3.37 EXAFS results for the Analysis of Co kedge postreduction?

Sample Shell CN r (R) i tADO0 opB(eVv) R
factor

Co foil® Co-Co 12 2.50+0.01 6.4+04 7.8+0.5 0.008

3Co-Al Co-Co 57+06 2.49x0.01 6.5+0.9 86+1.1 0.015

3C0-0.25Fe0.75Al | Co-Co(Fe) 6.9+0.6 2.49+0.01 6.5+0.7 7.7+0.8 0.007
3Co-0.5Fe0.5Al CoCo(Fe) 7.8x04 249x0.01 6.9+04 7.1+05 0.003

3C0-0.75Fe0.25Al | Co-Co(Fe) 7.1+0.3 2.47x0.01 6.5 73+1.0 0.013

Fjitting parameters: F-aUA"with weightingkrPRBd wrrime r atnrgaen s foukr, m 2r.
2.7-14 A with weighting K. Coordination nmber assigned from standard FC@ structure; & (Co-Co)

= 0.806 de&ermined from Co foil fitting.“The DebyeWaller factor was fixed to the average to keep
consistency with the other samples/model.
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All of the R factors are <0.03, indicating good agreement with the experimental data
and the curve fits. Upon fitting of each spectrum, it became clearthtbet was no
significant contribution of a G@ scattering peak, indicating that the majority if not all the
Co species were reduced to a metallic state. Additionally, even though there were Fe
species most likely intercalated into the Co species, th€dlBe) bond distance was
within error of the metallic standard. This may be due to the high amount of Co in the
sample as well as Co and Fe atomic radius being very similar. The most notable difference
between the standard and the fitted catalysts aftatnient was the clear reduction in
coordination number of each of the samples tested, indicating the formation of particles
and not a bulkike and significantly aggregated metallic structure. Compared to the 3Co
Al catalyst, all of the 3CaxFe-yAl catalyss had a minor increase in coordination number,
which may be due to the reduction of Fe that becomes coordinated with Co or increased
ease of reduction, supported by TPR, causing increased aggregation. Further investigation
of the Fe kedge provided more &lence of a change in the electronic environment after
reduction. The Fourier transformed EXAFS data are displayed in Bgu@nd they show
a significant difference between each 3G yAl catalyst. After reduction, there was

clear increase in the peaeight of the ¥ shell.

Fitting of the Fe EXAFS spectra proved to be more complicated than for the Co
region since the Co-&dge is approximately 600 eV after Fedige. This limits the EXAFS
range of Fe, causing fewer independent variables available for the fitting. Addjtiohall
complexity and potential inhomogeneity of each species in the sample results in an increase
in constraints. XANES anadys of the Fe ledge in Figure B. indicates qualitatively that

there may be a significant presence of FeO for a few sampled) miaig require a F®
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scattering peak within the EXAFS fit. Additionally, fits without the inclusion ofCrFe
proved to be poor for the 3é@b25Fe0.75Al and 3Ce0.5Fe0.5AI samples. Furthermore,
in both 3Ce0.25Fe0.75Al and 3CeD.5Fe0.5Al, the FeFe(Co) paks for metallic Fe were
modelled as a FCC structure while for 3C@5Fe0.25Al the FeFe(Co) peak was

modelled after a BCC crystal structure, similar to that of Fe foil

40
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Figure 3.7 7 Fourier transformed EXAFS of Fe k-edge postreduction at 500 °C.
Scans were taken at room temperature, and the k range displayed is 218.5 A at a
k weight of k2.

This became necessary after attempts at fitting a BCC structure for all catalysts, and
poor fits were obtairgefor the lower Fe loaded samples. Lastly, a qualitative evaluation of
the 29 shell (45 A) shows the emergence of a major peak for-8@&Fe0.25Al that
mimics a BCC structure formation, while the other catalysts still mimic scattering peaks of
the 29 shell associated with FC€ Therefore, for the two lower Fe loading catalysts, a

model where Featom is substituted into the FCC lattice o’@ad FeO scattering path
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was more consisht with the data collected. As a side note AFbonds were neglected
since there was no evidence of alloying of Al species, and there was only existence of an
Al®* oxide structure. Tabl@4 displays the best fit and the structural parameters associated

with each.

Table 3.47 EXAFS results for the analysis of Fe kedge postreduction?

Sample Shell CN r (A) oi tAH0 opEk(eV) R factor

Fe Foif Fefamy 6 285:001 75:11 s52s1a 0004
Fe(lll)acac* FeO 6 1.93+0.01 10.3+0.8 -0.5+1.2 0.012
conmrerrn | oS0 B8 e ar semio oo
consreosn | o0, I4i0 1w 9w smwe oo
3C00.75Fe0.05a] | FeFewe(Co) 5607 244:001 5301 -37%27 o

Fe-Feente(Co) 42+05 282+0.01 7.7%£0.2 -3.7+2.7

Fjitting parameters: 2XdusAltaenmd tR amarf @AQA witfaveightely Ipk2
kZunless stated otherwisE o ur i er t r an s f1® A" with weightmeKk; Coguttinatior2 nurber

assigned from standard BCC’Btructure; & (Fe-Fe) = 0.733 determined from Fe foil fiitty. “Coordination

number assigned from standard Fe (| RRRandg@Ee¢Q)tacet ona
0.721 determined from fittingModelled after COFCC structure where Feeplaces Cbatoms.SManually

optimized Debyewaller factor.Constrained values to correspondingCmo from Co EXAFS fitting since

the model is Fereplacing C8in the lattice.

Analysis of the Fe +edge proved to have a more significant difference than the Co
k-edge for eachatalyst. Even though the majority of the Co species were in metallic form,
the Fe species still maintained some Fe oxide species in the lower Fe loaded samples.
Additionally, through various model tests, EXAFS suggested that the 0.25 and 0.5 Fe
loaded smples contained Repecies that were substituted into the lattice of the FCC Co
This supports the hypothesis of good dispersity of each species resulting from the starting
LDH precursor, and may suggest the formation of a bimetallic particle uponiozduct

the Fe loading increases, EXAFS analysis suggdestBCC structure similar to bulk
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metallic Fe begins to emergeIn regards to the F© scattering path fitted in the two
samples, the bond distance was determined to be approximately 2.00 A, which is lower
than a standard F® in an FeO structure, 2.17 %A.However, for an FeD bond
incorporated into an FefDs matrix the bond distance is approximately 1.95 A, which
suggests that Al influences the-Bebond distance, decreasing the overall average bond

distance®®

Unlike the Co EXAFS analysis, there is a clear trend in which there was an increase
in metatmetal coordination as the amount of Fe increased. This correlated well with TPR,
which indicated that the higher Fe loading materials were easier to reducd. dvezal
increase in metahetal coordination was indicative of aggregation, which could result in
larger particle sizes. This larger particle size and loss in metallic surface area supported the
loss in activity per gram of catalyst for higher Fe loadingemals, as shown in FiguBe3.
Additionally, at the higher Fe loading it may have be possitdethe metallic Fe phases
were beginning to separate from Co due to the formation of a BCC structure. Though
reactivity studiesshowed there was no indicatiafi a change in active sites since the
selectivities do not vary, the loss in activity may be due to the loss in the amount of active
sites due to metal aggregation. The highly dispersed Fe species for each catalyst may just
be providing an electronic effeon the majority metallic Co species present in the catalysts
leading to nasignificant change in selectiyibver different Fe/Al ratios. Lastly, the small
amount of Fe oxide present in the samples with lower Fe loadinghamafacilitated the
adsorpibn of the highly oxygenated compound allowing for an increase in activity per
gram of catalyst, similar to what was observed with a partially reduced Fe species mixed

in a CuFe/SiQ catalyst!? Unfortunately, due to the complexity of these catalysts and the
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highly oxophilic nature after reduction (discussed above with XPS characterization) it
proved difficult to measure the active site density on the catalysteuhsttion, and thus

TOFs are nbreported.

3.4 Conclusion

Co basedVIMOs were derived from the calcination of LDH materials, yielding
porous, thermally stable, ngorecious metal catalysts for the hydrogenolysis of &\2-
MF, a promising biomass derived fuel additive. By utilizing the LBdthesis method, a
well-dispersed solid solution between each oxide domain was formed, which was
supported by the weak/broad diffraction peaks in each XRD pattern. Additionally, the
method allowed for the simple addition of other metal components suEk, aghich
drastically impacted the electronic environment of the catalyst without significant
deviations in physical properties {hysisorption and XRD). An array of cee-Al
catalysts with varying Co:Fe ratios were investigated in a vapor phase #otmeand
prior to reaction the catalysts were redugeditu in an H atmosphere. Through XAS
analysis, it was evident that the reduction parameters conducted allowed for the almost full
reduction of CeO4 for each catalyst, with varying degrees of m&thn for the Fe species.
As the loading of Fe increased, there was an increase in Fe reduction due to the ease of Fe
oxide reduction over AD3z, which may contribute to increased aggregation of metallic
species and a loss in surface area. This was ewddeng reactivity studies, which showed
that the activities for each &ee-Al catalyst followed as such: 0.25Fe > 0.5Fe > 0.75Fe.
Despite differences in activity among the Fe loaded samples, it was evident that the
addition of Fe enhanced both the actiyger gram and selectivity towarddvl- compared

to the 3CeAl catalyst. Furthermore, the 3€b25Fe0.75Al catalyst exhibited high
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selectivities towards-®1F over a range of conversions (7594%). The ability to recycle

these catalysts was shown aftecgahg and rereducing the catalysts. Through this study,

it is evident thaMMOs derived from LDH materials can yield muttietal systems where

there is good interaction between each component, which can produce selective catalysts
for FAL and FUR conversen. Further investigations on various additives into an LDH
matrix may allow for additional tuning to reduce catalyst deactivation or enhance the yield

to 2MF even further.
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CHAPTER 4 REDUCED CU-CO-AL MMO CATALYSTS FOR

THE PRODUCTION OF RENEWABLE DIOLS

This chapterand Appendix Careadapted from the published articgylmonetti, T.
P.; Hu, B. ; Lee, S.; Agrawal, P. K. ; Jones
for the ringopening of furfuryl alcohol to produce renewable didl€S Sustain. Chem.
Eng. 2017, 5, 89598969 with permission from American Chemical $ety. DOI:

10.1021/acssuschemeng.7b01769.

4.1 Introduction

Furanic compounds have become increasingly important substrates in theoeffort t
synthesize commercial chemicals from renewable feedstocks. These molecules can be
derived from second generation lignocellulosic biomass, an abundant and inedible part of
biomass, creating an alternate route to the synthesis of products commonly made fro
petroleun?® Common furanic substrates incluB®R and FAL, both of which can be
catalytically conveted into a variety of fuel additives, solvents, and polymer precutSors.
Most notably, FAL can be converted intgs-PD through a variety of pathwaywhich
shows promise in facilitating the synthesis of renewable poly(ester)s and poly(urethane)s
using biomas§.Significant upstream invéigations have been conducted to demonstrate
the viability of converting raw or processed lignocellulose to furaniéshowever, the
study of ringopening of FUR and FAL to 1;BD isrelatively unexplored and a majority

of studied catalysts utilize precious metalg??
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A variety of catalysts based on métadomains typically supported on an inert
material have been widely studied in the literature for furanic conversion both in vapor
phase and liquid phase; however, these catalysts tend to have limitations, either in activity,
selectivity, or botl?:?2 Due to wide variety of pathways through which FAL and FUR can
be catalytically converted, it is crucial to develop catalysts that can selectively steer the
conversion towards the target compound. Tas led to the emergence of nwntetal
systems for furanic conversion, ultimately creating bifunctional and/or bimetallic catalysts
for selective reactions. Initial work on furanic ringening has been indemmntly
conducted by Dumesic and Tomishige, who demonstrated the selective conversion of
THFA to 1,5PD at high yields by utilizing bifunctional catalysfs2 These bifunctional
catalysts included RReQ,,*?> Ri-MoOy, 2220 Ir-ReQ,,*32%24Ir-MoOx/SiOz,2° Rh-Ir-Re Q8
and Pdir-ReQ!® supported on relatively inert materials such as;%i@ C, which have
beenable to achieve >90% yields in liquid phase batch reactions at high hydrogen
pressures, ~120 °C, and with water as a solvent. Although there are differences in the
proposed reaction pathways and mechanisms, in general, these catalysts create a
bifunctiond system where the oxophilic metal (Re or Mo) facilitates-opgning and the
metallic species (Ir, Rh, or Pd) facilitate hydrogenafioithis pioneering work has
inspired attempts at creating similar bifunctional systems such-¥©lr but these

catalysts stilcontinue to contain expensive arage metals’

Additional studies have investigated the rimgening of other cyclic ethers not
including FUR, FAL and THFA. For example the conversion chyiroxymethy
tetrehydropyran to 1,éexandiol has beasbserved over RhRef€and RAReQ/C.1° The

work conducted by Dumesic, et al. with {ReQJ/C also included the ringpening of 2
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methyltetrahydropyran, tetrahydropyran, anenéthyltetrahydrofuraf® Furthermore,
HREELSwas utilized to study the ringpening of 2(5H¥uranone on Pd(11Bnd Pt(111)

single cyrstalg! Lastly, a recent study targeting the production offieBtanediol reported

the tautomerizatiomnd subsequent ringpening of furfural through a three step process
containing Ni and AJOs catalystst! Although ths process requires a few additional steps,

it was determined through economic analysis that the process can be carried out at lower

cost due to the use of more economical catalysts.

The work above suggests the general utility of mmkital systems in cating
bifunctional catalysts for the selective ringening of furanics to produce diol products.
Consequently, there have recently been several promising investigations in the utilization
of bifunctional catalysts through the reductioMi¥1Os or metallicparticles supported on
active oxide supports. A variety of catalysts have been attempted including reduced Ni
Co-Al MMO,%® Cu/AlOs3® Cu-Mg-Al MMO,* Pt/CoAkO4?° Pt/MgO-Al,03,1®
Ru/MnQy,° Co/TiOz,%' and Ru/AbOs*? all of which produced ringpening products.
Thesestudies were conducted in the liquid phase under hydrogen pressure, typically with
an alcohol solvent and temperatures above 100 °C. With these types of catalysts, it has
been proposed that the active Fimgening species is FAL not THFA in the converdion
1,5-PD, which is unique compared to theReQ studies mentioned abo%&The proposed
mechanism is that the oxide species in the catalysts facilitate adsorption in a tilted
conformation for the saturated furanic, which rojgens and subsequently hydrogenates
through the metallic specié$.Unfortunately, a majority of these catalysts utilize an
expensive metal and/or halmv yields towards 15D and higher yields towards2-PD,

a less desired product. Additionally, from the abowntioned literature, few
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spectroscopic experiments have been conducted to help understand the nature of the

bifunctional surface domains.

Corsequently, in this study, ngprecious MMO catalsts were investigated for the
liquid phase ringoppening of FAL to increase ringpening yields and create a better
understanding of the nature of the structural domains in these complex materials. In our
prior work, MMO materials have been shown to be a promising catalyst feeléive
conversion of FURFAL to other products, specifically-KF or THFA, excluding diol
formation®3**Reduction of the MMO catalysts was crucial in creating the bifunctionalities
(metallic and oxide domains), and after different reduction procedures, we sought to
determine the electronic eneitrment of these compositionally complex catalysts. In this
work, along with reactivity studiesXAS and XPS experiments were conducted to
determine how the catalysts behaved under various reduction conditions. The collected
results help further the undeastling of how the electronic environment of these complex
systems effect the conversionFAL to ring-saturation and ringpening products, while

using more economically viable metals than most of the studies described above.

4.2 Experimental Section

4.2.1 Materials and Chemicals

Furfural (99% purity, ACS Grade) and furfuryl alcohol (98% purity) were purchased
from Sigma Aldrich, vacuum distilled, and then stored in inert atmosphere before using in

reactions. Co(Ng)26H20 (99% purity), NaCGOs (99.5% purity) ethanol (ACS Grade,
99.5%), and dodecane (99% purity) were purchased from Sigma Aldrich. GBI@O,

and AI(NG;)3*9H20 were all purchased from Alfa Aesar (98%2%). NaOH (97% purity)
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was purchased from EMD. Lastly, all other chemicals were used as is without any further

purification.

4.2.2 Catalysts Synthesis

Cu-Co-Al mixed metal oxides with varying target Co:Cu ratios of 29:1, 11:1, and 5:1
((Co+Cu)/Al) always kept at 0.25) were prepanedhe following manner, similar to prior
LDH syntheseswith minor modifications®*°> Additionally, a catalyst with a 4:1 Co:Cu
ratio and higher Al content (0.5€210CcAl) was prepared to investigate a composition
with lower amounts of reducible metals in the system. A 0.6 M metal nitrate solution,
Sdution A, with corresponding metal cations ratios above, and a 1.0 M NaOH solution,
Solution B, were created. A 0.3 M solution of28&s (in molarexcess), Solution C, was
placed in a flabottom flask, and using a peristaltic pump Solution A and Sol@imere
added dropwise into Solution C at approximately 5 mL/min under vigorous stirring, room
temperature, and Nbubbling. The pH was maintained at 10 by adjusting Solution B
flowrate. The pump was shut off once Solution A ran out, and the solution aizsl e
60 °C, and maintained under vigorous stirring anddbbling for 24 h. Once complete,
the final solution was filtered and washed until the filtered solution had a pH of ~7 (about
1.5 L of DI water) to obtain the LDH precipitant. The recovereddsetas dried under
vacuum overnight. To create tMMO, the dried LDH material was calcined at 400 °C

with 50 mL/min flow of air with a ramp rate of 10 °C/min and held for 4 h.
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4.2 .3 Reaction Studies

Liquid phase batch reactions were performed in a 160 mLlesairsteel Parr
autoclave with a Teflon liner. The catalysts were reduseter 60 mL/min H (Airgas,
UHP) to 40@C (unless stated otherwise) with a ramp rate°@frdin, then subsequently
held for 1 h. Once the reduction was completed, the bed was aouded H to room
temperature, where 1% MIl> was passed over the catalyst for 1 h. This passivation step
was conducted due to the pyrophoric nature of the catalyst after reduction. For a typical
reaction, the catalyst was then charged in the Parr autaeitv@5 mL of solvent, purged
with N2, then purged with kb times. A second reduction step occurred whergmaeés$sure
of 500 psi was achieved, and the reactor was heated to 180 °C (approximately 45 min).
Once 180 °C was achieved the reactor was imrnadgiaooled down to room temperature.
At room temperature, typically 0.5 g of furfuryl alcohol, ~ 0.125 g of dodecane (internal
standard), and 25 mL of solvent were added into the reactor. The reactor was purged 5
times with N and heated to reaction tenngire under Bto avoid reactions during heat
up. Once the reaction temperature (typically 140 °C) was achieved, the reactor was purged
5 times with H, and stirrer was turned to 800 RPM, which was determined to be free of
external mass transfer limitatis. As a general note, there was typically a 5 min period
until the reactor temperature equilibrated at desired value. Samples were obtained through
a sampling port, and less than 300 pL were acquired for each sample to minimize reaction
volume loss. Thelmuots were filtered and analyzed through an Agilent 7890A GC fitted
with an auto sampler. Selectivity and conversion were determined by the internal standard

method, and all carbon balances closed within 5%. Additionally, the catalysts that were
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tested pstreduction were dried and stored under vacuum until further characterization to

avoid oxygen exposure.

4.2 .4 Characterization

4.2.4.1N, Physisorption, Chemisorption, XRD, and ICP

Nitrogen physisorption was performed in a Micromeritics Tristar HLA6°C after
the samples were pretreated for 12 h under vacuum at approximately 20@PRC.
experiments were performed in a Micromeritics AutoChem 11 2920. For each experiment,
approximately 50 mg of sample was placed on a small bed of quartz wool in a quartz U
tube. Fist, the MMO was pretreated in 20 mL/min of He (Airgas, UHP) at@@6r 2 h,
and then the sample was cooled to°60Finally, 20 mL/min of 10% klbalance Ar was
flown through the ttube, and the sample was heated to €@t 5°C/min. The outlet gas
passed through a liquid acetone/nitrogen trap, armbhsumption was recorded by &D.
To investigate the composition, the MMO materials were dissolved in dilpB&H
solution heated at 120 °C, and elemental analysis was done at the Georgia Tech lRenewab
Bioproducts Institute utilizingCP-OESa PerkinElmer OPTIMA 7300 D\WRowder Xray
diffraction patterns ranging from 5°9 0 A (2 d A) were <col-pegct ed

di ffractometer using Cu KU radiation.

4.2.4.2Spectroscopic Experiments

XPS analysis was alected using Thermo HAlpha spectrometer employing
monochromatic Al KU radiation, and the pr

approximately 1x10 Torr. The samples were placed on carbon tape to mitigate charging
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effects during testing. The bindj energies (BE) of all elements were tuned to the carbon
tape (284.8 eV) with an uncertainty of + 0.2 eV. The samples that were tested in the through
XPS were pretreated like the above steps before reaction. To avoid any oxygen exposure,

the samples wenglaced under vacuum before loading into the XPS.

XAS was conducted at the AR@amline 12BM in ANL. The data was obtained in
transmission mode at the Cud€fige (8988 eV) in the range of 879930 eV, andhe Co
K-edge (7712 eV) in the range of 758965 &/, both with spot size of 0.5mm x 1.2mm.

To perform the catalyst pretreatment before XAS, the catalyst sample was diluted and
ground with boron nitride (8:L BN:catal.), and then ~8 mg of this mixture was loaded and
pressed into a 0 HKiplexssamplascoutd be pbesshdointodtiee moldérmu
This holder was then placed into a quartz tube with Kapton windows at each end to allow
X-rays to pass through, and a gas line was attached to the tube. A scan was collected pre
reduction at room temperatur Next the catalyst was heated to various reduction
temperatures at°6/min and held for 1 h all while under a 60 mL/min flow of pure H
After the reduction was complete, the samples were cooled dows enH scans were
collected at room temperatureTR Finally, the samples were passivated in 19b&ance

in N2 for 1 h at RT and subsequently analyzed. This pretreatment step mimicked the high
temperature pretreatment step conducted in the flow reactor along with passivation. The
XAS data were processeand analyzed with Athena software including background
removal, edgetep normalization, and Fourier transform. Co foil, Cu foil, and Co(lll)
acetylacetonate (Co(lll) acac) were used as standardscattdring paths were calculated
using FEFF88 Artemis software was utilizeaffit the Fourier transformed EXAFS data

with a model.



4.3 Results and Discussion

4.3.1 Physical Characterization

A variety of LDH materials were synthesized as precursor materials tdNi@s
utilized in the reactions. These materials consisted of 2+ and 3+catitals (Cé*, Co",
and AP*) in an octahedral configuration bonded to hydroxides that form-tikedayers.
The charge imbalance due to the mixture of cations was counterbalanced by an organic
anion (CQ? in this investigation) and #D. The synthesiwas conducted through a-co
precipitation method at a controlled pH, which typically allowed for increased dispersion
among each metal cation, and minimizing metal clustering. Calcination of LDH materials
at high temperatures under air yielded porous MNIRe calcination removed the water,
COs?, and hydroxides, creating pockets within the layered structure, which enhanced the
surface area compared to tieH structure3®3’ Additionally, the dispersity of each metal
oxide species can remain, and the high temperature calcination increased the thermal
stability of the material. MMOs derived frobDHSs display promising textural properties

that increase their potential as catalyst materials in biomass conversion.

As mentioned in the introduction, €Lo-Al materials with high Co fractions were
studied for the ringppening of furanics. The physigaioperties of each catalyst are shown

in Table4.1 and Figuret.1.
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Table 4.17 Physical properties of multiple Co and/or Cu basedMOs.

Elemental Cu:Co
) ] BET Surface  Pore Volume Average Pore
Catalyst analysis (Normalized )
Area (m?/g) (cmd/g) Diameter (nm)
(Cu:Co:Al) by Cu)
3CoAl 0.0:2.94:1.0 - 129 0.35 11.0
0.1Cu-2.9CoAl 0.11:2.83:1.0 1:25.7 138 0.46 14.1
0.25Cu-2.75CGAl 0.26:2.62:1.0 1:10.5 146 0.39 12.8
0.5Cu-2.5CoAl 0.51:2.45:1.0 1:4.8 140 0.58 17.6
0.5Cu-2.0CoAl 0.44:1.82:1.0 1:4.1 130 0.37 14.1

It was observed by Nohysisorption that each MMO material had similar porosity
and also displayed a hysteresis beginning at high relative pressures (~),8vRi¢h
indicated the formation ofmesoporosity® The surface areas of all five catalysts were
between 125 ffg i 150 m?/g, the similarity of which minimized surface area effects
between each catalyst during reaction screening. Additionally, ICP analysis indicated the
metal ratios closely matched that of the target ratios. For consistency and ease in the

nomenclature, theatalysts were labeled with their target ratios throughout the manuscript.
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Figure 4.1 i N2 physisorption isotherms of each catalyst synthesized and were
conducted after calcination and before reduction. The data for each plot were offset
for clarity

4.3.2 ReactionAnalysis

For the initial reaction tests, a reduction of 400 °C was conducted, amama ro
temperature passivation pastuction was done due to the pyrophoric nature in air. After
reduction and passivation, the catalysts were charged into the reactor;raddoed to
180 °C to provide a common set of pretreatment conditions, as expldioed. & he

variation in conditions tested is displayed below in Tdlfle
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Table 4.27 FAL batch reactions conducted over various XCtyCo-Al catalysts*

Entr Catalyst  Solvent  'EMP- Pressure Conv. 1,5PD THFA 1,2.PD Others
y Y (°C) (MPa) (%) (%) %) (%) (%)

1 3CoAl EtOH 140 4 10.3 30.6 39.4 9.1 20.9
0.1Cu

2 2 9COAl EtOH 140 4 415 40.4 24.9 185 16.2
0.25Cu

3 »7eeon  EtOH 140 4 66.8 36.6 29.7 14.4 19.3
0.5Cu

4 > ECOAl EtOH 140 4 53.0 33.2 31.1 13.3 22.4
0.5Cu

5 Y EtOH 140 4 16.1 30.4 29.6 222 17.8
0.25Cu

6 »reeon  2POH 140 4 55.3 33.6 28.4 16.3 21.7
0.25Cu 10%

7 2 75CoAl H,0 140 4 47.5 37.7 38.3 10.9 13.1
0.25Cu

8 »7eeon  EtOH 120 4 37.0 26.6 54.0 8.9 10.5
0.25Cu

9 »7eeon  EtOH 160 4 98.8 41.6 15.0 16.1 27.3
0.25Cu

10 »7eeon  EtOH 140 3 54.6 37.7 23.7 15.9 22.7
0.25Cu

11 »7eeon  EtOH 140 5 82.4 37.6 32.1 13.9 16.4

aReaction conditions are presented in the table along with conversion and selectivity.
Reaction time was 2 h. Moraletailed selectivty breakdown located in Table C1.

After conducting batch reaction experiments on catalysts with differe@datios
it was determined that 0.25€u75CoAl had the highest activity per gram catalyst and
productivity towards 1,8°D after a 2 h reaction time. Though not the same catalyst and
ratio, a similar optimal metdl metal ratio was also observed with-Gio-Al MMO at a
lower Ni:Co ratio for the ringppening of HMF to 1,2 &exanetriof® To identify the active
ring-opening species, THFA was chosen as a substrate. THFA was tested with the 0.25Cu
2.75C0Al catalyst at an elevated temperature (160 °C) and 4 MPa,oard almost
negligible conversion was observed after 2 h (~1%). @himonstrates that THFA was
essentially inactive for ringpening with this class of catalysts, unlikeReQ and other

similar bifunctional catalysts employingrecious metal&®17*%4° This finding was
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consistent with pathways proposing that FAL, an unsaturated cyclic ether, has a higher

prevalence of ringppening and is thermodynamicaityorefavorable than THFA>28:4142

Interestingly, when a small amount of Cu was added into th&lGuaatrix, there was
a significant increase in activity and yielowards 1,5°D. When a few catalysts were
compared at similar conversion (above 95%) and 160 °C (T@lg there was no
significant difference in selectivity beter 3CoAl and 0.1Cu2.9CcAl, but a notable
difference in activity was evident. Consequenthe addition of a small amount of Cu may
have primarily facilitated reduction and an increase in metallic sites, while doing little to
change the adsorption conformation and reaction selectivity. In regards to the 0.1Cu
2.9CoAl at high conversion, a \ié of 44% towards 1D (62% total diols), which is
the highest reported yield towards -BB using nosprecious metabased catalysfS
Lastly, the sample with the highest Al/(Cu+Co) ratio displayed a significantly lower
activity than all the other catalysts, which suggested that an exces®©efrAlhe material

may create fewer or perhaps less accessiblallic species for hydrogenation.

Next, acouple other solvents were chosen for investigation including isopropyl
alcohol and 10 vol% O in ethanol. There was not a significant difference in the reaction
results between isopropyl alcohol and ethanadt p small decrease in activity with the
former solvent. However, when 10 vol%® was added with ethanol, there was a much
more significant decrease in activity as well as an increase in THFA selectivity. This result
contrasts prior studies utilizing &fent bifunctional catalysts where® was used as a
solvent and/or was demonstratecenhance activity®?%3°One study even demonstrated
that HO enhanced the productivity towards -PR over a Pt/CePcatalyst?® One

hypothesis for the drop in activity was the highly oxophilic nature of the catalysts after
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reduction. It may be that a small amount @DHaused oxidation of the surface metallic
species, rendering the solid a less active catalyst (fewer mesitks) over time.
Additionally, some LDH based MMOs can revert back to their LDH structures when
exposed to kD or steam, which may have occurred during the reat&ibhis reversibility

effect may cause a loss in surface area or hydroxyl species formation, both of which could

lead to lower activity.

Other conditions including temperature variation and presauration were tested
to determine if these variables had a major effect on theopeging. As anticipated, as
the temperature or pressure was decreased, a decrease in conversion was observed, and as
temperature or pressure was increased, the oppesitérhe. In regards to temperature, at
120 °C, a significant increase in selectivity was observed for THFA, which suggested that
ring-opening has a higher activation barrier than ring saturation, whether it be towards 1,2
PD or 1,5PD production. In condst, there was a decrease in THFA production at 160 °C,
but with only a slight increase in rirgpening selectivity. This may be due to the large
increase in other products includingviF, 1-POH, 2-POH Regardingpressure variation,

little difference wa®bserved in selectivity, although activity increased at higher pressure.

It was recognized that reduction temperature plays a role in the activity of the
catalysts. Multiple reduction temperatures were evaluated, and specific rates and
productivities of tle catalysts were determined at low conversion (below 30%). The
catalyst reduction at different temperatures was carried out in a gas phase flow reactor, and
an ultimate temperature of 300 °C, 400 °C, and 500 °C was chosen, with a hold for 1 h.
Besides thdinal reduction temperature changes, the other pretreatment steps were carried

out in the standard manner. When each of these reduction temperatures was evaluated,
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significant changes in activity were observed, as shown in Bahld@he key data include
gpecific rates at low conversions (< 30%) and the productivity towardsP,5
Interestingly, the reaction rate after reduction at 300 °C was half as much as the rate at 400
°C, while the rate began to level off at 500 °C. Generally, increased reductioer&dune
generates more metallic species, as indicated by TPR (Hdyrend could result in an

increase in particle size of the metallic species, both of which affect the reactivity.

Table 4.3 7 Kinetic analysis of the 0.25Ct2.75CoAl catalyst prepared using various
reduction temperatures during the F! pretreatment step

Reduction Specific Rate Productivity 1 5pp
Temperature (UMol*gcar *min 1) (UMol*gcar *min 1)
300 °C 870 = 250 290 + 110
400 °C 1880 £ 40 500 £ 50
500 °C 1690 + 240 490 =70

Further evaluation of the rirgpening pathways was conducted utilizing FUR as
the substrate to track how the series reaction progresses starting from the more saturated
furanic compound. After conductindiguid phase batch reaction with FUR as a substrate
overthe 0.25Ct2.75C@gAl catalyst, the rates of the seriddgdrogenation reactiortould
bequalitatively observe@Figure4.2). Within 15 minutes, FUR was almost fully converted
to FAL, and FAL wadully converted within ~500 min. It was clear that the rates of FAL
conversion to THFA and/or diols were slower than the aldehyde hydrogenation (FUR to
FAL), which further supported the proposed pathway whereby FAL was the intermediate

to the diol productgexemplified inFigure 42)
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Figure 4.27 Conversion of FUR over 0.25Ct2.75CoAl at 140 °C and 4 MPa of b

Ultimately, a yield of 1,5°D of about 33% was achieved when FUR was utilized as
the substratayhich was slightly lower than when FAL was utilized (38% yield). This very
small decrease in yield may be due to small changes in substrate coverage or surface
property changes when the aldehyde was introduced as the substrate. However, this
approach prodes a possible route to obtain diol products from the fully unsaturated
furanic (FUR) in one pot without the need for expensive catalyst modifications (le. Pd
ReQ/Si0,).1® Further experiments probing various side reactions inptitaway were
conducted (Table @), and it was observed that the unsaturated compounds could further
ring-open to their respective alcohols. Tpethways displagd in Sheme 1 are consistent
with the hypothesis that these catalysts do not convert the fulhsangated compounds

into ring-opened products under the conditions empldyed.
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Figure 4.3 7 Proposed reaction pathways for the conversion ofUR to the ring-
opening products and ring saturated product.

4.3.3 XRD and TPR Experiments

To supplement the reaction data, a variety of characterization techniques before and
after reduction were conducted. The XRD pattemBigure 4.4 of the MMO materials
showed very few features compared to the patterns ohitedcingl samples. After drying
the LDH, the XRD patterns of these precurstaterials displayed (Figure §.4 few sharp
crystalline peaks associated with the layered structure indreaion; however, after a
high temperature treatment the layersdiee distorted, creating a more amorphous MMO.

The lack of sharp crystalline peaks in the patterns of the calcined MMOs suggested that a
dispersed and amorphous material was formed. The only visible feature was a short, broad
peak at approximately 37°, wdii matches well with G@®4 species, the major species in

each catalyst. The broadness of the peaks and lack of sharp individual domains suggested

a welkdispersed MMG@. Potentially a soliesolution was created with small domain sizes
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of Cas04,CuO, and AlOs, which would increase the probability of each species interacting

closely with each othéef.

| O.5Cu-ﬁ.OCo-AI
‘ 0 SCU- 5Co-Al

3 0.25Cy-2.75C0o-Al
g 0.1Cu-2.9Co-Al
3Co-Al

i

10 20 30 40 50 60 70 80 90
Angle (20°)

Figure 4.41 Powder XRD patterns of each xCeyCo-Al catalyst synthesized and were
conducted after calcination and before reduction.
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Figure 457 TPR profile of each MMO material utilized in this study.



The MMO catalysts undergo a pretreatment to reduce some or all the oxides into
metallic species, which were needed to dissociate B&fore reaction tests above were
conducted, TPR was perfomed by flowing 10% kK (balance Ar) at increasing
temperatures. The relation between theshsumption versus temperature allowed for the
evaluation of the bulk reduction properties of eachqgatalyst. The most qualitative
difference in the TPR profilesas for 3CeAl relative to the rest of the samples. Even a
small addition of Cu significantly reduced the temperature where the initial uptake of H
took place. Furthermore, there was an emergence of a sharper peak between2BD °C
°C, which indicatedhe significant impact Cu had on the reduction of the catalysts. Cu
oxide has a higher propensity to reduce, which may result in a hydrogen spillover effect,
easing the reduction of Co, similar to what has been observed in other mmetéil
systemg*#°In all cases, there were two distinct reduction regions: low temperature, 150
°C- 250 °C (150 °@ 325 °C for 3CeAl) and high temperature, 250 TG00 °C (400 °C
T 750 °C for 3CeAl). From prior literature and speoBcopic experiments that will be
explained in more detail later, it was deduced that the main species after calcination were
CuO, CaOs, and AbO3.334446Although there was no evidem¢hrough XRD, due to the
high dispersity, it may be possible for the formation of small domains of spinal structures
such as CuAlDs, CuCoeOs and/or CoAl0.*%4 From this knowldge, the low
temperature peak can be assigned to the reductions@f;@m CoO and/or CuO to Cu
Then the broader high temperature peak would be associated with CoO reducifig to Co
and/or highly integrated Cu/Co oxide species reducing to the metalkc $ta¢ broad
profile of the high temperature peak suggested two possibilities: (i) small amounts of spinal

structures, which were more difficult to reduce, and/or (ii) the increased metal dispersion
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created small metal domains, which were haioleeduce’®*°In general, as the Cu content
increased there was a shift towards lower reduction temperatures and an increase in

broadening of thesipeak.

A second TPR mfile (Figure C2) was conducted on the catalysts after reduction
and passivation. It was thought that passivation would result in oxidation of only surface
species, which could then beneduced in Hat slightly lower temperatures in the batch
reactorbefore starting the reaction. The obtained TPRilpsoof the MMO materials post
passivation showed Hiptake starting below 150 °C, which was in the same range as the
tested reaction temperature (140 °C). Based on the observed reduction behavior, the
catalysts were reeduced in the batch reactor at 180 °C in a solution of ethanol to provide
all the catasts with a common reduction experience before reaction: the bulk of the
reduction completed at high temperatures in a flow reactor, and a final, low temperature
reduction in situ. More explanation of therexluction TPR profiles is provided in the

supplenental information.

4.3.4 Spectroscopic Experiments

To further the understanding of the structure of these complex MMO materials,
beyond XRD and TPR, various spectroscopic experiments were conducted to provide more
insight into the electronic environment of tbetalysts. XAS was investigated at Argonne
National Lab (ANL) after various pretreatment conditions, including reduction at various
temperatures and pegassivation in 1% & Due to the difficulty conducting pressurized
batch reactions at ANL, the catatg were not treated by the second reduction pretreatment

on the beamline. Additionally, the high Co:Cu ratios made it extremely difficult to ascertain
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guality Cu scans due to the significant energy absorption from Co species. This coupled
with low Cu loadhgs resulted in a small edge step and low signal: noise ratio, with only
gualitative information ascertained. The reader can refer to the supplemental information
for the neatedge spectra of Cu, and a more detailed description of the spectra. Although it
was difficult to ascertain quantitative Cu analysis XA&ES data (Figure C.17 and 18)
suggested that the Cu species may have been in a@uskate prior to reduction due to

its higher edge energy, and after reduction at various temperatures ewess gppeared

to be Cd. This further supports the hypothesized high dispersion of Cu oxide species

among the other metal oxides in the system.

Analyzing the Co species embedded in the catalysts through XANES helped gain
information about the electronitrgcture of Co after reduction and passivation. A variety
of standards were scanned under ambient conditions, which were then utilized to fit the
spectrum of the 0.25GR.75CoAl sample after various pretreatment steps, as shown in
Figure4.6. Before redution, the Co species mimicked €, which is a spinal structure
with 2+ and 3+ Co species that are tetrahedrally and octahedrally coordinated, respectively.
After pretreatment in pure &t any temperature tested (300i°600 °C), there was clear

shift in the edge energy, indicating reduction of the@do either a 2+ or metallic state.
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Figure 4.67 XANES spectra of Co kedge of known standards and the 0.25CGR.75Co

Al catalyst after Hz pretreatment at 300 °C, 400 °C, and 500 °C, and subsequent
passivation for 1 h in 1% /No.

As anticipated, as the reduction temperature decreased, there was a clear increase in
the white line intensity, indicating a less reduced Co species. Linear combination fitting
wasutilized to qualitatively discern the electronic state of the catalysts after reduction and
passivation. After fitting (Figurd.6), it was suggested that no 40 species remained in
the catalysts after reduction, and the combinatioty CoO, and CoAl, (Cc**) gave the
best fitted results. It was interesting that XANES suggested the formation of adzoAl
type species after reduction while there was no indication of these species prior to
reduction; however=XAFS analysis and TPR profiles suggested possibility of high
Co-O-Al interactions, which would be consistent with Ce®@d domains. This may be a
result of fewer C#& atoms interacting with At before reaction, since the majority of Co

species present in @d. are octahedral G6. However, oncentroduced to H at low
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temperatures, the €ospecies begin to form € which increases the probability of a
cobalt aluminate species forming, especially given the high dispersion of the metal oxides
in the overall matrix. The high dispersity and low-@4 loading suggested that the
CoAl204 species that do form had small domain sizes and may not equate to a bulk

aluminate material.
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Figure 4.7 i XANES linear combinations of the 0.25Ce2.75CcAl material after
various pretreatment conditions.

Clearly, as the reduction temperature increased the number of metallic species
increased, more than doubling between 300 °C and 400 °C. Interestingly, formation of
CoAl>O4 species seemed to sharply decrease at 50hich may have been due to a
higher degree of sintering among Co atoms reducing the amount©@fATanteractions.

This was evident through extended EXAFS fitting at each reduction temperature, the

results of which are displayed in Tabklel. As mentiond previously, this analysis was
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done on scans conducted at room temperature to avoid adjusting the\Walbgefactor,

a variable that is a function of thermal disorder. From the XANES analysis, it was clear
that CeO and CeCo (Cu) scattering should beciuded in the fitting to achieve the best

fit.

Table 4.4 7 EXAFS fitting of the 0.25Cu-2.75CaAl material after pretreatment at
various reduction temperatures and a passivation stép

Sample Shell CNe r(A)¢ i tADD opk(eV) R factor

Co Foil° Co-Co 12 2.50+£0.01 6.4+£04 7.8+0.5 0.008
Co(lll) acac CoO 6 1.88 1.8+1.1 -3.5+0.6 0.013

300 °C CoO 3.2+£04 2.07 £0.01 55+£1.8 0.8+£1.2 0.010

Co-Co(Cu) 25+x0.7 250+0.01 85+23 0.8+1.2

400 °C CoO 24+04 202+0.01 8.6+28 -1.6+0.9 0.003

Co-Co(Cu) 3503 249+0.01 6.3+0.7 -1.6+0.9

500 °C CoO 14+04 201+002 6.3+43 -3.7+x1.0 0.007

Co-Co(Cu) 49+05 250+0.01 6.7+0.8 -3.7+1.0

aFjtting parameters: Fourier transform rangk, 2.412.5 A with weighting K. °Fourier transform range,
nk, 2.7-14 At with weighting R. The Rspace that was fit was 135A. Coordination number assigned from
standard HCP Costructure; & (Co-Co) = 0.78 determined from Co foil fitting an@?§Co-O) = 0.69

determined from Co(lll) acaéCoordination numbefBond distance$DebyeWaller Factor{Edge energy
difference.

The results indicated there was an increase in the metali@dd&u)coordination
number as the reduction temperature increased, which aligned well with the XANES
analysis. The rise in the coordination number could have indicated larger metallic particles
due to sintering of the Co and/or agglomeration with Cu atoms. Tdrdination number
for the metallic species was much smaller than that of bulk metallic Co, indicating that

metallic nanoparticles were forming, which may be due to th#€sAhcting as a
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binder/support oxide wellispersed throughout the matrix. However rtipke size
determination was challenging using TEM (due to low contrast between the oxide and
metallic phases) or through chemisorption, making particle size validation by a
complimentary technique unavailable. Another indication of strong Al interaatas
demonstrated by the average bond distance e®Cwhich was found to be lower than
CoO (2.13 Ain all cases® The CeO bond distance in bulk CoADs is lower than CoO

at 1.94 A, which suggested an influence of Al on the oxide matrix, afidsfecies may

be in a mix of tetrahedral and octahea@drdination environmenit As expected, the Go

Co bond distance did not stray away from that in bulk metallic Co because of the large

amounts of Co and similar atomic sizes of Co and Cu.

To further understand thetca | yst 6 s behavior after the
employed, XPS was utilized to analyze the surface species. While XAS is a bulk technique,
XPS can allow for a better understanding of the electronic environment within a few
nanometerf the surfacé? Addi t i onal | vy, XPS could help
state. Lastly, the catalysts were pretreated through both reduction steps before being
introduced to the spectrometer, which allowed for a better understanding the role of each

pretreatment step conducted prior to reaction.
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Figure 4.87 Co 2p XPS spectra of the 0.25G2.75CcAl material after reduction in
the flow reactor at various temperatures, passivation, and reeduction in the batch

reactor to 180 °C and 500 psi of Kl A) No Reduction; b) 300 °C reduction; c) 400 °C
reduction; d) 500 °C reduction

It was evident from XPS that the major metal species, Co, displayed a shift and
broadening of the 2p peak (775783 eV) after reduction at any temperature. Upon
reduction, there was the evolution of a satellite peak at ~786 eV and deshaiubout
778 eV, which were associated to the formation of*@md C8, respectively3>* The
initial oxide material in Figurd.8a mimicked a standard @G04 material due to its 2p
peak located at ~780 eV and the lack of a major satellite peak located aroundi78%0eV
eV. This correlated well with XAS findgs prior to reduction, which indicated that the
major component was @0a. A clear trend was observed in regards to the shoulder located
at 778 eV. As the reduction temperature increased, so did the intensity of the shoulder,

which indicated an increasa the amount of metallic Co on the surface and further
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corroborated the XANES analysis. It was clear that the second reduction step played a role
in increasing the number of metallic sites on the surface, which can be discerned
gualitatively through the greased shoulder intensity at 778 eV when comparing similar
reduction temperature@igure 4.8versusCJ5). This provided evidence that MMO
materials after the first reductive pretreatment step could undergo surface alterations during
reaction, which coulchave affected the reaction kinetics. Consequently, this finding

furthered the decision in this study teregluce the catalysts in situ prior to reaction.

The Xray photoelectron spectra can be analyzed quantitatively through
deconvolution to obtain pesotages specific to Co oxidation states on the surface. A
distinction between CoO and Ce@lL4 was not included in the fitting to simplfy the
deconvolution and the two species were lumped and designatedr@e results in Table
45 do complement the quttive observations; however, interestingly, the percentage of
metallic species on the surface was significantly less than the bulk species determined by
XANES, even after the additional reduction. This suggested that the passivation step
effectively coatd the surface and potentially subsurface (range of ~10 nm), creating a
barrier over the bulk metallic species. In general, XPS and XAS provided evidence that
there were two types of Co species {Cand C@) located on the surface and the bulk

during readbn, which could create a bifunctional catalyst active for-opgning.
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Table 457 Quantitative XPS analysis of Co species from various spectra displayed
in Figure 4.8,

Sample Co Co?*

300 °C 1.8% 98.2%
400 °C 7.2 % 92.8 %
500 °C 14.2 % 85.8 %

*Values obtained by the peak areas frorg2p
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Figure 4971 Cu 2p XP spectra of the 0.25Ct2.75CcAl material after reduction in
the flow reactor at various temperatures, passivation, and reeduction in the batch
reactor to 180 °C and 500 psi of K A) No reduction; b) 300 °C reduction; c) 400 °C
reduction; d) 500 °C reduction



Additionally, XPS could help understand the electronic environment of Cu, even
though it was present at a low weight loading. Similar reduction conditions were employed
as for the samples in Figu4eB, and the Cu 2p binding energy regiorsvemalyzed (Figure
4.9). The sample prior to reduction mimicked a?Celectronic state, based on they2p
peak centered at 934 eV and the strong satellite peak centedéd av>*°° After the
reduction pretreatments were conducted, there was a major shift to lower binding energy
to approximately 932.5 eV, which was indicative of a metalli€ @O species. It was
difficult to discern between CGand CuO in the 2p binding energy region, and due to the
low Cu loadings, the LMM auger peak was undetectable; however, XANES analysis
suggested that mainly €was present (Figure ©8 and TableC.7). This made it more
likely the change in XPS was due to the formation of @ith very minimal Cu oxide

species present.

Additional XAS analysis was conducted on a few other catalysts to potentially gain
insight into why the performance varied over eeatalyst. It was found that both XANES
linear combination (Figur€.16) and EXAFS fitting (Table 6) were within the margin
of error for each GACo-Al catalyst tested. However, it was observed from TPR
experiments both before and after pretreatment tagting the CuCo ratio alters the
reducibility of the catalyst. With this observation and insight gained from varying reduction
temperatures, the subtle changes in performance for each catalyst at a fixed pretreatment
may have been a result of small change particle size or metallic/oxide ratios on the
surface not observed through a bulk technique such as XAS. It is possible the-0.25Cu
2.75CeAl contained a good balance between metallic/oxide species and particle size

compared to the other catalysts ¢gistwhich resulted in the highest activity per gram.

12¢



Furthermore, for the conversion of FAL to progress either four-gatgration) or
six (ring-opening) hydrogen atoms are necessary, which requires accessible metallic sites.
The low activity per gramor 3CaAl reduced at 400 °C and 0.25Qu75CeAl reduced at
300 °C may have been a result of the limited amount 8fp@sent in the system (Figure
C.16 and Figuret.8Table 4.5, respectively). Once Cu was introduced into the system,
there was a significd increase in metallic species present after reducing at 400 °C and
above, which correlates with the increase in activity. The large amount?dfg@ecies
present may have a different functionality than the metallic sites present. From prior
reports, oters have suggested the presence of significant amounts ofm@g facilitate
the adsorption of FAL in a more tilted mode, which enhancesopening?>22 This result
was simiar to the proposed mechanism of the@@-Al and Ru/MnQ catalysts for ring
opening, where it was claimed the oxide oriented the molecule in a tilted confirmation,
while the metallic sites hydrogenated the adsorbed sp&cfdowever, the Co spees
preferred the cleaving of4D bond not the GO bond of FAL, which was in contrast to
Ru/MnQ and Pt/MgAl catalystst®3°Lastly, a fully saturated ring such as THFA or THF
seems to interact less favorably than an unsaturated or partially unsaturated ring, which

results in negligible ringppening activity with theeduced CtCo-Al catalysts.

Ultimately, the spectroscopic experiments determined that the major species present
on the surface was €ooxide species with small amounts of°@md C{ phases located
at or near the surface (most likely due to passiagtiohile the bulk structure contained
more metallic species. As the reduction temperature increased, the amount of metallic
species on the surface increased, while XAS results suggested an increase in the metallic

particle size. The increase of metalligesies on the surface may have increased the



specific rate, but as the particle sizes increased, the surfade\arieme ratio decreased,

resulting in the activity leveling off at 500 °C reduction.

Unfortunately, due to the complexity of the materialsetigatments, and the
mechanism behind rirgpening, it was difficult to identify and count active sites. To this
end, further investigations will need to be conducted with more-deéihed structures,
includingin situ FTIR, that will better elucidateemechanism and sites required for this
reaction, ultimately leading to the rational design of-pogcious, multimetal catalysts
that are highly effectively in the rirgpening of furanic ring to produce value added

products.

4.4 Conclusions

In this investigtion, welldispersed MMO materials were synthesized through the
high temperature calcination of LDH prepared precursors. This synthesis technique
allowed for highly versatile catalysts with very similar physical morphologies such as
surface area and pommlume, which allowed for a useful comparison of materials.
Additionally, it was suggested based on various spectroscopic and diffraction experiments
that there was high metal dispersity and strong interactions between each component before
reduction. Theaddition of Cu into the high loading Co catalysts proved to ease the
reduction of the catalysts and perhaps increase the number of metallic species present on
the surface. This corresponded to an increase in activity and yield-BD1,8ven when
the smdkest amount of Cu was introduced into the system. Ultimately a yield of ~44% to
1,5PD (total diol yield of 62%) was achieved under optimized conditions with FAL as the

substrate. Various spectroscopic experiments were employed throughout to gain a further

13C



understanding of the species involved in the reactions. It was evident that both oxide and

metallic species were present on the surface and in the bulk after the reduction and

passivation steps had taken place before reaction. XPS suggested most etitdse @p

the surface were Gdwith small amounts of Cowhile qualitatively the majority of the
Cu species on the surface seemed to e This lends to the conclusion that a significant

amount of cobalt oxide in a 2+ oxidation may potentially helmbtiee FAL on the surface

to facilitate ringopening, while the small domains of metallic Co and Cu present on the

surface facilitatd the hydrogenation. Additionally, a specific ratio of surfageles and

metallic species wenequired to tune the catalytowards ringppening chemistries.
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CHAPTER 5 WELL -DEFINED MULTI -METAL CATALYSTS
FOR FURANIC RING -OPENING: SCREENING AND ALD

EQUIPMENT DESIGN

Parts of this chapter are adapted from the published a8idmonetti, T. P.; Hu, B.;
Lee, S.,; Agrawal, P. K.; Jones, C. W: Reduc
opening of furfuryl alcohol to produce renewable di&I€S Sustain. Chem. Er2017, 5,
89598969 with permission from American Chemical Society. DOI:

10.1021/acssuschemeng.7b01769.

5.1 Introduction

As demonstratechithe above chapters, utilizing muttietal catalysts can improve
the selectivity and activity towards desired products, especially when dealing with highly
oxygenated compounds such as FAL. The above investigations dealt with creating multi
metal systemslerived from LDH precursors, which resulted in highly dispersed, porous,
and thermally stable MMO materials, which could promote vargusodeoxygenation
chemistries after reduction. Along with these advantages, LDH materials are easy to
synthesize anduhe by various metal additions; however, the resulting complex structures
make it difficult to fully understand the catalytic reaction mechanisms and the specific
active sites produced after reductiohThe major complexities are due to the various
interactions with each metal and multiple oxidation states in the system, making it
problematic to ascertain active sites. Therefore, the motivatitimsofnvestigation is to

stray away from hydrotalcite derived materials and create a process to synthesize



compositionally related materials that are more agdefined, multimetal catalysts for the

ring-opening of furanics.

Recent developments in catsily synthesis, especially in the field AED and
molecular layer deposition (MLD), have resulted in more advanced control of mmettl
or metatsupport interaction$.ALD refers to the deposition of an inorganic substrate onto
the surface via a seliimiting surface reaction, while MLD refers to the deposition of an
organic or organikinorganic hybrid substrate. In the field of metal catalysis, ALD is the
prevalent métod in depositing weltontrolled metal precursors to create -either
metal/metal oxide films or nanoparticles. In general, ALD is a cyclic technique consisting
of 4 basic steps: 1) exposure of the substrate surface to volatilized precursor resulting in
prearsor chemisorption; 2) purging of excess precursor through inert gas or vacuum; 3)
exposure of the substrate to reactive gas (®, H2O, etc.) resulting in reaction with
adsorbed precursor; 4) purging of excess reactive gas through inert gas or ¥dcuum.
Depending on the affinity of the metal atom and substrate the metal deposition could be
through film growth or island growth (nanoparticles). A lot of parameters can be varied,
such as the metal precursor, precursor temperatubstrate temperature, reactive gas
utilized, etc., to achieve numerous morphologies and oxidation states of the metal particles

on the surface of the substrate.
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Figure 5.1 i Generalized deposition concepdisplaying growth rate vs substrate
temperature

It is important to also distinguish ALD with chemical vapor deposition (CVD), which
is a method that involves the decomposition of the precursor resulting irsiftbmiting
reaction. Figuré.1 displays the growth rate versus substrate temperature indicating there
is an optimum selfimiting growth window with constant growth rate per cycle in between
activation limited growth and decomposition limited growth (CYD)As a result,
precursor choice and design are integral parts in conducting ALD experiments. To deposit
a metal species oa substrate, the metal precursor must be volatile (contain a vapor
pressure at room temperature), and have a sufficient decomposition temperature (above
200 °C), which increases the probability of a larger ALD window. Examples of precursors
used in the pas for base metal and precious metal deposition include
bis(cyclpentadienyl)ruthenium(ll), iridium(ln) acetylacetonate, platinum(Il)
acetylacetonate, ferrocene, cobaltocene, Tris(2,2,6,6tetramethy3,5
heptanedionenate)cobalt(lll) copper (Il) acetylacetate, copper(lH,1,1,5,5,5

hexaflure2,4-pentanedionaté>813



Traditionally, ALD is used for film deposition of a metal on a flat substrate such as
a circuit board or an electrode; however, depositing metal species on nanopowders
introduces many more challezg including internal diffusion through pores and uniform
mixing. Many types of reactors have been constructed to investigate the deposition onto
porous oxide particles such as;® and SiQ.>* Furthermore, some of these reactors
include complex agitation systems or fluidized beds that allow for better mass transfer of
the volatile precursor. However, the simplest, proven reactor configuration consists of a
static bed of particles that cae heated, and the precursors must diffuse through the bed
and pores to coat the surfac€his design is best conducted under vacuum < 1 Tithr w
asmall catalyst betb minimize diffusion times. The main flaw in the static bed design is
scalability, but it is well suited for laboratory scale practices on the orders of 1 g or less.
Gorte et al. developed a lab scale version of a static bed 4lipraent, and the equipment
built in this dissertation was based on that de&idgrhis system has previously been used
to conduct ALD of ZrQ on Pd/Ce@® and Pd/AtOs'” and ironoxide on AbOs.18 A more

detailed discussion on the design and construction are included in the sections below.

A few ALD prepared catalysts have been studied for the conversion afidur
compounds, but due to the infancy of the technique, it has not been fully exploited for
various furanic chemistries especially hydrogenolysis. One of the few examples is the
coating of supported metal particles with an oxide layer to improve thétgtelbaqueous
phase hydrogenation. Base metals, such as Cu, are more economical than precious metals,
but these metals can suffer from irreversible deactivation such as sintering and leaching.
Consequently, a few investigations looked into coating Cuwpeticles with AiO3

through ALD, which resulted in highly conformal alumina coatings over the metal
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particles>¥2! A heat treatment after ALD resulted in a porous alumina coatings, allowing
for reactants to diffse through the oxide to the metallic Cu particle. Though the ALD
treated catalysts were slightly lessctive than the traditional supported Cu catalysts when
investigating FUR hydrogenation in liquid butanol, after catalyst regeneration it was clear
that ALD had a positive impact. The ALD catalyst was able to be regenerated to its initial
activity, while the nopALD Cu catalyst continued to lose initial activity after
regeneration? This providesevidencethat the ALD treatment hindersreversible
deactivation mechanisms such as sintering and leaching. Though not prepared through
ALD, a more recent studyas utilized carbon coated Pd énCu nanoparticles to
significantly enhance the stability of the catalysts when conducting liquid phase
hydrogenation of FUR? This study provides further evidence that utilizing an overcoat

may control the stability of base metals supported on oxides.

Marshall et alfurther utilized this technique by coating supported Pd nanoparticles
with Al,0s.2® By varying the ALD cycles thehtckness of the alumina coat has been
controlled,and the invetigations suggeshat as coating thickness increased the selectivity
to furan increases, when investigating the hydrogenation of FUR in the vapor phase. This
may be due to the restriction of FUR adsorbing on the step sites of Pd nanopdrticles.
Additionally, the ALD method has beapplied to a Co/Ti@system, where Tighas been
coated onto the Co supported matrix using ALD of T#€Interestingly, these catalysts
are active for the ringgpening of FAL to 1,9°D through the same pathway as the@u

Al catalysts described in chaptef4>

ALD prepared catalysts have many advantages, and they have becorae

attractive for various furanic emistries. Therefore, the goal sveo design and construct
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an ALD testing system to synthesize various types of rmaétial catalysts for the selective
conversion of FUR or FAL. lallowedthis project to stray awaydm the complex MMO
systems in the previous chapter; however, insight gained from the MMO catalystsgrovide
this study with initial mulimetal combinations for specific chemistries. For example,
synthesizing Ct+Co catalysts through ALD to conduct rbegening experiments and probe
the mechanism would be an initial project goal. Thelgeiting ALD method would allow

for the preparation of wetlefined catalysts that can make it easier to understand the
mechanism of FAL ringopening. This synthesis methavould reduce the complexity
brought on by the eprecipitation method, and additional experiments suah situFTIR

or HREELS experiments could be conducted. Consequently, this chapter lays the
groundwork for constructing an ALD apparatus and condgaupport screening studies

on traditionally prepared catalysts.

5.2 Experimental Procedure

5.2.1 Materials and Chemicals

Furfuryl alcohol (98% purity) wspurchased from Sigma Aldrich, vacuum distilled,

and then stored in inert atmosphere before using in react@o(NQ)2*6H.0 (99%
purity), Cu(NGs)28H20 (99% purity),ethanol (ACS Grade, 9%), and dodecane (99%

purity) were purchased from Sigma Aldrich. Lastly, all other chemicals were used as is

without any further purification.

Tetraethyl oftosilicate (TEOS) (99.99%), poly(ethylene glyeblpkc-
poly(propylene glycokpblock-poly(ethylene glycol) (Pluronic -B223, Mn ~5,800), citric

acid (99.5%), aluminum isopropoxide (>98%), titanium ethoxide (technical grade, ~90%)
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were purchased from Sigmadkich, and HCI (1.0N solution) was purchased from Alfa

Aesar.

5.2.2 Catalysts Synthesis

5.2.2.10xide Support Synthesis

The mesoporous Si@upport was synthesized through a templating method, and the
resulting oxide is referred to as SB&2° A solution of 12 gof Pluronic P123 (block ce
polymer), 60 mL of HCI, and 318 mL of DI water were stirred in an 1000 mL Erlenmeyer
flask for 3 hours. Then, 23.23 g of TEOS was added to the solution and stirred for 20 hours
at 40 °C. A white precipitant was formed and thieis solution was heated to 100 °C for
24 hours without stirring. After the aging, the solution was quenched by DI water, and then
filtered. The precipitant was washed with approximately 1.5 L of DI water. After washing,
the material was dried in an ovdr7b °C overnight. The last step involved a calcination
treatment with the following program: 1. ramped to 200 °C at 1.2 °C/min and soaked for 1

hour; 2. ramped to 550 °C and soaked for 12 hours.

The mesoporous ADs material was prepared through a tentiptamethod similar
to a previously reported proceddfeApproximately 16.02 g oPluronic was dissolved in
400 mL of ethanol in a 1000 mL Erlenmeyer flask, and then 40.802 g of aluminium
isopropoxide, 10.03 g of citric acid, and 30 mL of HCIl were added into the ethanol solution.
This solution was stirred vigorously for 5 hours at raemperature. Next, the ethanol was
evaporated at 60 °C for 48 hours in a silicone oil bath. Finally, the resulting solid material
was subjected to a calcination treatment with the following procedure: ramped to 600 °C

at 1 °C/min and held for 4 hours.
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The TiO; support was synthesized through a soft templating method similar to a
previous reported method with small chantfds.a 100 mL beaker, 16.4 mL of HCI was
added dropwise to 20.9 g of titanium(lV) ethoxide under vigorous stirling.200 mL
beaker, 7.595 g of Pluronic 23 was dissolved in 82.3 mL of butanol. Next, the butanol
solution was added to the Ti solution and stirred for 3 hours at room temperature. The
solvent was then evaporated overnight at 60 °C. The resultingimhatas then placed in
a calcination oven and underwent a thermal treatment: 1. ramped to 200 °C at 1.2 °C/min

and soaked for 1 hour; 2. ramped to 550 °C at 1.2 °C min and held for 6 hours.

The MgAIO« support was prepared by thermally treating a LDH nmteThis
material was prepared by Micaela Taborga and utilized for syngas conversion for higher
alcohols?® The experimental procedure was also very similar to the outlined procedure in
Chapter 2 section 2.2; however, the metal salts used were Mg(&i@ Al(NGs)s, and

the pH was set at® and a 48 hour aging time.

5.2.2.2Wetness Impregnation on Various Supports

The Cu and Co nitrate salts were added into a solution equalling the pore volume of
the support material. Once the salts were dissolved, the solution was added to the oxide
support dropvise. After a few drops the material was vigorously stirred, and then more
drops were added. This cycle was repeated until all the nitrate solution was added. Then
these impregnated catalysts were placed in an oven at 60 °C overnight. The dried catalysts
were then subjected to a calcination treatment at 400 °C for 4 hours with a 5 °C/min ramp

rate.
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5.2.2.3ALD Prepared Catalysts

A few test ALD experiments were conducted to investigate the instrument behavior.
One example test procedure is explained below iatempt to deposit metallic Cu on
TiO2. The metal precursor was Cu(acaand the substrate was Tirhe substrate was
heated to 250 °C and held under vacuum overnight to remove any adsorbates. After the
desorption step, the sample was cooled to 225 A€nThe metal precursor test tube was
evacuated before heating to 140 °C. Once the whole system equilibrated (pressure: ~1x10
3 Torr), the pulsing cycles began. One cycle consisted of the following. The vacuum valve
was closed and the precursor valve wapsned for 10 s, which resulted in an increase in
pressure of about 0.2 Torr. After the shargreasethe pressure began to decrease over
time indicating that the precursor may be adsorbing onto the substrate. After 2 min, the
system was evacuated to reracthe remaining precursor. Once the pressure reached
equilibrium, a pulse of Hwas introduced into the substrate (~ 200 torr). After 5 min, the

whole system was evacuated, which completed a cycle. The cycle was repeated 25 times.

5.2.3 Reaction Stud®e

Liquid phase batch reactions were performed in a 160 mL stainless steel Parr
autoclave with a Teflon liner. The catalysts were reduseter 60 mL/min H (Airgas,
UHP)to400e C (unl e s s )withaatraeng rateft5 iGminthes subsequently
held for 1h. Once the reduction was completed, the bed was cooled uadenrédbm
temperatureThis passivation step was conducted due to the pyrophoric nature of the
catalyst after reductiorf-or a typical reaction).5 g of furfuryl alcohol, ~ 0.125 g of

dodecare (internal standard), 30 mg of catalyst andviOof solvent were added into the
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reactor. The reactor was purged 5 times witfahd heated to reaction temperature under

N2 to avoid reactions during heat Upnce the reaction temperature 150W&s achieed,

the reactor was purged 5 times with, ldnd stirrer was turned to 800 RPM, which was
determined to bsufficient to befree of external mass transfer limitations. As a general
note, there was typically a 5 min period until the reactor temperaturebeajiaitl atthe

desired value. Samples were obtained through a sampling port, and less than 300 uL were
acquired for each sample to minimize reaction volume loss. The aliquots were filtered and
analyzed through an Agilent 7890A GC fitted with an auto samgdelectivity and
conversion were determined by the internal standard method, and all carbon balances

closed within 5.

5.3 Results and Discussion

5.3.1 ALD Design and Construction

As described in the introduction, there are many different types of ALD readibrs th
can perform the selfmiting deposition of precursors on powdered oxide materials. Many
of the academic reactors constructed either utilize a fluidize bed or a packed bed, and
almost all of these reactors operate under moderate to high vaétiGme of the more
established reactor designs consists of the substrate in a fixed bed under static vacuum,
whereby a volatilized precursor diffuses through the reactor and deposits on the surface of
the substraté®® Below, Figure5.2 shows the schematic of a tpeecursor static ALD

systen built at Georgia Tech.
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Figure 5.27 Schematic of ALD equipment containing two precursor zones fomulti -
metal catalyst synthesis.

For optimum results the equipment must be able to pull vacuum on theodrde
1x102 torr, which can allow for faster diffusion of the metal precursor from the precursor
zone to the substrate. Additionally, the equipment, not including the substrate and precursor
zone, must be able to sustain temperatures of 200 °C. To lapidkese guidelines, the
equipment was built using Swagelok® VCR, WUirarr fittings, and ballvalves. The
precursor zones wernclosed in insulated aluminum boxes and heated utilizing a strip
heater. The test tub&gereconnected through Swagelok® UKfarr fittings to minimize
leaks. A furnace that can achieve max terapees of approximately 600 °C watilized
for the heating element of the substrate tube. To minimize the condensation of the volatile
precursor in the lines, each valvedathe stairdsssteel lines weravrapped with heating

tape and insulation and heated to temperatures at least 5 °C higher than the precursor



temperatee. The reactive/inert gases wangoduced through another ball valve from the
top of the apparatus. A gas manifadgistem was created to introduce various gases,

including @, Hy, air, and Ar, with ease and additional safety.

An attempt at depositing metallic Cu onto TMéas tried, which mimicked previous
studies, and is outlined in the experimental sedfidhCu(acac) was utilized as the
precursor, and the reactive gas source waswich would hopefully result in the
deposition of metallic Cu particles. However, after conducting 25 pulses, XPXRD
did not detect any Cu deposition even though visually the &ianged color (white to
grey) postALD. It was possible that the amount of Cu deposited after pulsing was very
small and undetectable under XRD and XPS. This does suggest the need to investigate

more thoroughly the growth rate and precursor choices.

5.3.2 Screening of Various Supports

In tandemwith constructing the ALD system, it was important to investigate
different oxide supports for potential use in Fogening. Since these experiments were
straying away from hydrotalciieased systems with high weight percent of reducible
metals (Cu+Co 75 wt %), the oxide supports mhagveplayeda larger role in the ring
opening chemistry. Consequently, synthesizing a fewCGcatalysts through wetness
impregnation between-50 wt% metal was viewed to be a good starting point to avoid
conducting reaatins on possibly inactive catalysts. Multiple supports were synthesized
including Al20s, TiO2, SIG: (SBA-15), and MgAIQ and impregnated with Cu and Co

(Cu:Coi 1:4).
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Table 5.17 Nz physisorption results for each support prior to metal impregnation.

Catalvst Surface Area Pore Volume Pore Size
Y (m2g)° (cm¥/g) (R)"
SiO; (SBA-15) 933 1.04 64
Al,O3 197 0.50 90
MgAIO 107 0.38 195
TiO>» 38 0.09 82

aBrunauerEmmettTeller (BET) Surface Are&BarettJoynerHalenda (BJH) Pore Size
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Figure 53 7 Conversion and selectivity of FAL reaction over various 5 wt%
Cui1Co4/Support (*Al 203 support contained 10 wt% of Cu-Cos). Temperature: 150
°C, Hz pressure: 4 MPa, Time: 3 h Catalyst: 50 mg, FAL: 500 mg, ethanol: 50 mL.

The catalysts were then reduced prior to the reaction at 400 °C for 1 hour before
being charged into the batch reactor. Interestingly, the catalysts did not require a
passivabn gep postreduction unlike the MMO catalysts studied in Chapter 4. To this end,
there was not an additional reduction step conducted in the batch reactor prior to reaction.
Each catalyst was tested under similar conditions described in the experimemndal sect

and the esults are displayed in Figure35 After 3 h of reaction, there were clear
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distinctions between each catalgesgardingactivity. Both TiQ and SiQ demonstrated the
ability to convert FAL, while the other supports showed little to no caimerof FAL.

The selectivity towards diols products for Bi@nd SiQ was roughly 45% with 1;2D

being the predominate diol. The other two supports displayed little to no selectivity towards
diol production at low conversions. Furthermore, thgDAlprodwced many products that
were unidentifiable, and the multiple peaks at high GC retention times suggested the
formation of coupling/oligomer products. This may have been a result of a large amount
of acid sites located on the surface of thgDAl which havepreviously shown to be active

sites for humin and oligomer formatidhThese oligomers or humins forming could have

deposited on the catalyst, blocked active sites, and caused a reduction in activity.

Although selectivities between Z)s/MgAIOx and SiQ/TiO2 cannot be compared
due to the differences in conversiahwas clear that Ti@and SiQ may have more
potential to use as supports for ALD synthesized catalysts for this reaction. The selectivity
towards diols products for TiOand SiQ was roughly 45%, with 1;®D being the
predominate diol product. Threeweremany possible hypotheses that describe why these
supports lead to diol products. One possible reason for theati®@ity could be a result
of a strong metasupport interaction (SMSI), which caube TiO, to partially reduce or
partially encompass thaetal particles that form after reduction. These observations were
seen with different thermal treatments of a CoAle@alyst?® Typically SMSI effects are
not observed on Si)therefore, the possible reason for a higher activity may be due to a
higher dispersion of metal sites on the high surface area support. However, these
hypotheses have not been validated through other ¢barations. Consequently, other

factors such as metal particle size, dispersion, acid/base concentration, etc. could also play
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a role in the diverse activity between supports. Therefore, many other studies need to be

conducted to validate the oxide supdordings and then transition to ALD.

5.4 Conclusion

A static ALD equipment was designed and construction to synthesize various well
defined multimetal catalysts for the ringpening of FAL to diol products. The
construction of this equipment was in respoid the complexities that arose, including
indeterminate active sites, when investigating@uAl MMO materials for ringopening.

A versatile static ALD system was constructed and briefly tested, and the equipment can
include two different precursors aatilize various reactive gases. In tandem with building

the equipment, initial support screening was conducted to avoid depositing metals on a
potentially inactive support. Multiple oxide supports includilgOs, TiO, SiC; (SBA-

15), and MgAIQ were impregnated with CG&Co (high Co loading) using wetness
impregnation. These catalysts were then tested for the liquid phasgpenag of FAL,

and TiQ and SiQ were identified as promising active supports for fapegening (~45%

diol selectivity at 150 ° Although there could be many reasons for the changes in activity
between supports, this screening study provided the benchmarks for preparing ALD

catalysts with CtCo that will be active for the ringpening of furanics.
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CHAPTER 6 SUMMARY AND FUTURE D IRECTION

6.1 Summary

A summary of this dissertation with the major findings is presented below along with

possible future directions.

6.1.1 Chapter 1: Introduction and Motivation

Prior art on furanic conversiodemonstrates that single metal catalysts typically
suffer from selectively or actively producing valadded products; however, the inclusion
of an additional metal has shown promise in developing more efficient and potentially more
economical reaction peesses for generating products from biomass derivatives.
Therefore, it is important to continue to investigate rmukital catalyst platforms. MMOs
derived from LDH are presented as a potential route in creating active -matal
catalysts for furanic acopound conversion. Few studies have tried to exploit these catalysts
promising properties including high dispersion, high porosity, high thermal stability, and
tunability. Consequently, it is determined that investigating various MMO catalysts is a

potental opportunity for creating active and selective catalysts for furanic conversion.

6.1.2 Chapter 2: Hydrogenation Utilizing Ni Based MMOs

Screening of multiple Ni based MMO catalyslerived from LDH materials was
conducted, and wm reduction these catalysteredemonstrated to be active for the vapor
phase hydrogenation of FUR to FAL and THFA. More specifically, a variety-MdNAl

and NiCo-Al catalysts with vaying Ni:Mg and Ni:Co ratios wereynthesized and
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evaluated through multiple characterizatioohteiques as well as ia vapor phase flow
reactor. It wa determined that varying betweenMg-Al and Ni-Co-Al catalysts did not

have a significant impact on hydrogenation selectivities at high conversion (>90%). The
catalysts obtaiedapproximately 75%85% selectivity towards FAL and THFA combined,
although theCo containing catalysts displayéte highest activity per gram and per site
(measured by CO adsorption). Further investigation of the reduc€m Matalysts using
STEM and EELS suggesd the formation of bimetallic particles, whicHacilitated the
increase in activity. This study broa@ehour understanding of the structure of MMO
materials after reduction, including both the reaction performance and the electronic

environment.

6.1.3 Chapter 3: Hydrognolysis Utilizing Ca~e Based MMOs

Co-Fe Al MMOs derived from LDH materials wemvaluated for the sidehain
hydrogenolysis of FAL to -MF in a vapor phase flow reactor. MMO materialgh
various Co:Fe:Al ratios wergynthesized, along with a @d and Co-Fe MMO materials.
After in situ reduction all catalysts except GBe wereactive and selective for the
production of 2MF; moreover, the Fe addition ihég CeAl matrix displayeda positive
i mpact on bot h sel ecti vi t-MF saathdty). dncgitu vi t y
spectroscopic experimentsere used to determine the electronic and coordination
environment of both reducible species in theF&aAl matrix. In situ XAS suggested that
the Fe wasvell-dispersed after reduction and integrates itself éGb lattice creating an
alloy. This electronic interaction malave resuled in the enhancement of-MF

production.
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6.1.4 Chapter 4: RingOpening Utilizing CeCo Based MMOs

Building off past MMO studies, GEo-Al MMO s derived from LDH materials were
synthesied and then tested for risggpening activity tavards diols from furanics. It was
demonstrated by multiple techniques that even smaluataaf Cu significantly reduced
the temperature at which the oxide matrix uptakgsrésulting in an increase in mdial
species compared to the baseAlaase. Although the Cu may have not resulted in a
chang of furanic adsorption, ihcreasd activity more than 20x at high conversion due to
increase surface metallic species. The reaction pathweses investigatedand it wa
determined that the unsaturated or partial saturated furanicuede(FAL, 2MF, and
furan) wasactive for ringopening instead of fully saturated molecules (THFAMPHF,
and THF). Ultimately, a yiel of about 44% towards 2PD wasobtained(total diol yield
of 62%) at 160 °C and 4 MPa obHvhichwasthe highest reported yield towards-Bb

using norRprecious metals at the time of publication.

6.1.5 Chapter 5: Development of ALD Equipment for Furanic Conversion

Though reduced MMOs werecognized in this dissertation as effective catalysts for
various furanic chemistries, theveere many limitations in the characterization of the
active sites or size of metal particleghese materials. This sparkibeé idea to create well
defined muli-metal systems by other methods such as ALD, while still utilizing similar
multi-metal combinations. This method will help synthesize ‘seifitrolled multimetal
systems by varying metal precursors, deposition temperatures, and reactant gases. In this
chapter, a home built ALD system wadesigned and constructed. Along with the

construction of the ALD instrument, multiple supports impregnated witC&(wetness



impregnation synthesis) wetested for the ringgpening of FAL including TiQ, Mg-Al
oxide, A203, and SiQ. The results indicatithat the metal domains on the Biénhd SBA
15 wereactive for ringopening of FAL,while the other two supports wehardly active
for FAL conversion. Through there may be many other factors thatedguthis finding,
the screeningtudy indicatedhe possibility of an active CGGo catalyst supported on an

oxide such as Ti®and SiO.

6.2 Future Directions

6.2.1 Screening ALD Prepared Mulietal Catalysts for Ringppening

Chapter 5 gave a brief introduction to a new directiocatalytic furanic conversion,
which involves designing and synthesizing wasfined multtimetal catalysts through
ALD. Utilizing concepts gained in the MMO studies, ALD can help tune the catalyst
structure and electronic state more precisely, allgviar increased ability to probe the
mechanism behind riRgpening. Previously, support screening was conducted to
determine which oxide support(s) would be a good candidate to investigatening
with ALD-derived catalysts (SBA5 and TiQ). Additionally, validation studies were
conducted on the ALD instrument, which shows promise in creatingd@®fied systems.

However, there is much work to be done to complete this investigation.

It is important to determine optimum ALD conditions for both Cu@ngrecursors.
Cu has been widely studied in the ALD literature while depositing Co onto an oxide support
is lacking throughout literature? It is crucial to determine the temperature range where
growth occurs and to evaluate the growth rate per cycle. After those factors are assessed,

then different multmetal catalysts can be synthesized tgrouhe controlled ALD
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method. This study requires the synthesis of a variety of morphologies by changing the
metal precursor doping order onto the oxide support. Each of these materials would be
tested catalytically, and through other characterizationntgqulRs to create detailed
structurereactivity relationships. Ultimately, such studies will shed new light on the active

sites for ringopening of unsaturated furanics.

6.2.2 Ring-Opening of HMF Utilizing Reduced MMOs

Chapter 4 of this thesis describag@roces where reduced G0o-Al MMO materials
could ringopen FAL to mostly 1,8°D, whichwas a useful diol for poly(ester) production.
Though this is a promising route to make diols from renewable resources using non
precious metals, this reaction has not bgmiied to HMF, which may be able to produce
1,6-hexanediol (1,41D). 1,6HD is an important valuadded chemical since it is a
precursor to making caprolactam, a monomer for nylon 6,6 proddcidew studies have
investigated the ringpening of HMF including an exploration of a reducedQd+Al
material thatshows high yields towards 1,2h@xanetriol, but produces insignificant
amounts of 1,84D.* Additionally, as described in the introduction,-Re/SiQ and a solid
acid catalyst are utilized for the rimpening of HMF and additional hydrogenolysis to
create 1,8HD.35 Other literature reports include a two bed liquid phase flow reactor
containing Pd/Si@and IrReQ/SiO, where HMF is saturated by Pd and then subsequently
is ring-opened by kRef Lastly, a Pd/ZrP catalyst in a solution of formiégdaevhich acted

as the hydrogen source, has achieved a yield of 44% at 140 °C.

The above exandgs are the only investigations that have displayed promising yields

towards 1,6HD, which is possibly due to the extra complications associated with a more



reactive, oxygenated compound and a possible need for a multistep §réoehss end,

| propose that mukimetal MMOs similar to those in chapter 4, be investigated for this
reaction. The goal is to desigrsimgle catalyst or single catalytic process that-opgns
HMF (or its derivatives) to 1,2;Bexanetriol, which subsequently undergoes selective
hydrogenolysis to create *HD. This may require further alteration of the current MMO
materials or alteratins in the reaction conditions, such as including a solid acid catalyst

along with the MMO materials.

6.2.3 Tandem Reaction: Coupled Furanics and Subsequent HDO

The goal of thisdirection would beto combine the findings ithis dissertation
associated withhydrogenation and ringpening on bifunctional catalystsyith
supplementary chemistry. Aldol condensation is a -steitlied reaction, and furfural
acetone coupling through aldol condensation is an emeagipgpach for chain extension
to preparedrop-in fuelsfrom biomass+° Dumesic et alhas demonstrateithe ability to
convert sugars into liquid alkanes in a fatep process that included aldol condensation
of furanst? In their studythe Mg-Al MMOs derived fom LDH maerialsfacilitates aldol
condensation and the Pt/SiQ-Al,Os bifunctional catalyst conducts the
hydrodeoxygenatian A few other studies have examined the chemistries of
hydrodeoxygenation and furfural coupling. In terms of aldol condensation, Fabha al.
determind that the keycatalystparameter is the strength and type of the basic sites, and
showedthat a MgZr mixed oxide produakthe optimal amount of &z products compared
to Mg-Al and CaZr metal oxides® Further studiesiaveshown that the addition of Pd
modified the surface of th#IMO, andsignificantly minimizel catalyst deactivation with

some @crease in G selectivity!®!® In regards to hydrodeoxygenation of coupled
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products, a twestep process has beesveloped, which includes rirgpening using acetic
acid and subsequent hydrodeoxygenation using P#/Ca(OTf), and acetic acit Very
recently Pt supported on various acidic suppdrasallowed researchers tibserve ring
opening of the saturated condate without using acetic aciBt metal dispersion along
with strong acidity of the support plega key rolein thealkane production, but sbled

to significant carbon depositida.

To this end, | suggest the use of MMOs derived from LDH materials to facilitate
both aldol condensation and riegening/hydrodeoxygenation. Along with the potential
for bifunctional catalysts, the syntli®smethod produces highly porous materials;
therefore, the large adducts created in these reactions will have little diffusion restrictions.
This objectiveis divided into the following two sections: 1. designing a MMO for aldol
condensation, and 2. desiggo a MMO for hydrodeoxygenation. Ultimately, one can
conduct either a orgot or continuous flow reaction process to create alkanes from FUR

without the use of precious metals.

6.2.4 MOF-derived Catalysts for Furanic Conversion

Though much of this dissertatiotiscusses the benefits of MMOs for furanic
conversion and possible future direction in the MMO field, it is also critical to investigate
other catalytic materials for these reactions in hopes to increase activity and selectivity.
Embedding metal particles a carbon matrix through the degradation of MOFs has been
an increasingly attractive synthesis route for making catalytically active matérials.
Unfortunately, most MOFs, without any posttreatment, tend to suffer from poor thermal,

chemical stability, and water $iiéity, which poses many challenges when converting

161



biomass directed compounds; however, MOFs typically benefit with high surface area,
high tunability, and high metal site densityTherefore, degrading the MO€rystal
structure through a thermal posttreatment may increase stability while maintaining the
MOF-derived benefits such as porosity, tunability, and site density. For example,
pyrolyzing a MOF material in inert atmosphere will typically degrade the M@$tair
structure, leaving behind metal particles surrounded by carbon support/binder. This
concept mimics the way MMOs are derived from LDHs, where a thermal treatment
(reducing atmosphere) is conducted to yield wiedpersed metallic particles surrounded

by an oxide support/binder (i.e. 8). Subsequently, pyrolysis of MOFs can yield a
thermally stable, highly porous, and chemical stable material withdisglersed metal

particles (oxide or metallic).

If these pyrolyzed materials are introduced to duoeng environment, metallic
particles typically aris€’ which can result in an active catalyst for furanic hydrogenation
or hydrogenolysis. To the best of our knowledge, there have been a few published studies
on using MOFs as catalysts for furanic conversion, but no publigsearch on utilizing
pyrolyzed MOFs for furanic conversidh!’ Therefore, this task requires designing future
experiments to probe how these materials will behave during hydrogenation reactions of
FUR or FAL. The initial work includes screening several monometallic anétailic
combinations such as Cu/C, Ni/C, Co/C, Fe/C, and their bimetallic mixtures, all derived
from the same MOF. In the vapor phase, target product molecules inclMdre a2
cyclopentanone, while in the liquid phase, the target molecules inclugRbladd/or 1,2
PD. After various screening tests, it is beneficial to conduct characterization studies into

the catalystdéds electronic environment and
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does each metal in the pastated MOF interact (i.e. alloyingy¥hat effect does pyrolysis
temperature and/or reduction temperature have on particle size and/or distribution? Can a
bifunctional catalyst be synthesized (i.e. metallioxide)? Lastly, can the changes in

parameters and metals correlate to reactivitysabelctivity?
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APPENDIX A SUPPORTING INFORMATION FOR CHA PTER 2

A.1 Additional XRD Patterns

LDH materials were synthesized, filtered and dried materials were characterized
through powder XRD to verify the créan of these materials (Figure 3. The most
distinguishable peaks are the (003) and (006) reflections at approximately 1® Z3°an

which correspond to the vertical stacking of the layers.

e 3NI-AI
i 2Ni-Mg-Al
2Ni-Co-Al
1.5Ni-1.5Mg-Al
1.5Ni-1.5Co-Al
Ni-2Mg-Al
Ni-2Co-Al

“ 3Co-Al

Intensity (a.u.)

Angl e

Figure A.17 XRD Patterns of filtered and dried LDH materials.

Figure A2 displays potential diffraction peaks for each of the potential oxides
present in theMMOs synthesized. It can clearly be seen that many contain overlapping

peaks that making assigning peaks in the caldvieiDs in Figure2.1 very difficult.
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Intensity (a.u.)
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Figure A.217 XRD Patterns of known references to compare

A.2 Temperature Programmed Reduction

The table below (Table A) displays the hydrogen uptake values and peak
temperatures for each of the catalysts used in the catalysts used in this study. Each of the

Co containing catalysts have two peaks, which are distinguished in the table.
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Table A.1 17 Hydrogen uptake and peak temperatures obtained by temperature
programmed reduction.

Catalyst Peak 1 Peak 2 At 500 °C
Uptake Peak Uptake Peak Total Uptake
(umol/g) Temperature (umol/g) Temperature (nmol/g)
C) 0
2Ni-Al 11060 509 - - 4820
1.9Ni-Mg-Al 7750 548 - - 2790
1.3Ni-0.5Co 1140 201 9070 546 4270
Al
1.4Ni-1.4Mg- 4920 673 - - 1404
Al
1.1Ni-0.8Co 1620 216 9290 575 4870
Al
0.9Ni-1.9Mg- 3320 665 - - 560
Al
0.7Ni-1.1Co 2250 242 9290 630 4034
Al
Co-Al 2350 279 9180 636 2920




A.3 Reaction Data

Time on stream data for the high conversion testing related to Z2kdee sown
below in Figure A3. Each contain two runs to display reproducibility in the experiments.

Minor conversion/selectivity discrepancies can be attributed to witioin weighing out

catalysts. Error was included in the activity per gram calculations in 2dble
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Figure A.3 1 Conversion and major product selectivities vs time on stream for
multiple runs of each catalyst.



A.4 Postreaction TGA

PostreactionTGA was conducted on several catalysts to analyze carbasitep

after reaction. Figure A.shows the mass loss and differential scanning calorimetry (DSC)

curves for 1.1Ni0.8CcoAl, 1.4Ni-1.4MgAl, and CoeAl. All graphs display a single

exothermic peawhich can be attributed to both oxidation of metallic species and small

amounts of carbon. The increase in mass can be attributed to metal oxidation, since the

catalysts were only passivated at room temperature. However, there is not significant

overallweight loss suggesting minimal carbon deposition on the catalysts after three hours

of reacting. There is not clear evidence of carbon deposition suggesting that GC error and

minor unidentified products are the major contributing factors to the smakplia@try in

the carbon balance.
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Figure A.47 Ramp rate 10°C/min. a) 1.1N+0.8Co-Al post-reaction masschangeand
DSC vs temperature.b) Co-Al post-reaction mass changand DSC vs temperature.
¢) 1.4N+0.4Mg-Al post-reaction mass changand DSC vs tempeature.
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A.5 CO Adsorption Data

The CO pulse chemisorption experimental procedure is described in the
experimental section of the report. 1.5 sites per CO molecule was used to calculate the
number of sites per gram of catalyst. These results were then usalduiate apparent
activity, written as sitégime-yields (STYs), as shown in TabR3. Additionally, CO
adsorption was conducted on unreduced samples, and no adsorption was seen an the 2Ni
Al or the 1.4Ni1l.4MgAl. However, approximately 57 umolgwas observed on the
unreduced 1.1N0.8CacAl catalysts, which suggests that on Co oxide species there may
be some adsorption of CO. This may slightly inflate the calculated number of sites of the
reduced sample. This small adsorption was not factorecdthet reduced CO adsorption

calculations.

Table A.27 CO pulse chemisorption results conducted at 30 °C

Catalyst (6{0)] Calculated Sites Metallic Dispersion Particle

Adsorption (HmoOlsitedJcat) Surface Area (%) Size (nm)

(Hmol/gear) (m?/gear)
1.4Ni-1.4Mg-Al 24315 36548 14.240.3 5.4+0.1 18.41+0.4
1.1Ni-0.8CoAl 174116 261+24 10.3+0.9 2.7+0.2 37.1+3.1
2Ni-Al 184+14 276121 10.840.8 2.7+0.2 36.6+2.6
0.7Ni-1.1CoAl 166+18 248127 9.7+1.1 3.7+0.4 27.0+3.0
1.9Ni-Mg-Al 354+3 53015 20.7+0.2 7.9+0.01 12.6+0.1
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A.6 Derivatives of XAS Data Ni kedge

The XANES data can be further analyzed though the plotting the derivative of

norm(E) as a function of energy. The Ni foil reference is shown in the plot, as well, for

comparison to the pure metallic state.

0.1+

0.0+

Derivative Normalized xp(E)

-0.14
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Figure A.57 Derivative of norm(E) of XANES data from Figure 2.6. a) 1.1N+0.8Co
Al pre- and postreduction compared to Ni foil. b) 1.4Ni1.4Mg-Al pre- and post
reduction compared to Ni foil.
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A.7 Additional XPS Spectra

Intensity (a.u.)

T T T T T T T T T T T T T T T T T T T T T T T 1
872 870 868 866 864 862 860 858 856 B854 852 850 848
Binding Energy (eV)

Figure A.6 T XPS spectra in the Ni 28?2 binding energy region of pre and post
reduction samples of 1.1ND.8Co-Al. a) pre-reduction; b) postreduction.
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Figure A.7 i XPS spectra in the Ni 28?2 binding energy region of pre and post
reduction samples of 1.4Nil.4Mg-Al. a) pre-reduction; b) postreduction.
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The XP spectrum of the 1.4Mi4Mg-Al sample showed significant shifts in the peak
fitting binding energies due to the strong interaction of the MgO and NiO/Ni. MgO is more
electronegative than Co or Ni, causing a decrease in the electroty aérisi, causing a
shift in the binding energies. Once reduced, the electron density increased, causing an
overall shift in the peak&To address this issue, each peas shifted by the same amount

between preand postreduction, within £0.2eV.

Table A.37 Co XPS peak fitting parameters for the 1.1Ni0.8Co-Al sample, both pre
and postreduction (Refer to Figure 2.8).

Pre-reduction Postreduction
Position (eV) FWHM (eV) Position (eV) FWHM (eV)
Co
- - 775.8 2.35
- - 778.1 1.45
CoO
780.8 2.50 780.9 2.74
782.9 3.00 783.0 3.00
786.7 4.30 786.5 4.25
C0304
779.55 1.57 779.6 1.54
780.7 1.73 780.7 1.73
782.1 2.45 782.1 2.54
785 2.39 - -
789.2 2.86 - -
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Table A.47 Ni XPS peak fitting parameters for the 1.1Ni0.8Co-Al sample, both pre
and postreduction (Refer to Figure A.6).

Pre-reduction Postreduction
Position (eV) FWHM (eV) Position (eV) FWHM (eV)
Ni

- - 852.5 1.05
- - 858.6 2.71
NiO
854.1 1.32 853.8 1.31
855.5 2.03 855.4 2.03
861 3.50 861.2 3.50
866.4 3.04 - -
NiAl 204
856.8 2.92 856.8 2.92
863.2 4.22 863.4 4.22

Table A.57 Ni peak fitting parameters for the 1.4N+1.4Mg-Al sample, both pre and
post-reduction (Refer to Figure A.7).

Pre-reduction Postreduction
Position (eV) FWHM (eV) Position (eV) FWHM (eV)
Ni

- - 853.1 1.72
NiO
856.3 1.52 855.0 1.52
857.5 1.84 856.2 1.84
862.9 3.72 861.6 3.72
NiAl 204
858.8 2.66 857.6 2.66
864.9 4.16 863.7 4.16
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A.8 Additional STEM Images

EELS spectrum was taken from the image presented in FAg8rédt can be seen
that the EELS data displays both peaks from Co and Ni at that resolution. This supports

the idea of well mixed alloys once the material is reduced

Co/CoQO Ni/NiO

Counts x 10A3

S00 550 600 650 700 750 A 800 850
eV

Figure A.81 Electron Energy Loss Spectrunof Figure 2.9 STEM image.

Additional STEM imaging along with EDS spectra are shown below in Figuges
andA.10. The EDS spectra displayed high mixing of each of the species before and after

reduction. There was no cleapseation of species or specific oxide/metallic domains.
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Element
Copper
Aluminium
Oxygen
Nickel
Cobalt

Figure A.917 STEM image and EDS spectra of each species present in the unreduced
1.1Ni-0.8CcAl catalysts. The inset table displays the quantification of each species

series [norm. wt.%] [nom. at.%]

K-series
K-series
K-series
K-series
K-series

0
9.48
28.19
30.94
31.40

from EDS analysis

0
11.07
55.53
16.61
16.79

Element
Copper
Aluminium
Oxygen
Nickel
Cobalt

Figure A.107 STEM image and EDS spectra of each species present in the reduced
1.1Ni-0.8CcAl catalysts. The inset table displays the quantification of each species

series [norm. wt.%] [nom. at.%]

K-series
K-series
K-series
K-series
K-series

0.00
10.59
20.84
34.40
34.17

from EDS analysis

0.00
13.72
45.52
20.49
20.27
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APPENDIX B  SUPPORTING INFORMATI ON FOR CHAPTER 3

B.1 Additional Physical Characterizations

The N> physisorptiorplots are displayed in Figure B.andshow a clear hysteresis
started approximately at 0.75 e/Hhe analysis of the Nohysisorption are displayed in

Table3.1.

700
650
600

—— 3Co-Fe

—— 3Co0-0.75Fe-0.25Al
] — 3Co0-0.5Fe-0.5Al
550 1 ~ 3C0-0.25Fe-0.75Al
200 ___ 3Co-Al
450 4

400
350
300
250
200 4
150 -
100

Quantity Adsorbed (cm®/g)

. . , ; , . :
0.0 0.2 0.4 0.6 0.8 1.0
Relative Pressure (P/P)

Figure B.1 7 N2 physisorption isothermsof the catalytic materials postcalcination
utilized in this study. The catalysts arearbitrarily offset from O to display clearly. The
P/Po = 0 offset of each catalysts were 100 éfg except 3CeAl has no offset.



—— 3Co-Fe

_ ——— 3C0-0.75Fe-0.25Al
—— 3Co0-0.5Fe-0.5Al
— 3Co0-0.25Fe-0.75Al
| —— 3Co-Al

Intensity (a.u.)
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Angle (26)

Figure B.2 1 XRD patterns of each catalyst after filtration and drying and before
calcination. The patterns have a yaxis offset to display each clearly.

The XRD patterns of the uncalcined catalysts displayed above mimic similar LDH
patterns in the literatureThe first two peaks are indicative of an LDH material, which
refers to the diffraction of the (003) and (006) planes. Other peaks associated to LDH
materials are psent, but at lower much lower intensity. The lack of intensity of the XRD
patterns indicate small domain sizes, which may result in small domain sizes after
calcination.

B.2 Additional Reaction Data

Calculations were made to assess the potential for massfetrgimternal and
external) and heat transfer limitations of the system. Internal mass transfer was analyzed
by using the WeisPrater Criterion shown in the equation befolue to the significantly

lower concentration of FAthan B, our calculations were based onlFparameters.
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The concentration of FAIn thesystem, G, was 0.0015 mmol/mL, and the particle
radius, L, was 0.005 cm (mesh size 2D). We used Knudsen diffusivity foreiPas a
conservative estimate since our pore sizes were approximately 10 nm, which was
calculated to be 0.0205 éfm3 Lastly, the rate observedyR used was at low conversions
(~13%) for 3Ce0.25Fe0.75Al, since it was the highest rate (0.081 mmolig)g The
conservative estimate for the WPN number is calculated to be 0.07, which was much below
1. From thisconservative calculation is was assumed that internal mass transfer limitations
were ngligible. Additionally, Figure B3 displays various particle sizes tested at lower
conversion. The experiments suggest that particle sizes under 50 um do not display
significant external mass transfer effects. If particle sizes above 90 um were used, it is

possible that mass transfer effects would need to be considered.

Figure B.3 1T Conversion of FAL vs. time on stream for 3Ce0.25Fe0.75Al with
various particle sizes.
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