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Increases in the cost of fossil fuels along with growing concerns for greenhouse gas
emissions are prompting the search for renewable sources of liquid fuel and chemicals. Biomass
has been considered as the only realistic and sustainable source of renewable organic carbon for
the foreseeable future. Heterogeneous catalysis has played an important role in the development
of efficient chemical processes to convert biomass to fuels and chemicals. In this respect, the
design of inexpensive active and stable heterogeneous catalysts is important to develop new and
improved processes for the conversion of biomass.

This dissertation focuses on aqueous-phase hydrodeoxygenation (APHDO) and aqueous-
phase hydrogenation (APH) as model reactions to design improved supported metal catalysts for
the conversion of biomass-derived feedstocks. Both APHDO and APH are crucial in converting
biomass-derived compounds into liquid fuels and chemicals.

In this dissertation, the activity of a number of monometallic and bimetallic catalysts is
compared for APH of carbonyl compounds which is an important reaction in APHDO. Bimetallic
Pd-Fe is the most active catalyst among the tested catalysts for APH of C=0 and C=C bonds.

APHDO of sorbitol was performed with the bimetallic Pd-Fe supported on zirconium phosphate



(Zr-P). Zr-P was chosen as the support due to its high Brensted to Lewis acid ratio and stability in
the aqueous phase. The PdiFes/Zr-P catalyst is up to 14 times more active than monometallic
Pd/Zr-P and Pt/Zr-P catalysts. Moreover, the Pd:Fes/Zr-P catalyst produces more C4-C6 products
by promoting the conversion of sorbitan and isosorbide and more C1-C3 products by promoting
C-C bond cleavage (dehydrogenation/retro-aldol condensation) of sorbitol.

Another critical issue of designing heterogeneous catalysts for aqueous-phase reactions is
stability of the catalysts. A method for stabilizing base-metal particles of a Co/TiO: catalyst is
developed using atomic layer deposition (ALD) of TiO> film onto the surface of the Co/TiO>
catalyst. The ALD TiO: coated Co/TiO; catalyst was tested for APH reactions in a continuous
flow reactor and characterized using chemisorption, surface area analysis, electron microscopy,
X-ray diffraction, and small-angle X-ray scattering. Through these techniques, it is shown that the
ALD TiO, coating protects the cobalt particles against leaching and sintering under aqueous
conditions.

High-temperature treatments of a Co/TiO> catalyst cause migration of partially reduced
TiO- onto cobalt particles caused by strong metal-support interaction (SMSI) between cobalt and
TiO,. The SMSI effect in the Co/TiO; catalyst is elucidated using in situ Raman spectroscopy and
electron microscopy. By the SMSI effect, cobalt particles of the Co/TiO; catalyst are decorated by
TiOx (x < 2) species. The TiOx decoration stabilizes the cobalt particles in a similar way to ALD
TiO2 overcoating. The SMSI effect also creates a bifunctional catalytic site in the Co/TiO2 which
facilitates a furanyl ring-opening reaction. The high-temperature treated Co/TiO; catalyst had >
95 % yield for APH of carbonyl compounds to their corresponding alcohols. The two methods for

stabilizing cobalt catalysts introduced in this dissertation, ALD and SMSI, may enable the



replacement of expensive novel-metal catalysts with inexpensive base-metal catalysts for aqueous-

phase conversion of biomass-derived feedstocks.
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CHAPTER 1

Introduction



Fossil fuels such as crude oil are today’s primary energy sources. The worldwide reserves
of crude oil is estimated to only last 20 to 80 years.! The decrease in fossil fuel reserves along with
increasing the cost of petroleum and growing concerns for greenhouse gas emissions has
accelerated research on renewable resources of clean energy.

Biomass has received considerable attention as a sustainable alternative for the production
of fuels and chemicals.2*! Biomass consists of three main polymeric components: Cellulose,
hemicellulose, and lignin.*? Cellulose and hemicellulose are able to be hydrolyzed to their
corresponding sugar monomers.®® Cellulose is mainly composed of glucose (six-carbon sugar),
and xylose (five-carbon sugar) is the main building block of hemicellulose. Lignin is a highly
polymeric complex containing a large variety of functional groups including phenolic groups. In
contrast to other renewable energies, biomass is the only practical renewable source of organic
carbon which can be used for the production of liquid hydrocarbon fuels and value-added
chemicals.!*® For example, biofuels derived from biomass are sustainable resources of liquid
fuels.'’

Heterogeneous catalysis has long contributed to improved processes to produce a wide
range of fuels and chemicals from conventional resources (e.g., petroleum and natural gas). A few
examples of the contributions include Fischer-Tropsch synthesis to convert carbon monoxide and
hydrogen into liquid hydrocarbons using cobalt-based catalysts,'® fluidized catalytic cracking
(FCC) using zeolite to produce petroleum-based products such as gasoline,*® and synthesis gas
production via methane reforming reactions over metal catalysts.2%-22

Even though heterogeneous catalysis has played a central role in chemical and
petrochemical fields, processing of petroleum-based feedstocks differs from processing of

biomass-derived feedstocks. Biomass-derived feedstocks have low thermal stability and a high



degree of functionality.* Therefore, processing of biomass-derived feedstocks requires unique
reaction conditions such as aqueous-phase conditions.* In these respects, development of new and
improved heterogeneous catalysts is required to make the biomass conversion processes
economically viable.

Catalytic aqueous-phase processes are a promising route for the transformation of biomass-
derived feedstocks into liquid fuels and chemicals. The processes occur in liquid phase, thereby
eliminating the need to vaporize the aqueous feedstocks and improving the overall thermal
efficiency of the processes. Hydrogen has been produced via aqueous-phase reforming (APR) of
biomass-derived oxygenated hydrocarbons such as ethylene glycol, glycerol, and sorbitol over
different monometallic and bimetallic catalysts.?*?8 Aqueous-phase conversion of carbohydrates
has been primarily carried out with precious metal catalysts. Dumesic and co-workers produced
alkanes from aqueous-phase conversion of carbohydrates using Pt catalysts.?® 30 Alkanes can also
be prepared from cellulose using Ir-Re and Ru catalysts.! 32 Ru and Pt catalysts have been used
for aqueous-phase hydrogenation of carbohydrates and organic acids.®*°* Mono-functional
organic compounds can be prepared from sugar alcohols using Pt-Re catalysts. 36 3/

In the aqueous-phase processes, agqueous-phase hydrodeoxygenation (APHDO) is a
promising approach to selectively remove oxygen from biomass-derived feedstocks for production
of renewable alkanes, alcohols, and polyols.?® APHDO can be used to process a range of different
biomass-derived feedstocks including aqueous carbohydrates, 38 3 pyrolysis oil,*° carbohydrates
derived from hydrolysis of biomass,*! and fermentation products. APHDO could also be used for
upgrading bio-oil.#?

Aqueous-phase hydrogenation (APH) is an important fundamental reaction in APHDO,

involving hydrogenation of a range of functional groups of biomass-derived feedstocks.?® 38 43-4°



Upgrading bio-oil by hydrotreating also involves hydrogenation of a variety of functionalities.*®
Hydrogenation of organic acids is one of the slowest steps in hydrotreating bio-oil.*’

Figure 1.1 shows a conceptual process for APH and APHDO of biomass-derived
feedstocks. In the Reactor 1, carbohydrates, which can be produced through hydrolysis of
cellulose,** are reacted with hydrogen to produce corresponding sugar alcohols.®® 48 4° For
example, Gallezot et al. achieved 100 % conversion and 99.2 % sorbitol selectivity for glucose
hydrogenation over carbon-supported Ru catalyst at 373 K.** Hoffer et al. also produced sorbitol
from glucose with more than 98 % selectivity using Ru/C catalysts at 393 K.*® The authors also
concluded that Ru/C catalysts are better than Raney Ni catalysts for glucose hydrogenation because
the Raney Ni catalysts deactivate due to leaching of Ni.*®

The outlet stream from the Reactor 1 is fed into the Reactor 2 containing a bifunctional
catalyst. The outlet stream from the Reactor 2 is sent to a separation system. The separation system
separates the gas phase, the liquid phase, and an aqueous stream. The gasoline-range products in
the liquid phase can be blended with a petroleum-based feedstock. A part of the gas phase (e.g.,
hydrogen) is recompressed and fed back into the Reactor 1. Another part of the gaseous stream
(e.g., methane) can be combusted to provide process heat or reformed to produce hydrogen. The
aqueous stream (e.g., unreacted feedstock) can be recycled back into the Reactor 2 or purged into

a waste-water treatment facility.
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Figure 1.1 Block flow diagram for a conceptual APH and APHDO process. Figure adapted from
the reference.®®

APHDO involves different reactions such as C-C cleavage reactions (e.g., decarbonylation
and retro-aldol condensation) along with hydrogenation, dehydrogenation, and water-gas shift
reactions and C-O cleavage reactions (e.g., dehydration/hydrogenation).*® These reactions occur
simultaneously or successively, leading to a complex mixture of reactants, products, and
intermediates.® In the case of APHDO of sorbitol, for example, more than 50 products were
identified.3® 3% 51 52 Also, according to a reaction network model generated through INGen
(Interactive Network Generator), APHDO of sorbitol involves 4804 irreversible reactions.>® This
complicated set of reactions in APHDO makes designing active and selective catalysts hard. The
stability of the catalytic materials for APHDO is one of the biggest challenges is in the harsh
aqueous-phase conditions.

This dissertation attempts to address some of the challenges highlighted above by
experimental approaches to design new classes of supported metal catalyst. The approaches use
catalyst characterization techniques, high-throughput screening of a number of catalysts for model

APH reactions, and test and evaluation of the screened catalysts in a continuous flow reactor for a



more complicated APHDO reaction. Figure 1.2 shows elements of the supported metal catalysts

tested in this dissertation.
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Figure 1.2 Overview of elements tested as supported metal catalysts in this dissertation.

There are important achievements in this dissertation. First, an active bimetallic Pd-Fe
catalyst is designed for APH of carbonyl compounds and APHDO of sorbitol. Second, stable
cobalt catalysts are designed using atomic layer deposition (ALD) and strong metal-support
interaction (SMSI). Cobalt is orders of magnitude less expensive than precious metals such as Pt
and Pd.>* The cobalt particles are covered by an ALD TiO- film (ALD approach) or a layer of
partially reduced TiO2 (SMSI approach), thereby stabilizing against irreversible deactivation such
as leaching and sintering in the aqueous phase. Finally, a stable cobalt catalyst prepared using the
SMSI effect selectively cleaves C-O-C bond in furan ring. Also, the cobalt catalyst has near 100 %
yield for APH of carbonyl compounds.

Chapters 3 and 4 introduce systematic studies of a number of monometallic and bimetallic

catalysts for APH of different functional groups which is important reactions in APHDO of



sorbitol. The most active catalyst was then tested for the APHDO of sorbitol in a continuous flow
reactor, which is more realistic system for biomass conversion.

Chapter 5 describes the use of ALD stabilizing a classic cobalt catalyst. The application of
an ALD TiO> coating onto the surface of the cobalt catalyst eliminates leaching and sintering of
cobalt during APH reactions. Chemisorption, physisorption, X-ray diffraction, electron
microscopy, and small-angle X-ray scattering are used to characterize the ALD coated cobalt
catalyst.

In Chapter 6, the role of high-temperature treatments of a conventional titanium dioxide
supported cobalt catalyst in the catalyst stability will be discussed. The high-temperature
treatments cause migration of partially reduced TiO2 onto cobalt particles by SMSI effect. The
SMSI effect is investigated by utilizing chemisorption, physisorption, electron microscopy, and in
situ Raman spectroscopy. The SMSI effect creates bifunctionality which facilitates selective C-O-
C bond cleavage in furan ring. The SMSI cobalt catalyst also selective for hydrogenation of C=0
bond to C-OH bond.

The overall results from this dissertation will be used to design more effective catalysts for
the conversion of biomass-derived compounds in the future that will ultimately allow us to use our

biomass resources more economically.



CHAPTER 2

Experimental Techniques



2.1 Catalyst Preparation
2.1.1 Gamma-alumina (y-Al20s3) supported metal catalysts
A y-Al;Os (surface area = 142 m? g't) was formed by calcination of Boehmite (Catapal®
A Alumina, Sasol North America Inc.) at 873 K (20 K min) for 4 hours in static air. A 5 wt%
Rh/Al>03 catalyst was purchased from Strem Chemicals. Monometallic Pd, Pt, Ru, Ni, and Co
catalysts having different metal loadings were prepared by incipient wetness impregnation with
solutions of the following metal precursors.
Noble metals: Pd (tetraamine palldium (1) nitrate), Pt (tetraamine platinum (1) nitrate), and Ru
(ruthenium (111) nitrosyl nitrate)
Base metals: Ni (nickel (1) nitrate hexahydrate), Co (cobalt (1) nitrate hexahydrate), and Fe (Iron
(1) nitrate nonahydrate)
Multiple impregnations were required for some catalysts to achieve the desired metal loading.
After the impregnation, the metal salt solution-support mixture was dried at 373 K for 12 hours.
The dried Pd and Pt catalysts were calcined at 523 K (20 K min) for 4 hours in static air. The
dried Ru catalysts were not calcined to avoid the loss of Ru species from volatilization of Ru
oxides. The dried Ni and Co catalysts were calcined at 823 K (20 K min™) for 4 hours in static air.
To prepare bimetallic catalysts, the base metal precursors above were added to the prepared
3 wt% Pd/y-Al203, Ru/y-Al203, and Pt/y-Al2Os catalysts by incipient wetness impregnation at a
noble metal to base metal molar ratio of (1:3) and (1:1). Multiple impregnations were required for
some catalysts to achieve the desired loading of the second metal. After incipient wetness
impregnation, the base metal salt solution-noble metal catalyst mixture was dried at 373 K for 12
hours. Pd- and Pt-bimetallic catalysts were then calcined at 523 K (20 K min™) for 4 hours in static

air.
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2.1.2 Zirconium phosphate (Zr-P) supported metal catalysts

A Zr-P (surface area = 361 m? g!) was prepared by co-precipitation using 1.0 mol L*
aqueous solutions of ZrOCl, 8H,0 and NHsH2PO4 at a molar ratio of P/Zr = 2, as described by
Kamiya et al.>® The precipitate was aged at room temperature for 30 minutes, filtered, washed with
deionized water until the pH was 5, dried at 373 K for 12 hours, and then calcined at 673 K (20 K
mint) for 4 hours in static air. A 3 wt% Pd/Zr-P catalyst was prepared by incipient wetness
impregnation with an aqueous solution of Pd(NH3)4(NO3)2. The Pd/Zr-P catalyst was calcined at
523 K (20 K min™t) for 3 hours in static air. A Pd-Fe/Zr-P bimetallic catalyst with a Fe to Pd molar
ratio of 3:1 (PdiFes/Zr-P) was prepared by sequentially impregnating the 3 wt% Pd/Zr-P catalyst
dried at 373 K with an aqueous solution of Fe(NO3)s 9H,0. The Pd-Fe/Zr-P catalyst was calcined

at 523 K (20 K min) for 3 hours in static air.

2.1.3 Titania (TiO2) supported cobalt catalyst

A commercial P25 TiO; purchased from Aldrich (surface area = 51 m? g) was calcined at
1023 K (4 K min™) for 4 hours. The calcined TiO2 (surface area = 10.2 m? g') was used as the
support. An aqueous solution of Co(NO3). 6H20 was added to the TiO> support using incipient
wetness impregnation to prepare a 5 wt% Co/TiO- catalyst. After impregnation, the catalyst was
dried at 373 K for 12 hours. The prepared Co/TiO; catalyst was calcined at 573 K (1 K min™) for

2 hour in static air.



11

2.1.4 Atomic layer deposition (ALD)

ALD TiO- films were deposited in a fluidized bed reactor described elsewhere.>® Argon
was used as a carrier gas at a flow of 30 sccm, with the reactor pressure varying between 5.3 0.5
Torr during depositions. An ALD precursor, TiCls, was held in a cylinder at room temperature and
fed through a metering valve to give a partial pressure of ~0.8 Torr. DI water was held in a cooling
bath at 285 K. The TiO> depositions were performed at the reactor temperature of 423 K, using 30
cycles consisting of the pulse sequence of TiCls — Purge — H20 — Purge. Purges were fixed at 10
minutes, and pulse lengths were determined by using a quadrupole mass spectrometer monitoring
reaction byproducts in the reactor effluent. A typical deposition used about 1 g of catalyst (i.e.,

Co/TiOy) as a substrate.

2.2 Catalyst Characterization
2.2.1 Hydrogen chemisorption

To obtain hydrogen uptake of the catalysts, static hydrogen chemisorption was carried out
using a Quantachrome Autosorb iQ Automated Gas Sorption system (Chapters 3 and 4) or a
Micromeritics ASAP 2020 (Chapters 5 and 6). Prior to hydrogen chemisorption, samples were
reduced in situ under hydrogen flow at 573 K (1 K min!) for noble meal catalysts and bimetallic
catalysts and at 723 K (1 K min™) for base metal catalysts for 2 hours. After reduction, the catalysts
were purged with helium for 2 hours, evacuated for 140 minutes, and cooled down to room
temperature. Hydrogen was dosed on the catalyst until the equilibrium pressure was 560 mmHg.
The hydrogen in the cell was then evacuated at room temperature, and again hydrogen was dosed
on the catalyst to determine the amount of weakly adsorbed hydrogen. The amount of strongly

adsorbed hydrogen was determined by subtracting the second isotherm from the first one.
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2.2.2 Carbon monoxide (CO) chemisorption

Pulse CO chemisorption was conducted in a Micromeritics AutoChem 11 2920 unit
equipped with a thermal conductivity detector (TCD) to measure the consumption of CO. Prior to
CO chemisorption, samples were reduced in situ under hydrogen flow at 573 K (1 K min™t) for
noble meal catalysts and bimetallic catalysts and at 723 K (1 K min) for base metal catalysts for
2 hours, and cooled down to room temperature. The chemisorption was carried out at 300 K in a
50 mL min stream of helium using a pulse chemisorption technique, in which 500 mL pulses of

10 % CO/helium were utilized.

2.2.3 Temperature-programmed reduction (TPR)

TPR was performed using a Micromeritics AutoChem 11 2920 unit. Prior to TPR, samples
were pretreated in helium at 423 K for 30 minutes. A TPR run was carried out in a flow of 10 %
hydrogen/argon mixture gas at a flow rate of 50 mL min™* with a temperature ramp of 10 K min™.
A dry ice/acetone cooling bath removed moisture from the TPR effluent stream at 195 K before
the stream entering a TCD. The consumption of hydrogen was monitored using the TCD and

quantified based on hydrogen consumption of an AgO TPR standard (Micromeritics).

2.2.4 Brunauer-Emmett-Teller (BET) surface area
BET surface area of catalysts was measured from nitrogen adsorption data at 77 K obtained
using a Micromeritics ASAP 2020 system. Prior to BET analysis, samples were degassed under

vacuum at 523 K.
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2.2.5 X-ray diffraction (XRD)

In Chapter 4, the bulk crystalline structure of the Pd/Zr-P and Pd-Fe/Zr-P catalysts was
determined by XRD. XRD patterns were obtained with a Scintag Pad V using Cu Ka radiation (k
= 0.15406 nm), operated at 45 kV and 40 mA (2.0 kW) at a scan rate of 0.2° (20) s™. Each sample
was reduced at 573 K for 2 hours in hydrogen and passivated prior to XRD experiments. The
assignment of the crystalline phases was carried out using JADE 9.0 software package (Rigaku)
for the ICDD database. In Chapter 5, XRD was performed by synchrotron radiation at Argonne
National Laboratory on the Advanced Photon Source (APS), beamline 11-BM using a 12-analyzer
Si detector with X-ray energy of 30 keV. In Chapter 6, XRD patterns were obtained using a Rigaku
D/Max Rapid Il diffractometer with a Mo K, source in the scan range from 0 to 45 “at a scan rate
of 0.02 °min. Peak identification was carried out using Jade 9.0 software. Prior to XRD, the

samples were passivated in 10 % oxygen after reduction.

2.2.6 Inductively coupled plasma atomic emission spectroscopy (ICP-AES)

ICP-AES analysis was performed using a Perkin-Elmer Plasma 400 ICP Emission
Spectrometer. Cobalt standards for the ICP-AES analysis were prepared from a cobalt ICP
standard (Fluka, 1000 +=2 mg L™). In Chapter 5, the amount of cobalt in liquid samples collected
during reactions were analyzed. Samples were prepared by being dissolved in 10 % hydrochloric
acid (Fisher). In Chapter 6, the cobalt loading of catalysts before and after reaction was analyzed.
A catalyst (10 mg) was digested with a mixture of 1 mL nitric acid (Fisher, 69.2 wt%), 3 mL
hydrochloric acid (Fisher, 37.4 wt%), and 5 mL hydrofluoric acid (Acros Organics, 48-51 %) in a

Teflon beaker at 383 K for 24 hours.
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2.2.7 Transmission electron microscopy (TEM)

TEM was perfumed to obtain particle size distribution of cobalt catalysts. In Chapter 5, a
Tecnai TF-30 transmission electron microscope operated at 300 keV was used for TEM imaging.
The as-deposited and annealed samples were suspended in analytical grade methanol and then
collected on a 300 mesh carbon holey support film. In Chapter 6, a Tecnai T12 TEM at 120 kV
was used for TEM imaging. Prior to TEM imaging, samples were passivated in 10 % oxygen after

reduction.

2.2.8 Small-angle X-ray Scattering (SAXS)

For ALD catalysts, SAXS experiments were performed at 12-1D-B station with X-ray
energy of 12 keV at the Advanced Photon Source of the Argonne National Laboratory. The two-
dimensional images were radially averaged to produce 1-D plots of scattered intensity 1(q) versus
g, where q =4n (siné) / 1. 6 is scattering angle and 4 is wavelength. A Pilatus 2M detector (Dectris

Ltd.) was used to acquire scattering data with typical exposure times in a range of 0.1 - 1.0 seconds.

2.2.9 Scanning transmission electron microscopy (STEM)

For SMSI Co/TiO catalysts, STEM was carried out using a Cs-corrected FEI Titan
microscope operated at 200 kV. HAADF STEM images were collected with a 24.5 mrad probe
semiangle and ~25 pA probe current. To prepare the samples for STEM, samples were suspended
in ethanol, ultrasonicated for 5 minutes and then deposited on a carbon-coated copper grid. STEM
samples were plasma cleaned for 20 minutes before loading into the microscope. Prior to STEM

imaging, samples were passivated in 10 % oxygen after reduction.
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2.2.10 Raman spectroscopy

For SMSI Co/TiO> catalysts, Raman experiments were carried out with a high-performance
Renishaw InVia Raman Spectrometer with a 514 nm laser. This is a Modu-Laser Stellar-REN with
an output of 50 mW and an approximate power of 15-20 mW at the sample. All measurements
used a 2400 | mm* grating with an efficiency of approximately 30 % at 514 nm. In situ Raman
studies used an Olympus LMPlanFL N objective with 50x magnification and a working distance
of 10.6 mm. Scattered light was filtered into a UV enhanced (lumogen coated) deep depleted array
detector (Renishaw). The laser line was calibrated with a neon calibration lamp under the Full
Calibration technique to match the calibration wavenumbers and intensities to the collected values.
In addition to calibrating the laser, the Raman spectrograph was calibrated to an internal Si
standard at 520.7 cm™. Raman measurements were taken with a range of 100-1200 cm™ and a
dispersion of 1.36565 cm™ pixel™. In situ measurements were taken with a fully open aperture and
a 10 seconds exposure time. Approximately 10 mg of sample was used for each in situ trial.
Experiments were performed in a high-temperature cell (Linkam CCR1000) designed for
temperatures up to 1273 K. This setup used a quartz window and water-cooled O-rings. The
temperature was controlled by a Linkam T95-HT system. Gas flows during in situ experiments
were controlled by mass flow controllers (Bronkhorst EL-Flow) with maximum flow rates of 50,
100, and 40 mL min‘! for hydrogen, helium, and oxygen, respectively. The mass flow controllers
were directed by a digital readout system (Bronkhorst series E-7000) capable of mixing gases with
variable flow rates. A flow rate of 10 mL min! hydrogen (Airgas, Ultra High Purity) was used for
all reductions, and 20 mL min'! of a 20 % oxygen/helium (Airgas, Ultra High Purity) mixture was
used for all calcinations. Heating ramps for in situ reductions and calcinations were kept at 1 and

5 K min%, respectively, as was the case in reactivity treatments. Once the desired temperature was
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reached, it was held there for two hours. The sample was cooled to room temperature after
calcination and reduced with a 1 K min'* heating ramp for spectra that required calcination prior
to reduction. Spectra used in this study were taken at room temperature under 16 mL min* helium

flow after the calcination and/or reduction was complete.

2.3 Reaction Studies and Analysis
2.3.1 High-throughput studies

A high-throughput reactor (HTR) manufactured by HEL Group (Model # CAT24) was
used to test various catalysts for hydrogenation and hydrogenolysis reactions. This reactor
consisted of 24 batch-wells machined into a cylindrical chamber (Figure 2.1a). The bottom section
(Figure 2.1a) is the glass tube holder on which the top plate is placed. The top plate (Figure 2.1b)
has an integrated condenser head. There are two barb connections to connect to a chiller. Cooling
tips are positioned into the wells. On top is the clamp fitting over the top plate and screwing down
onto the bottom chamber where an O-ring positioned. The HTR has a central manifold fitting with
two ball valves for gas flowing and pressurizing the reactor, a thermocouple, a pressure gauge, and
an emergency pressure relief valve. The system temperature, pressure, gas flow rate, and stirring

speed were controlled and monitored through Winlso E670 system software.
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Aqueous-phase hydrogenation (APH) and hydrogenolysis reactions were performed in the
HTR. As the feedstocks, 5 wt% aqueous solution of acetaldehyde (Sigma-Aldrich, > 99 %), 5 wt%
aqueous solution of propanal (Sigma-Aldrich, > 97 %), 5 wt% aqueous solution of acetone (Fisher,
>99.5 %), 4.8 wt% aqueous solution of furfural (Sigma-Aldrich, 99 %), 4.8 wt% aqueous solution
of furfuryl alcohol (Sigma-Aldrich, > 98 %), 5 wt% aqueous solution of tetrahydrofurfuryl alcohol

(Sigma-Aldrich, 99 %), and 5 wt% aqueous solution of xylitol (Acros Organics, 99 %) were used.
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Prior to a reaction, catalysts (10 to 15 mg) were loaded into glass tubes and placed in the HTR. A
catalyst was typically put into two random wells to insure consistency between the wells. The
whole HTR unit was then placed on a heating/stirring mantle. The catalysts were reduced by
introducing hydrogen at 573 K (1 K min™) for noble meal catalysts and bimetallic catalysts and at
723 K (1 K min?) for base metal catalysts for 2 hours. After reduction of the catalysts, the reactor
was held at the temperatures while helium was passed through the reactor for 30 minutes to remove
hydrogen. The reactor was then cooled to room temperature in flowing helium and sealed under
helium for transport to a glove box. Inside the glove box, the top plate were removed under a
helium atmosphere. Magnetic stir bars were then placed into each of the glass tubes and 2 mL of
an aqueous feedstock solution was added to each of the glass tubes with a micropipette. The HTR
was sealed again in the glove box and transported to put on the heating/stirring mantle, connected
to the control system and the HTR was pressurized to 4.38 MPa with hydrogen. Next, the HTR
was heated to the reaction temperature at a rate of 20 K min™t. More hydrogen was introduced to
maintain the final pressure at 5.41 MPa. Once a reaction set finished, the HTR was removed from
the heater and cooled down in an ice bath at a rate of around 14 K min™. After reaching room
temperature, the HTR was depressurized to atmospheric pressure, and samples in each well were
taken by a 3 mL syringe and filtered by a 0.2 um syringe filter (Whatman). A stirring speed of 800
rpm was used during a reaction. Experiments with the stirring speed of 500 rpm and 800 rpm
showed no change in activity of catalyst. This indicates there was no external mass transfer

limitation at a stirring speed of 800 rpm.
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2.3.2 Continuous flow reaction studies

APHDO and APH reactions were performed in a stainless-steel tubular reactor (6.35 mm
outer diameter and 5.46 mm inner diameter). For APHDO reactions, 20 wt% aqueous solution of
sorbitol (Fisher) was used as the feedstock. For APH reactions, 2 wt% aqueous solution of furfuryl
alcohol (Sigma-Aldrich, > 98 %), 2 wt% aqueous solution of furfural (Sigma-Aldrich, 99 %), and
2 wt% aqueous solution of xylose (Acros Organics, 99+ %) were used as the feedstocks. The
reactor was heated by a furnace (Lindberg). A uniform temperature profile along the catalyst bed
was achieved using aluminum filler inserted in the void between the furnace and the tubular
reactor. Blank reactions without catalyst were run to confirm that there is no homogeneous reaction
and no effect of the reactor materials. For catalyst testing, a catalyst (3.3 g for Pd/Zr-P and
PdiFes/Zr-P; 0.5 g for ALD and SMSI cobalt catalysts) without diluents was loaded into the reactor
with quartz wool and cylindrical quartz beads packed on both sides. Prior to a reaction, the Pd/Zr-
P and PdiFes/Zr-P catalysts were reduced in situ under hydrogen flow (128 mL min™) in situ at
573 K (1 K min') for 2 hours. ALD and SMSI cobalt catalysts were calcined under air flow (100
mL mint) and then reduced under hydrogen flow (100 mL min) in situ at the temperatures
mentioned in Chapters 5 and 6 respectively. After the reduction was complete, the furnace was
cooled to the desired reaction temperature and the reactor system was pressurized to target pressure
using a back-pressure regulator. An aqueous feedstock solution was then fed to the reactor using
a high-performance liquid chromatograph (HPLC) pump (Varian ProStar), co-fed with hydrogen
(Airgas, Ultra High Purity) of 40 mL min’. The feedstock solution was fed upwardly to precisely
control liquid feed residence time by filling the catalyst bed uniformly. Aqueous solutions of
feedstocks included 20 wt% sorbitol for APHDO reactions and 2 wt% furfuryl alcohol, 2 wt%

furfural, and 2 wt% xylose for APH reactions. A 150 mL gas-liquid separator was used to
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accumulate liquid products at the top of the reactor. Gaseous products continued to flow to the
back-pressure regulator to maintain the reaction pressure. Both an excess flow shut-off valve and
a pressure relief valve were installed in the reactor system to ensure safe operation. The Mears’
criterion and the Weisz-Prater criterion indicated the system was free of external and internal mass

transfer limitations.>” %8

Mass flow controllers

Outlet pressure gauge
Inlet pressure gauge

Back pressure regulator Gas-liquid separator

Furnace

HPLC pump

Temperature controller

Figure 2.2 Continuous flow reactor system.

2.3.3 Analytical methods
The liquid samples collected after reactions in the HTR were analyzed by a gas

chromatograph (GC; Agilent 7890A) with a flame ionization detector (FID) fitted with a Rtx®-
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VMS capillary column (Restek). A HPLC (Shimadzu LC-20AT) with and a refractive index
detector (RID) fitted with an Aminex® HPX-87H column (Bio-Rad) was used to analyze sugars
such as xylose and xylitol. The gaseous products from the continuous flow reactor were analyzed
using an online GC (Shimadzu GC-2014) with a FID fitted with a Rt®-Q-Bond capillary column
(Resteck) and a TCD fitted with a GS-CarbonPLOT column (Agilent). A liquid sample
accumulated in the gas-liquid separator was drained periodically into a collecting container,
followed by being filtered through a 0.2 um syringe filter. For APHDO of sorbitol, the liquid
sample accumulated in the gas-liquid separator was drained periodically into a collecting container
in which 20 mL of cyclohexane (Acros Organics, 99+ %) was preloaded to extract organic phase
and to decrease the carbon loss from vaporization of some of the products. The liquid products
were analyzed using a GC (Shimadzu GC-2010) with a FID fitted with a Rtx®-VMS capillary
column (Restek) and a HPLC (Shimadzu LC-20AT) with a RID fitted with an Aminex® HPX-
87H column (Bio-Rad). Total organic carbon (TOC) measurements were performed using a
Shimadzu TOC-VCPH Analyzer for the liquid samples obtained from the reaction to measure the

overall carbon balance. TOC calibrations were performed with carbon standards (SpectroPure).
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CHAPTER 3

Aqueous-Phase Hydrogenation and Hydrogenolysis of Biomass-Derived
Oxygenates over Monometallic Catalysts: Comparative Study

The contents in this chapter are adapted from the following reference, Copyright (2013), reproduced with permission
from Elsevier:

J. Lee, Y. Xu and G. W. Huber, High-Throughput Screening of Monometallic Catalysts for Aqueous-Phase
Hydrogenation of Biomass-Derived Oxygenates, Applied Catalysis B: Environmental, 2013, 140-141, 98-107.
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3.1 Background

Agueous-phase hydrogenation (APH) reactions are commonly used for conversion of
biomass into different fuels and chemicals. APH is a critical part of aqueous-phase conversion of
sugars into alkanes® 2 *° including the production of hexane from sorbitol?® and the conversion of
glucose into C9, C12, and C15 alkanes.®® There are several types of functionalities that are
hydrogenated during biomass conversion, including the hydrogenation of C=0, C=C, and C-O-C
bonds. APH of C=0, C=C, and C-O-C bonds are critical for aqueous-phase alkane production
from sugar alcohols.*®

There have been many studies on the hydrogenation of oxygenated compounds over
heterogeneous monometallic catalysts. Olcay et al. studied APH of acetic acid over a series of
different metal catalysts, concluding that Ru is the most active metal for the conversion of acetic
acid and the most selective toward ethanol production.®® The rate of catalyst activity decreased as
Ru > Rh ~ Pt > Pd ~ Ir > Ni > Cu.>® Narayanan et al. tested alumina supported Ni, Co, and Fe
catalysts for the vapor phase hydrogenation of acetone, and concluded that the activity decreased
as Ni > Co > Fe.% A study compared five different metal catalysts (Pt, Ir, Ru, Ni, and Co) for the
vapor phase hydrogenation of acrolein, concluding that Pt and Ru had faster reaction rates for
acrolein hydrogenation under vapor phase than Ir, Ni, and Co.%*

As shown in Table 3.1, eight molecules, including acetaldehyde, propanal, acetone, xylose,
furfural, furfuryl alcohol, tetrahydrofurfuryl alcohol (THFA), and xylitol, were chosen as biomass-
derived model compounds for agueous-phase hydrogenation and hydrogenolysis. These molecules
have the same functionalities that are present in the aqueous fractions of biomass-derived
feedstocks like pyrolysis oil and hydrolysis solutions. Polyols such as xylitol and sorbitol can be

produced from lignocellulosic biomass.®> 8 A large variety of alcohols, aldehydes, ketones, and
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furans are commonly found in bio-oil produced from fast pyrolysis of biomass.'* Alcohols, ketones,

and tetrahydrofurans (THFs) can also be produced from hydrodeoxygenation of sugar alcohols.*

Table 3.1 List of feedstocks used as biomass-derived model compounds.

Feedstock Reaction
)‘ acetaldehyde C=0 bond hydrogenation
[e]
\)L propanal C=0 bond hydrogenation
H
o]
acetone C=0 bond hydrogenation
OH OH |O
W xylose C=0 bond hydrogenation
QH OH
le) QO
‘ / / furfural C=0 bond hydrogenation
lo] OH
E)_/ furfuryl alcohol C=C bond hydrogenation
o] OH
£>_/ tetrahydrofurfuryl alcohol C-O-C bond cleavage
OH OH CH
W xylitol C-C bond cleavage
OH OH

High-throughput techniques have been developed to rapidly screen large amounts of
catalytic material.2 28 %478 Hjgh-throughput studies have also led to the development of more
efficient catalysts for many processes including hydrogen production from biomass,?* oxidation of
ethane,®’ and hydrogen evolution reactions.®® The advantage of high-throughput catalytic studies

is that large data bases can be rapidly built up.
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In this chapter, the activity of monometallic catalysts for aqueous-phase hydrogenation and
hydrogenolysis of feedstocks shown in Table 3.1 was compared in the same reactor system to get
the insight into which metal might be useful for agueous-phase conversion of more complicated

biomass molecules.

3.2 Results and Discussion
3.2.1 Catalyst characterization

Table 3.2 lists the hydrogen chemisorption results obtained on the prepared y-Al20s3-
supported monometallic catalysts with varying metal loadings. The values of hydrogen uptake of
the prepared catalysts are consistent with the values reported in previous studies. For example, the
value of hydrogen uptake of the 1 wt% Pd/y-Al>O3 agrees well with a value of hydrogen uptake of
a commercial 1.2 wt% Pd/Al>03.”° The hydrogen uptake value of the 10 wt% Co/y-Al2O3 also
agrees with one of a 12.4 wt% Co catalyst.®

The hydrogen chemisorption data was used to estimate the metal dispersion and mean
particle size of the Pd, Pt, Ru, and Rh catalysts using the equations below:

) ) 2 X hydrogen uptake
Metal dispersion, D (%) = x 100
umol of metaltotal/gcat.

6V /A

Mean metal particle size = D

where Vi is volume occupied by an atom in bulk metal and anm is area occupied by a surface atom.8!
The values of v, and a, of metals are presented in Table A1. The dispersion and mean particle size
of the Ni and Co catalysts were not estimated because the extent of reduction of these catalysts

was not measured here.
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Table 3.2 Hydrogen chemisorption data of the prepared monometallic catalysts.

Catalyst Hydrogen uptake (umol gear™Y) |  Dispersion (%) Mean particle size (nm)
0.5 wt% Pd 124 52.6 21
1 wt% Pd 21.0 44.7 25
3 wt% Pd 58.1 41.2 2.7
0.5 wt% Pt 7.3 57.2 2.0
1 wt% Pt 14.0 54.4 21
3 wt% Pt 37.7 49.1 2.3
0.5wt% Ru 3.6 147 8.8
1 wt% Ru 9.4 19.1 6.8
3 wt% Ru 34.3 231 5.6
5 wt% Rh 72.9 30.0 3.6
5 wt% Ni 10.0
10 wt% Ni 315
20 wt% Ni 84.7
5 wt% Co 6.2
10 wt% Co 8.6
20 wt% Co 18.1

3.2.2 Aqueous-phase hydrogenation and hydrogenolysis

Reaction time was varied to keep the conversion less than 30 % to measure turnover
frequency (TOF) of the prepared monometallic catalysts for hydrogenation and hydrogenolysis
reactions. TOF, conversion, reaction time, and carbon balance for the APH reactions conducted in
this study are shown in Tables A2, A3, A4, and A5 respectively. Figures 3.1 to 3.6 show the most
active of each of the monometallic catalyst series.

The comparison of the TOFs for the APH of non-furanic aldehydes including acetaldehyde,
propanal, and xylose is shown in Figure 3.1. The TOF of the APH of acetaldehyde and propanal
decreased in the order: Ru > Ni > Pt > Pd > Co > Rh. The 3 wt% Ru catalyst was the most active
catalyst for the APH of acetaldehyde and propanal. The Pt catalysts were more active than the Pd

catalysts; for example, the activity of the 3 wt% Pt catalyst was 79 % higher than one of the 3 wt%



27

Pd catalyst for the APH of acetaldehyde. The 5 wt% Rh catalyst had the lowest activity for the
APH of acetaldehyde and propanal. The activity for the APH of xylose decreased in the order: Ru
> Ni ~ Co > Pt > Rh ~ Pd. This result is consistent with the work of Wisniak et al. who concluded
that the rate of xylose hydrogenation decreased according to the order Ru > Ni > Rh > Pd 8% 8
Yadav et al. also concluded that supported Ru catalysts were more selective to xylitol than Raney
Ni catalyst for xylose hydrogenation.®* The 3 wt% Ru catalyst had the highest activity for the APH
of xylose. The second most active metals were the 10 wt% Ni catalyst and the 5 wt% Co catalyst.
The 3 wt% Pd catalyst had the activity for the APH of xylose. The 3 wt% Pt catalyst was 40 %

more active than the 5 wt% Rh catalyst.

0.8 1

0.6

TOF (s

0.2

0.0+
Pd Pt Ru Rh Ni Co

Figure 3.1 Comparison of TOFs of the APH of non-furanic aldehydes at 373 K (Il acetaldehyde
to ethanol; M propanal to 1-propanol; M xylose to xylitol).

The comparison of the TOFs of the APH of acetaldehyde, propanal, and acetone is shown
in Figure 3.2. The activity for the APH of acetone decreased in the order: Ru> Ni ~Rh > Pt> Co
> Pd whereas the activity for the APH of acetaldehyde and propanal decreased in the order: Ru >

Ni > Pt > Pd > Co > Rh. Rh is more active for hydrogenation of C=0 of ketone than for
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hydrogenation of C=0 of aldehyde. This is consistent with a previous study reporting that a
supported Rh catalyst showed much higher conversion for acetone hydrogenation than propanal
hydrogenation.®> The rate of hydrogenation of ketone (e.g., acetone) is faster than the rate of
hydrogenation of aldehydes (e.g., acetaldehyde and propanal) at the same reaction conditions.
Binding energy of acetaldehyde and acetone on Pt(111) is -7 and -3.3 kcal mol, respectively.
Also, binding energy of acetaldehyde and acetone on Co(0001) is -7 and -5 kcal mol?,
respectively.®® The weaker binding energy of ketone most likely leads to higher activity for

hydrogenation of C=0 bond.% 8

1.6 1

0.0+
Pd Pt Ru Rh Ni Co

Figure 3.2 Comparison of TOFs of the APH of propanal and acetone at 373 K (Il acetaldehyde
to ethanol; M propanal to 1-propanol; M acetone to 2-propanol).

Ru is most active for the APH of non-furanyl carbonyl compounds. For hydrogenation of
xylose to xylitol, activation energy for Ru is lower than that for Ni so that Ru is more active than
Ni at the same reaction conditions.® It was shown that Ru is most active for APH of acetic acid to

ethanol in a continuous-flow reactor.%®
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As shown in Figure 3.3, however, the activity for the APH of furfural decreased in the
order: Pd > Ni > Co > Ru > Pt > Rh. The 3 wt% Pd catalyst had the highest rate of the APH of
furfural. Previous studies also reported that Pd is an effective catalyst for furfural hydrogenation
to the corresponding alcohol at low temperatures.?® 8 A current study has reported that furfural
binds more weakly on Pd than on Pt.%° The weaker furfural binding energy on Pd might lead to

higher activity for furfural hydrogenation.®’

0.14——
0.12—-
0.10—-
0.08—-
0.06;

TOF (s

0.04
0.02

0.00
Pd Pt Ru Rh Ni Co

Figure 3.3 Comparison of TOFs of the APH of furfural at 373 K (M furfural to furfuryl alcohol).

The TOF of different metals for the APH of furfuryl alcohol, which involves the
hydrogenation of C=C bonds of furan ring, is shown in Figure 3.4. The activity for THFA
production from furfuryl alcohol decreased in the order: Pd > Ni > Ru > Pt > Rh >> Co. The Co
catalysts were inactive for the APH of furfuryl alcohol at 353 K. Pt and Rh showed relatively slow
rates of the APH of furfuryl alcohol compared to other metals. Sitthisa and Resasco showed that

Pd and Ni catalysts were active for the production of THFA from furfuryl alcohol !
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Pd Pt Ru Rh Ni Co

Figure 3.4 Comparison of TOFs of the APH of furfuryl alcohol at 353 K (M furfuryl alcohol to
THFA).

The aqueous-phase hydrogenolysis of THFA at 523 K was performed as a model reaction
for C-O-C bond hydrogenolysis. Ni was more active than Pt for the agqueous-phase hydrogenolysis
of THFA as shown in Figure 3.5. Pt and Ni produced 1,2-pentanediol or 1,5-pentanediol through
cleaving C-O-C bond of THFA. This indicates that the location of C-O-C bond cleavage depends
on the kind of metal. Sitthisa and Resasco showed that C-O-C bond cleavage occurred on a Ni/SiO-
catalyst for THF hydrogenolysis to butanol at 523 K.®* This might be because the interaction
between the THF ring and Ni surface weakens C-O-C bond of the THF ring, thereby causing the

ring opening reaction.®
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Figure 3.5 Comparison of TOFs of the aqueous-phase hydrogenolysis of THFA at 523 K (M
THFA to pentanediol).

The aqueous-phase hydrogenolysis of xylitol was carried out at 473 K as a model reaction
for C-C bond cleavage. Figure 3.6 shows a comparison of the activity of the agueous-phase
hydrogenolysis of xylitol over monometallic catalysts, showing the most active of each of the
monometallic catalyst series. The TOF of the aqueous-phase hydrogenolysis of xylitol decreased
as: Ru > Co > Pt > Ni > Pd. Previous studies also showed that Ru is active for hydrogenolysis of

polyols under neutral conditions.% %3

Pd Pt Ru Rh Ni Co

Figure 3.6 Comparison of TOFs of the aqueous-phase hydrogenolysis of xylitol at 473 K.
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Selectivity for the aqueous-phase hydrogenolysis of xylitol over the monometallic catalysts
is shown in Table 3.3. Conversion and carbon balance for the reaction are shown in Table A6. The
main products from the xylitol hydrogenolysis on the Pt, Ru, Ni and Co catalysts were ethylene
glycol and propylene glycol. Propylene glycol was the only product observed with the 3 wt% Pd
catalyst; however, the 3 wt% Pd catalyst had a slow reaction rate. Small amounts of glycerol were
detected with Ru catalysts. Ethylene glycol, propylene glycol and ethanol were detected with the

Co catalysts.

Table 3.3 Selectivity for the aqueous-phase hydrogenolysis of xylitol at 473 K.

methanol | ethanol Et'a/:/ecr(ﬁ pm%)lglzg‘i propanol® | glycerol | butanol® | butanediol® | 2-pentanol | THFA

3 wi% Pd 0 0 0 34 0 0 0 0 0 0
0.5 wt% Pt 0 0 2.6 5.2 0 0 0 0 0 0
1 wt% Pt 0 19 31 35 1.8 0 0 0 0 0

3 wt% Pt 14 2.0 53 6.4 15 0 24 0 18 1.0
0.5 wt% Ru 14 2.7 6.3 45 2.1 0 0 1.6 0 0
1 wt% Ru 1.0 33 9.9 10.8 41 4.8 26 5.6 14 1.0
3 wt% Ru 0.9 4.0 3.2 13.6 7.2 4.0 5.3 135 2.2 0
10 wt% Ni 0 3.7 29.3 185 0 0 0 0 0 0
20 wt% Ni 25 23 16.3 9.1 0 0 0 1.8 0 15
5 wt% Co 0 2.0 16.6 16.1 0 0 0 0 0 0
10 wt% Co 0 2.2 10.3 10.5 0 0 0 0 0 0
20 wt% Co 0 3.0 9.1 7.7 0 0 0 0 0 0

@Propanol includes 1-propanol and 2-propanol.
®Butanol includes 1-butanol and 2-butanol.

©Butanediol includes 1,2-butanediol and 2,3-butanediol.

Scheme 3.1 shows proposed reaction pathways for the aqueous-phase hydrogenolysis of
xylitol. Our previous study showed that decarbonylation, dehydrogenation, hydrogenation and

retro-aldol condensation reactions occur on metal sites, whereas dehydration reaction occurs on
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acid sites.®® Xylitol can undergo two different parallel reactions. One of these reactions involves
an initial dehydration step to 1,4-anhydroxylitol, similar to the reaction pathway for APHDO of
sorbitol shown in our previous study.*® The 1,4-anhydroxylitol can undergo further dehydration
and hydrogenation to produce THFA. The THFA can vyield 2-methyltetrahydrofuran by
dehydration and hydrogenation. The 2-methyltetrahydrofuran can react with hydrogen further to
form 2-pentanol. 2-Pentanol is probably produced by hydrogenolysis of C-O-C bond in 2-
methyltetrahydrofuran on Pt and Ru surfaces only, which is consistent with the results from THFA
hydrogenolysis in this study. The 1,4-anhydroxylitol is also able to undergo decarbonylation to
tetrahydrofuran-3,4-diol from which 2,3-butanediol and tetrahydrofuran (THF) can be produced
further by dehydration and hydrogenation. 1-Butanol and 2-butanol are possibly made from 2,3-
butanediol and THF by undergoing dehydration and hydrogenation, respectively. C1-C3
compounds are produced mainly via retro-aldol condensation, also described in the literature.®
Xylitol converts to xylose via dehydrogenation, and the aldehyde, xylose, can undergo retro-aldol
condensation to produce glycolaldehyde and glyceraldehyde. The glycolaldehyde then reacts with
hydrogen to form ethylene glycol, and the glyceraldehyde further makes propylene glycol via

dehydration and hydrogenation.
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Scheme 3.1 Proposed reaction pathways for aqueous-phase hydrogenolysis of xylitol.

Table 3.4 summarizes the results of this study and compares the results with previous

studies done for hydrogenation and hydrogenolysis reactions.26: 5% 60. 82,83, 86,9293 The order of

catalytic activity from this study is consistent with previous studies.

34
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Table 3.4 Hydrogenation and hydrogenolysis of oxygenates on monometallic catalysts.

Activity measured

Reaction (phase) | Feed / product Reaction conditions on The order of activity Reference
. 373 K, 800 psia, a per site basis NG
hy&rog:gjél)on acet;l?;:g’ﬁ“ 5 wt% acetaldehyde with H, Ru~Ni> Péh> Pd>Co> Leeetal.”
q solution chemisorption
. _ a per site basis
hydr(()g:gatlon acegatlr?;:gllde/ 343 K, Hzlzafe:ltaldehyde = with CO Pt > Co Zheng et al. %
g ' chemisorption
hydrogenation propanal / 1- 373 K, 800 psia, a p?’:listlr:eHbasm Ru ~ Ni>Pt>Pd>Co > Lee et al.™
(aqueous) propanol 5 wt% propanal solution L2 Rh '
chemisorption
hydrogenation acetone / 2- 373 K, 800 psia, a p?’:listlr:eHbasm Ru>Ni~Rh>Pt>Co> Lee et al.™
(aqueous) propanol 5 wt% acetone solution L2 Pd '
chemisorption
. ) a per site basis
hydr(()g;gatlon acit(;)n:nlc)lz 308 K, Hy/acetone = 2:1 with CO Pt>Co Zheng et al.®®
g prop chemisorption
. a per site basis
hydrogenation acetone / 2- 373-523 K, . - 60
(gas) propanol 4.5 cm® h'! acetone feed rate with H, Ni>Co>Fe Narayanan et al.

chemisorption

hydrogenation
(aqueous)

xylose / xylitol

373 K, 800 psia,
5 wt% xylose solution

a per site basis
chemisorption

Ru > Ni~Co>Pt>Rh~
Pd

Leeetal.”

hydrogenation

xylose / xylitol

373 - 398 K, 200 - 800 psig

a total catalyst

Ru > Ni > Rh > Pd

Wisniak et al 8% 8

(liquid) basis
. furfural / . a per site basis .
hydrogenation 373 K, 800 psia, . Pd ~Ni >Co>Ru>Pt> 7
(aqueous) ;liggjhrg: 4.8 wt% furfural solution chemlitgoﬁ)ztion Rh Leeetal.
. furfuryl 353 K, 800 psia, a per site basis . N
hygog:gj;l)on alcohol / 4.8 wt% furfuryl alcohol with H, Pd>Ni> Rgg Rh~Pt>> Lee et al. ™
q THFA solution chemisorption
hydrogenation acetic acid / 383 -563 K, 5.17 MPa, aper site basis Ru>Pt~Rh>Pd~Ir> 59
(aqueous) ethanol 10 wt% acetic acid solution W'.th Hz. Ni > Cu Olcay et al.
chemisorption
. . a per site basis
hydrogenolysis xylitol / glycol 473 K, 800 psia, with H, Ru > Co > Pt > Ni>Pd Leeetal.”
(aqueous) 5 wit% xylitol solution chemisorption
hy?;ggigzgm xylitol / glycol 10 \;1;03/0 };S/ﬁiglhs/l;z’tion a total metal basis Pt>Ru >bzge; Rh (with Sun et al.®
hydrogenolysis glycerol / 473 K, 40 bar, a p?’(listlgeHbasm Ru > Pt (with no base) Maris et al %
(aqueous) glycol 1 wt% glycerol solution 2 Pt > Ru (with base) '

chemisorption
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3.3 Conclusions

Ru was the most active metal for APH of C=0 bond in non-furanyl molecules (e.g.,
acetaldehyde, propanal, acetone, and xylose) at 373 K and for agueous-phase hydrogenolysis of
C-C bond (e.g., xylitol hydrogenolysis) at 523 K. Pd was the most active metal for APH of C=0
bond in furanyl molecules (e.g., furfural) at 373 K and C=C bonds of furan ring at 353 K. Pt and
Ni were active for hydrogenolysis of C-O-C bond in THFA at 523 K at which Pd, Rh, and Co were

inactive.
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CHAPTER 4

Aqueous-Phase Hydrogenation of Carbonyl Compounds and Aqueous-Phase
Hydrodeoxygenation of Sorbitol over Bimetallic Catalysts

The contents in this chapter are adapted from the following reference, Copyright (2014), reproduced by permission
of The Royal Society of Chemistry:

J. Lee, Y. T. Kimand G. W. Huber, Aqueous-Phase Hydrogenation and Hydrodeoxygenation of Biomass-Derived
Oxygenates with Bimetallic Catalysts, Green Chemistry, 2014, 16, 708-718.
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4.1 Background

Catalytic hydrogenation of carbonyl groups is widely applicable for organic synthesis in
chemical industries.®* 9% Selective hydrogenation of compounds containing C=0 and C=C bonds
is an important reaction route for the production of fine chemicals.®” % Furthermore, APH of C=0
bond is an important initial reaction step for the conversion of biomass to liquid fuels.*® It is also
a critical step in APHDO where hydrogen is added to biomass-derived molecules to hydrogenate
C=0 and C=C bonds.?® 333

Bimetallic catalysts often have a higher activity than either of their parent metals.*® For
instance, Co and Ni promoted Pt catalysts exhibited a higher activity for the hydrogenation of C=0
bond than the corresponding monometallic catalysts.® 1% A bimetallic Ni-Pd catalyst was more
active than Raney Ni for the hydrogenation of HMF and furfural.1% The addition of Ni, Co, and
Fe to Pt catalyst increased the activity for APR of ethylene glycol up to 3 times.?® It was proposed
that this increase in catalytic activity was because the Ni, Co, and Fe decrease the adsorption
energy of CO and H on the Pt metal surface. %1% Bimetallic catalysts can also modify the reaction
selectivity.2® For example, Pd-Cu and Ni-Fe bimetallic catalysts had a higher selectivity toward
hydrogenation products but lower selectivity toward decarbonylation products for furfural
conversion than the pure monometallic Pd and Ni catalysts.*” 1% pt-Ni and Pt-Co bimetallic
catalysts showed a higher deoxygenation products selectivity than monometallic Pt catalyst for
hydrodeoxygenation of meta-cresol.'® The addition of Sn to Ni catalyst can increase the hydrogen
selectivity from 47 to 93 % for APR of ethylene glycol.?

In this chapter, the activity of Pd-, Ru-, and Pt-based bimetallic catalysts for aqueous-phase
hydrogenation of carbonyl compounds (propanal, xylose, and furfural) was compared in the same

reactor system. Then the most promising bimetallic catalyst for the APH of carbonyl compounds
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was taken and tested for APHDO of sorbitol in a continuous flow reactor as a model reaction of

biomass conversion.

4.2 Results and Discussion
4.2.1 Aqueous-phase hydrogenation of carbonyl compounds

Table 4.1 presents chemisorption uptake values of the catalysts tested. The addition of Ni
and Co to the Ru catalyst and Fe to the Ru and Pt catalysts increased the hydrogen uptake. The
hydrogen uptake went through a maximum at Ni/Pt = 1 or Co/Pt = 1 when Ni and Co were added
to the Pt catalyst. However, the hydrogen uptake of Pd-based bimetallic catalysts was lower than
the monometallic Pd catalyst by factors of 2 to 6. Hydrogen can adsorb into bulk Pd metal, causing
an overestimation of the number of active sites.!1%12 CO chemisorption was performed for the Pd-
based catalysts to check if hydrogen adsorbs into bulk Pd on the catalysts. The metal dispersion
based on the hydrogen uptake and the CO uptake was 41.2 and 42.1 % respectively, suggesting
that hydrogen atoms do not go into the Pd bulk for the catalyst systems. As more Ni and Co were
added into the Pd catalyst, the CO uptake decreased, consistent with previous studies.*> 14 Similar
to the hydrogen uptake, the CO uptake also decreased as more Fe was added to the Pd catalyst. It
is possible that Fe encapsulates Pd metal sites, allowing less hydrogen and CO chemisorb on the
Pd sites. Shao et al. reported that overlayered Pd on Fe has a lower d-band center than Pd.t®

Greeley and Mavrikakis demonstrated that hydrogen binds weaker on Fe/Pd alloy than Pd metal 116
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Table 4.1 Chemisorption data of the prepared monometallic and bimetallic catalysts.

Catalyst | Hydrogen uptake (umol g*) | CO uptake (umol g?)
PdiNiy 21.6 67.5
Pd:Nis 22.5 56.9
Pd;Co; 21.8 57.4
Pd;Cos 22.9 50.1
PdiFe; 22.4 42.9
Pd;Fes 10.6 13.2
3 wt% Pd 58.1 118.6
RuiNi 44.8 R
Ru1Ni3 81.2 -
Ru:Coy 35.5 -
Ru:Cos 44.9 -
RusFe; 36.5 -
RusFes 34.5 -
3 wt% Ru 34.3 -
Pt:Niy 56.8 -
PtiNis 48.7 -
Pt:Co, 51.9 -
Pt:Cos 46.4 -
PtiFe; 56.0 -
PtiFes 38.8 -
3 wit% Pt 37.7 -
20 wt% Ni 84.7 -
20 wt% Co 18.1 -

Figure 4.1 shows TPR profiles of monometallic Pd/y-Al.O3 and Fe/y-Al,Oz catalysts and
a bimetallic Pd:Fes/y-Al>O3 catalyst. Table 4.2 shows the hydrogen consumption during reduction
for these catalysts. The monometallic Fe catalyst started to consume hydrogen at 590 K. Only 10.9
% of Fe species was reduced in the Fe/y-Al2Os catalyst. The monometallic Pd catalyst was

completely reduced at < 430 K.1*" The hydrogen consumption of the bimetallic Pd1Fes/y-Al,O3
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catalyst at < 430 K is 503.5 pmol g* which is higher than the hydrogen consumption of the
monometallic Pd/y-Al,O; catalyst at < 430 K (280.3 umol g1). This indicates that the existence of
Pd not only lowers the reduction temperature of Fe species but also increases the extent of
reduction of the Fe species. It is known that the presence of a noble metal lowers the reduction
temperature of metal oxide.!'812% Also, the addition of a noble metal into Fe catalyst increases the
reducibility of iron oxides.1?"124 It is possible that a portion of Fe species is reduced and interacts
with Pd forming Pd-Fe alloy after reduction.*?® However, other portion of Fe species could not be
reduced and exist as iron oxides (most likely FeO and Fez0s) and the iron oxides can be present

on the periphery of Pd-Fe bimetallic particles.!®

TCD signal (a.u.)

‘/JL (a)
(b)
300 400 500 600 700 800 900 1000 1100
Temperature (K)
Figure 4.1 TPR patterns of (a) PdiFes, (b) 3 wt% Pd/y-Al203, and (¢) 5 wt% Fe/y-Al20s.

Table 4.2 TPR analysis for Pd, Fe, and PdiFe;s catalysts.

Hydrogen consumption (umol gt) .
Catalyst <430 K | 430 ~ 590 K | 590 ~ 800 K Extent of reduction (%)
3 wt% Pd/y-Al2O3 280.3 0 0 99.4
5 wt% Fe/y-Al,03 0 0 146.1 10.9
PdiFes/y-Al.O3 503.5 48.6 25.2 37.4
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Conversion, reaction time, and carbon balance for the APH of the carbonyl compounds
over the bimetallic catalysts are shown in Tables A7, A8, and A9, respectively.

Figure 4.2 shows the comparison of TOFs of the APH of propanal for various monometallic
and bimetallic catalysts. The Pd-bimetallic catalysts were up to 63 times more active than the
monometallic Pd catalyst for the APH of propanal. The bimetallic catalysts’ activity for the APH
of propanal decreased as Pd-Fe > Pd-Ni > Pd-Co. The Pd-Fe and Pd-Ni catalysts had the highest
activity for the APH of propanal at a base metal to Pd molar ratio of 3:1 (Pd:Fes and PdiNiz). In
contrast, the Pd-Co catalyst had the highest activity for the APH of propanal at a Co to Pd molar
ratio of 1:1 (Pd1Cos). The Pd;Fes catalyst is the most active catalyst tested for the APH of propanal,
63 times higher than the rate of the 3 wt% Pd catalyst. The 3 wt% Ru catalyst was the most active
monometallic catalyst for the APH of propanal with a hydrogenation rate of 0.5 s™. The RuiCox
catalyst had the highest hydrogenation rate for propanal conversion among all Ru bimetallic
catalysts tested in this study. Based on a statistical student’s t-test, the addition of Fe to the
monometallic Ru catalyst did not significantly enhance the rate of the APH of propanal. Ni addition
at a Ni/Ru =1 level (RuzNi1) also did not statistically show any significant difference in the rate
of the APH of propanal compared to the pure Ru catalyst. Further addition of Ni to form the RuiNis
catalyst, decreased the catalytic activity for propanal hydrogenation to levels below that of the
monometallic Ru catalyst. Addition of Ni, Co, and Fe to the monometallic Pt catalyst increased
the rate of the APH of propanal. The maximum rate for all three of these bimetallic catalysts was
observed at a base metal to Pt molar ratio of 3 to 1. The Pt;Cos catalyst was very active for the
APH of propanal with a rate of 1.4 s. The PtiFes catalyst had a rate of 1.3 s for the APH of

propanal that was 14 times more active than the monometallic Pt catalyst. The TOF of the APH of
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propanal for the Pt1Nis catalyst was 8 times as high as the TOF of the APH of propanal for the 3
wt% Pt catalyst. The results of Pt-Co bimetallic catalysts being more active for the APH of
propanal are consistent with the work of Zheng et al. who showed that a Co-Pt bimetallic catalyst
IS more active than the parent monometallic catalysts (Pt and Co) for hydrogenation of
acetaldehyde and acetone.® They concluded the increase in activity was because acetaldehyde and
acetone adsorbed more weakly on Pt-Co-Pt(111) bimetallic surface than the parent monometallic

surfaces (Pt(111) and Co(0001)).%
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Figure 4.2 Comparison of TOFs of the APH of propanal at 373 K (™ propanal to 1-propanol).

As shown in Figure 4.3, the monometallic Ru catalyst was the most active catalyst for the
APH of xylose to xylitol among all the tested catalysts. The addition of Ni, Co, and Fe to the Ru
catalyst decreased the activity of the Ru catalyst for the APH of xylose. The addition of Ni, Co,
and Fe to the monometallic Pd catalyst increased the activity for APH of xylose where each catalyst

had a maximum rate at a base metal to Pd molar ratio of 3 to 1. The order of decreasing TOFs of
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the APH of xylose decreased as Pd-Ni > Pd-Fe ~ Pd-Co. The Pd:Nis catalyst was 110 times more
active than the monometallic Pd catalyst for the APH of xylose. The PdiFes catalyst had a 50 times
higher reaction rate than the monometallic Pd catalyst for the APH of xylose. The addition of Ni,
Co, and Fe to the monometallic Pt catalyst increased the activity for the APH of xylose with the
bimetallic activity decreasing as Pt-Ni > Pt-Co > Pt-Fe. The Pt1Niz catalyst was 16 times more

active than the monometallic Pt catalyst.
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Figure 4.3 Comparison of TOFs of the APH of xylose at 373 K (¥ xylose to xylitol).

Figure 4.4 shows the comparison of the activity of the catalysts for the APH of furfural.
The products observed from the APH of furfural were furfuryl alcohol and THFA. Addition of Fe
and Co to the Pd catalyst increased the activity of the Pd for the APH of furfural. The Pd-Fe
bimetallic catalysts were the most active catalysts for the APH of furfural. The PdiFes catalyst was
9 times more active than the monometallic Pd catalyst for the APH of furfural. The Pd-Co

bimetallic catalysts were up to 40 % more active than the monometallic Pd catalyst. The PdiNis
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bimetallic catalyst was less active than the 3 wt% Pd catalyst even though Pd and Ni are both very
active metals for the APH of furfural. The addition of Fe and Co to the monometallic Ru catalyst
increased the activity up to 2 times for the APH of furfural. Ni addition to the monometallic Ru
catalyst decreased the activity by 19 %. The addition of Ni, Co, and Fe to the Pt catalyst increased
the rate of the APH of furfural with the most active bimetallic catalysts being Pt-Fe. The PtiFes
catalyst was 16 times more active than the 3 wt% Pt catalyst for the APH of furfural. The Pt;Cos
catalyst was 9 times as active as the 3 wt% Pt catalyst for the APH of furfural. The Pt1Ni; catalyst
had a higher TOF than the 3 wt% Pt catalyst but a lower TOF than the 20 wt% Ni catalyst.

The Pd-based bimetallic catalysts produced both furfuryl alcohol (88.5 to 93.1%) and
THFA (6.9 to 11.5 %) from furfural. This indicates that the Pd-based bimetallic catalysts are also
active in the hydrogenation of the C=C bond in a furan ring. The Ru-based bimetallic catalysts
made THFA with small portions (0.2 to 3.6 %). The Pt-based bimetallic catalysts produced only
furfuryl alcohol.
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Figure 4.4 Comparison of TOFs of the APH of furfural at 373 K (® furfural to furfuryl alcohol
and THFA).
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The results from the APH of different carbonyl compounds demonstrate that a Fe promoted
Pd catalyst (i.e., PdiFes) is most active for the APH of propanal and furfural and also active for
the APH of xylose (Figure 4.5), suggesting that Fe addition to Pd catalyst increases the activity for
hydrogenation of carbonyl compounds. One hypothesis is that the aldehydes adsorb more weakly
on Pd-Fe bimetallic surface, resulting in a higher activity for hydrogenation of carbonyl groups.%®
87,101

Furthermore, on the Pd:Fes catalyst, the hydrogenation rate for each molecule decreases in
the order: propanal > furfural > xylose (Figure 4.5). For xylose hydrogenation, the O atom on the
carbonyl group adsorbs on a catalyst surface through O along with an adsorption of O atom on the
hydroxyl group adjacent to the carbonyl group on the catalyst surface.®* This adsorbed O atom of
the hydroxyl group may prevent hydrogenation of C=0 bond of xylose. However, for propanal
and furfural, the carbonyl group adsorbs on Pd metal surface through both C and 0.1°7: 126 For
propanal hydrogenation, the adsorbed carbonyl species is hydrogenated to form a surface alkoxide
species via the addition of adsorbed H to the adsorbed O atom.107:127:128 |n contrast to propanal, a
hydroxyalkyl surface species is the dominant intermediate through H addition to C atom due to
the conjugation with the furan ring of furfural.1°-12° Atomic O is more electronegative than atomic
C; hence, the alkoxide intermediate can more easily react with H than the hydroxyalkyl

intermediate resulting in higher activity for hydrogenation of propanal than of furfural.
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Figure 4.5 TOF of the APH of propanal, xylose, and furfural at 373 K as a function of Pd atomic
fraction in Pd-Fe bimetallic system (H propanal; @ xylose; A furfural).

4.2.2 Aqueous-phase hydrodeoxygenation of sorbitol

As shown above, it is found that the addition of Fe to Pd increases the activity for APH of
C=0 bond. Hydrogenation of carbonyl groups is an important fundamental reaction in APHDO of
biomass-derived oxygenates.?® 3 43 The carbonyl groups are produced during APHDO by several
routes including dehydration of alcohols or polyols and C-C bond cleavage reactions.®® For
example, ethylene glycol is produced from hydrogenation of 2-hydroxyacetaldehyde which is
produced through dehydrogenation and retro-aldol condensation of sorbitol.3 Therefore, using a
bimetallic Pd-Fe catalyst is an option to increase the catalytic activity for APHDO of sorbitol.

APHDO occurs through a bifunctional reaction pathway on metal-acid catalysts.
Zirconium phosphate (Zr-P) is one of the most promising solid-acids for APHDO because it has a
high Brensted to Lewis acid ratio and does not leach during the reaction.®® 3 Therefore, a
PdiFes/Zr-P catalyst was synthesized and APHDO of sorbitol was carried out with the PdiFes/Zr-

P catalyst in a continuous flow reactor.
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Table 4.3 lists the BET surface area and hydrogen uptake of the 3 wt% Pd/Zr-P and
PdiFes/Zr-P catalysts before and after reaction. During the reaction both catalysts underwent phase
transformation from an amorphous material to a crystalline material as shown by XRD in Figure
Al. Both catalysts lost BET and metal surface area after reaction. Despite the loss of surface area,

both catalysts were stable as shown by the time-on-stream data in Figure 4.6.

Table 4.3 BET surface area and hydrogen chemisorption data of Pd/Zr-P and Pd;Fes/Zr-P.

Catalyst BET surface area (m? g') | Hydrogen uptake (umol g™)

3 wt% Pd/Zr-P before reaction 238.0 19.3
3 wt% Pd/Zr-P after reaction 19.7 1.1
PdiFes/Zr-P before reaction 102.3 16.4
PdiFes/Zr-P after reaction 6.7 0.2
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Figure 4.6 Carbon converted to gas phase (@) and gas phase carbon selectivity of C1 (), C2
(A), C3 (#), C4 (O), C5 (0), C6 (A), and CO2 (<>) as a function of time-on-stream over (a)
Pd/Zr-P (WHSV = 0.73 h'l) and (b) Pd:1Fes/Zr-P (WHSV = 0.16 h'l). Reaction conditions: 518 K,
6.21 MPa, 20 wt% sorbitol solution as the feed, and hydrogen flow of 40 mL min™.
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The PdiFes/Zr-P was the most active catalyst we have tested for the APHDO of sorbitol,
as shown in Figure 4.7.3 352 The TOF of the PdiFes/Zr-P (based on hydrogen uptake after
reaction) was 14 times higher than the TOF of the Pd/Zr-P. The PdiFes/Zr-P catalyst was 13 times
more active than a Pt/Zr-P catalyst.>® This suggests that hydrogenation of carbonyl groups is a
kinetically slow step on Pd catalysts and carbonyl intermediates may poison the Pd surface.%: 132
133 Interactions between Pd and Fe shift the d-band center of Pd away from the Fermi level.** The
change in the electronic structure of Pd weakens the adsorption strength of intermediates and
products in APHDO facilitating product desorption, thereby increasing reaction rate.**® Also, Pd
promotes water formation over metallic Fe surface, preventing oxidation of the metallic Fe surface
by surface oxygen species.!® Pd is also known to stabilize the metallic Fe surface against

deactivation by water oxidation.'?
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Figure 4.7 Comparison of TOFs of the APHDO of sorbitol. The values of the TOF of Pt/Zr-P is
from the reference.> Reaction conditions: 518 K, 6.21 MPa, WHSV = 2.92 h'l, 20 wt% sorbitol
solution as the feed, and hydrogen flow of 40 mL min™.

Scheme 4.1 shows major reaction pathways for the APHDO of sorbitol. The APHDO of

sorbitol involves three key classes of reactions:?® 3% 53 (1) C-C bond cleavage through
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dehydrogenation followed by decarbonylation and dehydrogenation followed by retro-aldol
condensation at metal sites; (2) C-O cleavage through dehydration at acid sites; (3) hydrogenation
at metal sites.

First, sorbitol undergoes stepwise dehydration to produce sorbitan and isosorbide. The
sorbitan and isosorbide undergo a series of dehydration/hydrogenation reactions to produce
polyols and cyclic ethers, respectively. The polyols and cyclic ethers undergo further
dehydration/hydrogenation to produce alcohols, followed by the corresponding alkanes.
Hydrogenation occurs rapidly, regardless of C-C and C-O bond cleavage. Dehydration is the rate-
limiting step during dehydration/hydrogenation.?® 3" The oxygenated intermediates probably also
undergo dehydrogenation to produce the corresponding ketones and aldehydes. The aldehydes are
selectively converted to their carboxyl acids through isomerization (or disproportionation). C-C
bond cleavage reactions can also take place from the oxygenated intermediates, leading to smaller

products and CO:..
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Scheme 4.1 Major reactlon pathways and chemical reactions for APHDO of sorbitol.
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As shown in Scheme 4.1, sorbitan and isosorbide which are produced through dehydration
of sorbitol at acid sites of the Zr-P support are early intermediates of C4-C6 products for the
APHDO of sorbitol. The products made through dehydrogenation/retro-aldol condensation of
sorbitol (i.e., propylene glycol and glycerol) are the intermediates of C1-C3 products for the
APHDO of sorbitol. As shown in Figure 4.8, the PdiFes/Zr-P had a significantly lower selectivity
toward sorbitan and isosorbide than the Pd/Zr-P, thereby having a higher selectivity toward C4-
C6 products than the Pd/Zr-P. This indicates that the addition of Fe to the Pd catalyst promotes the
conversion of sorbitan and isosorbide to C4-C6 alcohols, cyclic ethers, and alkanes. Also, a
selectivity toward C1-C3 products of the PdiFes/Zr-P was higher than one of the Pd/Zr-P. This
suggests that the addition of Fe to the Pd catalyst promotes C-C bond cleavage by
dehydrogenation/retro-aldol condensation. The electronic structure change of Pd could alter the
favorable reaction mechanism by changing the adsorption configuration.!®

For both catalysts, a white insoluble product was observed in the liquid phase report as
humins in Table 4.4. A less amount of humins was formed with the PdiFes/Zr-P than with the

Pd/Zr-P. The humins were formed via polymerization of isosorbide.**
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Figure 4.8 Molar carbon selectivity (normalized without polymerized humins) of C1-C6 products
and of sorbitan and isosorbide (H Pd/Zr-P; M PdiFes/Zr-P). Reaction conditions: 518 K, 6.21
MPa, WHSV = 0.16 h', 20 wt% sorbitol solution as the feed, and hydrogen flow of 40 mL min™.

Table 4.4 Molar carbon selectivity of products for the APHDO of sorbitol. Reaction conditions:
518 K, 6.21 MPa, WHSV = 0.16 h!, 20 wt% sorbitol solution as the feed, and hydrogen flow of

40 mL min™.

Catalyst Pd/Zr-P Pdi1Fes/Zr-P
Conversion (%) 97.8 100
Alcohols (%)

Methanol 0.4 1.0
Ethanol 0.5 3.8
Ethylene glycol 1.1 0.3
1-Propanol 2.8 11.3
2-Propanol 0.02 0.4
Propylene glycol 0.1 1.1
Glycerol 0.2 0.3
1-Butanol 0.4 1.6
2-Butanol 0 0.3
1,2-Butanediol 0 0.4
1,4-Butanediol 0.1 0.3
2,3-Butanediol 0 1.0
1-Pentanol 0.1 0.8
2-Pentanol 0.1 0.2
1,2-Pentanediol 0.4 0.6
1,4-Pentanediol 0.04 0.5
1,5-Pentandiol 0.1 0.1
1-Hexanol 1.1 1.6
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2-Hexanol 0.02 0.1
3-Hexanol 0.3 0.3
1,6-Hexanediol 0.1 0.1
2,5-Hexanediol 0 0.7
1,2,6-Hexanetriol 0.1 0.02
Cyclic ethers (%)

THF 0.4 0.6
3-Hydroxy-THF 0.1 0.8
2-Methyl-THF 0.3 0.7
HMF 0 0
THFA 0.8 2.7
Tetrahydropyran 0.7 1.1
Tetrahydro-4H-pyran-4-ol 0.3 0.9
2,5-Dimethyl-THF 2.5 1.7
5-Methyl-THF-2-methanol 1.4 3.2
Tetrahydro-2-methoxymethyl-furan 0.7 2.2
2-Methyl-tetrahydropyran 34 2.8
Tetrahydropyran-2-methanol 5.0 9.5
Aldehydes (%)

Butanal 0.1 0.1
Pentanal 0 0.6
Ketones (%)

Acetone 0.03 0.7
Hydroxyacetone 0 0.2
2-Butanone 0.1 1.3
2-Pentanone 0.1 0.4
3-Pentanone 1.0 0.9
Cyclopentanone 0 0.1
2-Hexanone 0.1 0.3
3-Hexanone 0.1 0.6
Acids (%)

Propanoic acid 0.3 0.5
Butylic acid 0.1 0.2
Pentanoic acid 0.2 0.3
Hexanoic acid 0.2 0.6
Alkanes (%)

Methane 0.05 0.6
Ethane 0.2 1.4
Propane 0.5 0.8
Butane 0.5 0.4
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Pentane 0.2 0.5
Hexane 1.0 0.5
CO (%) 0.6 1.5
CO2 (%) 0.7 5.4
Isosorbide (%) 26.8 2.0
Sorbitan (%) 3.0 0.6
Mannitol (%) 3.0 0

Humins (%) 36.5 25.5

4.3 Conclusions

The addition of Ni, Co, or Fe to the monometallic Pd and Pt catalysts increased the activity
for the APH of propanal and furfural. In contrast, all bimetallic catalysts tested in this study had a
lower activity than the monometallic Ru catalyst for the APH of xylose. The TOF of the APH of
propanal increased by the addition of Ni, Co, and Fe to the monometallic Pd catalyst with the
bimetallic Pd:Fes catalyst being most active for the APH of propanal. The addition of Fe to the
monometallic Pd catalyst also increased the TOF of the APH of xylose by a factor of 51. The
Pd:Fes bimetallic catalyst has the highest activity for the APH of furfural. The Pd-based bimetallic
catalysts produced not only furfuryl alcohol but also THFA for the APH of furfural, meaning that
the Pd-based bimetallic catalysts are also active not only for hydrogenation of C=0O bond of
furfural but also for hydrogenation of C=C bonds of furan ring.

The PdiFes/Zr-P catalyst was more active than the monometallic Pd/Zr-P and Pt/Zr-P
catalysts for the APHDO of sorbitol. The addition of Fe to the Pd increased the conversion of
sorbitan and isosorbide to C4-C6 products and promoted dehydrogenation/retro-aldol

condensation of sorbitol causing the increase in the production of C1-C3 compounds.
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CHAPTER 5

Stabilizing Cobalt Catalyst by Atomic Layer Deposition for
Agueous-Phase Reactions

The contents in this chapter are adapted from the following reference, Copyright (2014), reproduced by permission
of The Royal Society of Chemistry:

J. Lee, D. H. K. Jackson, T. Li, R. E. Winans, J. A. Dumesic, T. F. Kuech and G. W. Huber, Enhanced Stability of
Cobalt Catalysts by Atomic Layer Deposition for Aqueous-Phase Reactions, Energy and Environmental Science,
2014, 7, 1657-1660.
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5.1 Background

Agueous-phase catalytic reactions are a common method to convert biomass into liquid
fuels and chemicals.® % 14 47. 140 ynfortunately, most of the catalysts used in these aqueous-phase
reactions are precious metals like Pt and Ru.2 3 7> 78 Precious-metal catalysts are active and stable
under aqueous phase conditions,®> %% ™ but are expensive. While base metals are inexpensive,
abundant, and active for liquid phase reactions,'*! they suffer from irreversible deactivation such
as leaching of metal species under liquid-phase reaction conditions.}*? 1%* Hence, it would be
highly desirable to design stable base-metal catalysts for aqueous-phase catalytic processes.

Previous studies have shown that atomic layer deposition (ALD) of an Al>O3 overcoat can
inhibit coking and sintering of Pd nanoparticles for a gas phase dehydrogenation reaction'** and
leaching and sintering of Cu for liquid-phase hydrogenation reactions.!*® ALD is a gas phase film
deposition technique depending on discrete pulsing of chemical precursors for the film. Figure
5.1a-b shows the reaction of a metal precursor (A) with the substrate (the first half reaction), in
which the reactive ligands of the metal precursor are partially removed by reaction with active
sites on the substrate surface. In Figure 5.1b-c, the metal precursor pulse is stopped and unreacted
precursor and byproducts are purged with an inert gas or evacuated when the first half reaction
completes. Figure 5.1c-d represents the second half reaction (precursor B) removing the remaining
ligands of the precursor A, regenerating the active sites, and completing the reaction cycle. In
Figure 5.1d-e, the ALD reactor purged with the inert gas or evacuated after the completion of the
surface reaction. The cycle is repeated until the desired film thickness is obtained (Figure 5.1f).
The self-limiting nature of the half-reactions allows conformal film deposition and film thickness
control, 10 151

In this chapter, an ALD TiO2 coating is used to stabilize cobalt catalysts for APH reactions.
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Figure 5.1 Schematic representation of film ALD using a binary (AB) precursor system.

5.2 Results and Discussion
5.2.1 Catalyst characterization

A high-temperature calcination treatment is required in preparing ALD catalyst to produce
porosity in the ALD coating, thereby allowing access to the metal catalytic sites.** 14> As shown
in Figure 5.2b, the ALD Al>Oz/Co/y-Al203 catalysts were not reducible in a hydrogen environment
at temperatures up to 1073 K after a calcination treatment. The ALD Al>03/Co/y-Al,Oz catalyst
most likely formed an irreducible cobalt aluminate phase after the high-temperature calcination,4®
147 showing no activity for the APH of furfuryl alcohol. After the high-temperature calcination, the
color of the calcined Co/y-Al203 and ALD AlO3/Co/y-Al203 catalysts became blue. Blue is the

color of cobalt aluminate.48



58

TCD signal (a.u.)
e

T T T T T T T T T T Y T T T T 1
300 400 500 600 700 800 900 1000 1100
Temperature (K)

Figure 5.2 TPR patterns of (a) Co/y-Al2O3, (b) Al.O3/Coly-Al203 calcined at 873 K, (c) Co/TiOy,
and (d) ALD TiO2/Co/TiO calcined at 873 K.

An ALD TiO> coated Co/TiO2 (ALD TiO2/Co/TiOy) catalyst reduced at 873 K after
calcination at 873 K were then prepared. The growth per cycle (GPC) of TiO2 coating is 0.4
Alcycle,*® meaning that the thickness of the TiO2 coating (30 cycles) is around 1.2 nm. Using this
film thickness and the surface area, it was calculated a ~5 % increase in mass during the ALD
treatment. This value was confirmed experimentally by weighing the sample before and after
deposition, indicating that the addition of cobalt to the TiO. surface did not dramatically reduce or
increase the ALD of TiO».

Table 5.1 shows the hydrogen chemisorption, percent reducibility, and BET surface area
of the different catalysts. The hydrogen uptake of Co/TiO2 was 7.38 umol gX. After the ALD TiO;
coating of the Co/TiO,, the hydrogen uptake decreased to 0.73 pmol g?, indicating that the thin
ALD TiO coating covered 90.1 % of cobalt active sites. The hydrogen uptake increased to 2.01
umol gt after a calcination treatment at 873 K in air, indicating more cobalt sites being accessible
after the calcination. The hydrogen uptake of the used ALD TiO2/Co/TiOz was 2.79 umol g, and

thus more cobalt active sites were exposed after the regeneration. The BET surface area slightly
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decreased after the ALD TiO2 coating. The BET surface area increased after high temperature

calcination.

Table 5.1 Hydrogen uptake, extent of reduction, and BET surface area of the TiO2, Co/TiO», and

ALD TiO2/Co/TiOa.

Material Hydrogen uptake Extent of BET surface area
(umol g) reduction (%) (m? g™
TiO> - - 51.4
TiO2-1023 - - 10.2
Co/TiO 7.38 41.7® 10.1
ALD TiO2/Co/TiO> 0.73 - 9.9
ALD TiO2/Co/TiO calcined ®)
At 873 K 2.01 38.4 10.6
ALD TiO2/Co/TiO; used®© 2.79 . 8.6

@measured at 473~773 K
®measured at 723~998 K

©Before the characterization, the used ALD TiO,/Co/TiO- calcined at 873 K, reduced at 873
K, and then passivated in 10 % oxygen.

The effect of TiO> coating on thermal stability of cobalt particles was determined by TEM

analysis as shown in Figure 5.3. The fresh cobalt particle size of the Co/TiO2 was 25 =4 nm

(Figure 5.3a and e). After calcination at 873 K, the cobalt particle size of the Co/TiO> increased

(32 6 nm, Figure 5.3b and e) with a broader particle size distribution. However, the cobalt particle

size of the ALD TiO,/Co/TiO- (24 £2 nm) did not change even after calcination, three reactions,

and two regenerations (Figure 5.3c, d, and €). This confirms that 30 cycles of ALD TiO> coating

(1.2 nm thickness) can suppress cobalt sintering. It is known that leaching and sintering of metal

come from the under-coordinated metal atoms at defects, corners, and edges.'*> ' In the ALD

Ti02/Co/TiO: catalyst, the thin TiO> film probably decorates the under-coordinated cobalt sites

located at defects, corners, and edges which thereby prevents the leaching and sintering of cobalt.
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Figure 5.3 TEM images of (a) Co/TiO, (b) Co/TiO; calcined at 873 K, (c) ALD TiO2/Co/TiO;
calcined at 873 K, (d) the used ALD TiO./Co/TiO3, and (e) cobalt particle size distribution (I
Co/TiO2; M Co/TiO- calcined at 873 K; M ALD TiO2/Co/TiO> calcined at 873 K; I the used
ALD TiO2/Co/TiOz). The used catalyst calcined at 873 K and then reduced at 873 K after reaction.

The ALD TiO./Co/TiO catalyst was further characterized by small-angle X-ray scattering

(SAXS).1*1 As shown in Figure 5.4, there was a difference in intensity at the g range of 0.01 to
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0.07 A between the ALD TiO2/Co/TiO> catalyst before (blue curve) and after calcination (red
curve). This intensity difference (black curve) is possibly due to structural change either of the
support or of the overcoat before and after calcination. In-situ SAXS showed that the support is
stable and no change in intensity took place during calcination (Figure 5.5). Therefore, the
difference in intensity shown in Figure 5.4 indicates pore formation in the overcoat. The data was
fitted with a spherical shape model using Modeling 11 tool in the Irena package within the IgorPro
application.’>2 From the data fitting (green curve), the average pore size in the ALD TiO2 coating

was estimated to be around 16 nm based on volume distribution.

Intensity (a.u.)

Figure 5.4 SAXS results for the ALD TiO2/Co/TiOz before (Il blue curve) and after calcination
at 873 K (@ red curve). The intensity difference (Il black curve) subtracts blue curve from red
curve. Green curve (@) shows data fitting.
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Figure 5.5 In situ SAXS data of the TiO> support.

XRD was performed to understand how pores were formed in the overcoat during
calcination. Two amorphous peaks were observed (marked with red star in Figure 5.6) prior to
calcination. These peaks did not match with any other peaks in our database. These two peaks
disappeared after calcination (black dashed line in Figure 5.6). This suggests that pore formation
resulted from densification of an amorphous TiO2 coating to a crystallized TiO. during

calcination.1%3

10“—E

Intensity (a.u.)

N
o
W
il

20
Figure 5.6 XRD patterns of the fresh ALD TiO2/Co/TiO: before and after calcination at 873 K
(red solid line: before calcination; black dashed line: after calcination at 873 K).



63

Figure 5.7 represents a proposed schematic model of a Co/TiO; catalyst with and without
ALD TiO decoration on edges. The TiO> forms a thin film over the cobalt particle during the

ALD process. After calcination, the TiO, forms pores and migrates to defect sites on the cobalt

particles.
== ALD TiO, coating = ALD TiO, decoration
C
a) b) ) ” ~
Co I Co | > /I Co
TiO, TiO; Tio,

Figure 5.7 Proposed schematic model of a Co/TiO. catalyst with and without ALD TiO-
decoration on edge. (a) Co/TiO2, (b) ALD TiO2/Co/TiO, and (c) ALD TiO2/Co/TiO> after
calcination.

5.2.2 Catalyst testing

The Co/y-Al203, Co/TiO2, and ALD TiO2/Co/TiO: catalysts were tested for the APH of
furfuryl alcohol in a continuous flow reactor. Furfuryl alcohol is a key platform renewable non-
petroleum based molecule.’™* 1> Precious-metal catalysts have been used for hydrogenation of
furfuryl alcohol.” ¢ Therefore, hydrogenation of furfuryl alcohol would benefit from stabilizing
inexpensive cobalt catalysts. Figure 5.8 shows the cobalt leaching as a function of time on stream
for the APH of furfuryl alcohol with three different catalysts. As can be seen from Figure 5.8, the
Co/y-Al;03 and Co/TiO2 lost cobalt by leaching. In contrast, both the fresh and regenerated ALD

Ti0,/Co/TiO: catalysts did not lose cobalt.
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Figure 5.8 Cobalt leaching as a function of time-on-stream for the APH of furfuryl alcohol over
ALD and non-ALD catalysts (A ALD TiO2/Co/TiO2 (fresh); A ALD TiO2/Co/TiO2 (two
regenerations); l Co/y-Al>03z; L1 Co/TiOz). Reaction conditions: 413 K, 2.34 MPa, WHSV =5.8
h1, 2 wt% furfuryl alcohol solution as the feed, and hydrogen flow of 40 mL min’. Regeneration
of the catalyst was carried out by calcining the catalyst at 873 K and then re-reducing the catalyst
at 873 K.

Figure 5.9 shows the conversion of furfuryl alcohol as a function of time-on-stream. The
Co/TiO2 and Co/y-Al,O3 catalyst had almost a five times lower activity compared to the
regenerated ALD TiO2/Co/TiO> catalyst. The fresh ALD TiO2/Co/TiO> catalyst deactivated during
the first reaction cycle and stabilized at a conversion of 25 %. However, after regeneration
(regeneration of the catalyst after reaction was carried out by oxidizing the catalyst at 873 K,
purging with helium, and then re-reducing the catalyst at 873 K), the ALD TiO2/Co/TiO> catalyst
showed higher activity than the fresh catalyst. This increase is due to more cobalt active sites being
exposed by more pores formed in the ALD TiO coating during regeneration as measured by

hydrogen chemisorption (Table 5.1). After a second regeneration and reaction cycle the catalyst

activity did not change.
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Figure 5.9 Conversion of furfuryl alcohol as a function of time-on-stream for the APH of furfuryl
alcohol over ALD and non-ALD catalysts (® ALD TiO./Co/TiO; (fresh); @ ALD TiO2/Co/TiO>
(one regeneration); A ALD TiO2/Co/TiO2 (two regenerations); V' Co/TiOz; [ Co/y-Al203).
Reaction conditions: 413 K, 2.34 MPa, WHSV = 5.8 h'l, 2 wt% furfuryl alcohol solution as the
feed, and hydrogen flow of 40 mL min™. Regeneration of the catalyst was carried out by calcining
the catalyst at 873 K and then re-reducing the catalyst at 873 K.

The APH of furfuryl alcohol produced several different products with the ALD
TiO2/Co/TiO., as shown in Scheme 5.1. THFA is produced via hydrogenation of the C=C bond of
furan ring of furfuryl alcohol. 1,2-Pentanediol is converted from furfuryl alcohol via
hydrogenolysis of C-O-C bond which occurs mostly on metal sites>” whereas 1,5-pentanediol is
produced on bifunctional sites.’®® 1,4-Pentanediol can be produced from isomerization of 1,2-
pentanediol.’® Ring rearrangement of furfuryl alcohol makes hydroxy-cyclopentenone as an
intermediate in water.1%% 11 Hydrogenation of C=C and C=0 bonds of the intermediate occurring
on metal sites can produce 1,3-cyclopentanediol. The intermediate also undergoes hydrogenolysis
of C-OH bond and hydrogenation of C=C bond, thereby produces cyclopentanone.®!
Cyclopentanol is produced through hydrogenation of C=0 bond of the cyclopentanone.®! 2-

Methylfuran can be produced through hydrogenolysis the C-OH bond of furfuryl alcohol which

has been reported to occur on metal sites of the catalysts.'% 1-Pentanol and 2-Pentanol are formed
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in a ring-opening reaction of the furan ring of the 2-methyfuran.% When the 2-pentanol undergoes

C-C bond cleavage reactions on metal sites,’* it produces 1-butanol and methane.

M, Q—/
/ furfuryl ﬂu)hn]
oSS

| 1,2-pentanediol 1.4-pentanediol
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tetrahydrofurfuryl alcohol
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Scheme 5.1 Proposed reaction pathways for APH of furfuryl alcohol.

The main products made with the ALD TiO2/Co/TiO. for the APH of furfuryl alcohol were
THFA and 1,5-pentanediol (Figure 5.10). The THFA selectivity increased with each regeneration
cycle. The cyclopentanone selectivity decreased while cyclopentanol selectivity stayed the same
after the first regeneration, indicating ring rearrangement reactions became less dominant after
regeneration. 1,5-Pentanediol is known to be produced from C-O-C bond hydrogenolysis of
THFA.™8 Interestingly, even though 1,5-pentanediol was produced from the APH of furfuryl
alcohol, there was no conversion for hydrogenolysis of THFA over the ALD TiO2/Co/TiO. This

suggests that 1,5-pentanediol and THFA are produced by parallel reactions for the APH of furfuryl
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alcohol over the ALD TiO2/Co/TiO; catalyst. 1,4-Pentanediol can be produced from isomerization

of 1,2-pentanediol.**®
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Figure 5.10 Carbon molar selectivity as a function of time-on-stream for the APH of furfuryl
alcohol over (a) ALD TiO2/Co/TiO- (fresh), (b) ALD TiO2/Co/TiO2 (one regeneration), and (c)
ALD TiO2/Co/TiO> (two regenerations) (ll THFA; O 1,2-pentanediol; A 1,4-pentanediol; VV 1,5-
pentnaediol; € cyclopentanone; <| cyclopentanol; P> 1,3-cyclopentanediol; < others). Others
include 1-butanol, 2-methyl-furan, 1-pentanol, and 2-pentanol. Reaction conditions: 413 K, 2.34
MPa, WHSV = 5.8 h', 2 wt% furfuryl alcohol solution as the feed, and hydrogen flow of 40 mL

mint

reducing the catalyst at 873 K.

. Regeneration of the catalyst was carried out by calcining the catalyst at 873 K and then re-
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5.3 Conclusions

It was shown that an ALD TiO2 overcoat stabilized cobalt particles against leaching and
sintering in the aqueous phase. High-temperature calcination exposed the cobalt by opening the
overcoating, shown by hydrogen chemisorption, SAXS, and XRD, while maintaining a stabilizing
interaction with under-coordinated cobalt sites that are prone to leaching and sintering. This
strategy for base-metal stabilization under aqueous conditions should be useful in replacing novel-
metal catalysts with inexpensive and abundant base-metal catalysts for aqueous-phase conversion

of biomass.



CHAPTER 6

Stabilizing Cobalt Catalyst by Strong Metal-Support Interaction for
Agueous-Phase Reactions

69
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6.1 Background

Catalytic aqueous-phase hydroprocessing approaches can be used to produce a wide variety
of liquid fuels and commodity chemicals from biomass.* ¢ 9 14.140. 162 Aqueous-phase processing
has been primarily carried out with supported precious-metal catalysts. Dumesic and co-workers
produced alkanes from aqueous-phase conversion of carbohydrates using Pt catalysts.?*° Alkanes
can also be prepared from cellulose using Ir-Re and Ru catalysts.®> 32 Ru and Pt catalysts have
been used for aqueous-phase hydrogenation of carbohydrates and organic acids.®*% Mono-
functional organic compounds can be prepared from sugar alcohols using Pt-Re catalysts.® %7

There have been efforts to use base-metal catalysts for these processes. It is generally
known that base-metal catalysts leach and sinter under harsh aqueous conditions.#? 143 Sulfided
Co-Mo catalysts have been used for hydrodeoxygenation of pyrolysis oils. % 164 However, these
catalysts deactivate due to coking and sulfur loss. Leaching of promoter metals (e.g., Mo) is
another problem when using the Mo-modified catalysts.'®® Other authors have used base-metal
catalysts for aqueous-phase conversion of lignin and cellulose in batch reactors.1%® 167 However,
the long term catalyst stability in these batch reactors was not determined. Raney Ni catalysts have
also been used to upgrade bio-oils by hydrogen transfer reactions.'%® 16 However, the Raney
catalysts are known to undergo metal leaching.3 8% 170 Therefore, it would be highly desirable to
stabilize inexpensive supported non-sulfide base-metal catalysts for the aqueous-phase processes.

It has recently reported that base-metal catalysts can be stabilized by overcoating with a
layer of Al,O3 or TiO using ALD.*> 1"t An Al,O3 overcoat formed by ALD stabilized the copper
particles against leaching and sintering for liquid-phase hydrogenation reactions.!*® An ALD TiO;
overcoated cobalt catalyst was resistant against leaching and sintering for APH reactions where it

was proposed that the TiO selectively decorated defect and edge cobalt sites where leaching and
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sintering begins, as shown in Chapter 5.1 The ALD approach has also been used to stabilize Pd
catalyst against coking and sintering for gas-phase ethane dehydrogenation at 948 K.144 However,
ALD is an expensive and time-intensive process to produce supported metal catalysts. It would be
highly desirable to prepare stabilized base-metal catalysts without using ALD technology. The so-
called strong metal-support interaction (SMSI) effect has been reported to be due to migration of
partially reduced metal oxide species onto the surface of metal particles.}’21’® Dumesic et al.
monitored the changes in physical and chemical properties of a Ni-TiO> system during reaction in
hydrogen using TEM.Y” Zander et al. have recently observed the formation of a ZnO layer
covering copper particles upon reduction by means of a depth-sensitive synchrotron X-ray
photoelectron spectroscopy (XPS).1"® The SMSI effect has been used to design catalysts for
methanol synthesis on Cu-based catalysts,}’® CO oxidation on Pd-based catalysts,”® hydrogen
production on Pt-based catalysts,* furfural hydrogenation on Pt-based catalysts,'8! and CO and
CO: hydrogenation on Co-based catalysts.’® However, previous studies have focused on
enhancing activity and/or selectivity for the gaseous-phase reactions.

Herein, we show that the SMSI effect can be used to stabilize a Co/TiO> catalyst under
aqueous-phase reaction conditions. High-temperature calcination and reduction treatments of a
Co/TiO> catalyst create overcoats of TiOx on cobalt particles by SMSI, protecting the cobalt
particles against leaching and sintering in the aqueous phase. The SMSI effect also creates
bifunctionality in the Co/TiO. system, which can be used to produce values-added commodity
chemicals from renewable feedstocks. This is the first report of a highly stable and selective
supported base-metal catalyst prepared using SMSI for aqueous-phase hydrogenation and

hydrogenolysis of oxygenates.
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6.2 Denotation of Catalyst

A batch of the Co/TiO> catalyst was directly reduced at temperatures of 723 and 873 K,
without a 2" calcination treatment. They are denoted as Co/TiO2 723 R and Co/TiO; 873R. A
second batch of the Co/TiO> catalyst was calcined at 673 K (i.e., 2" calcination at 673 K) and then
reduced at different temperatures of 723 and 873 K, labeled as Co/TiO2 673C-723R and Co/TiO>
673C-873R respectively. A third batch of the Co/TiO, catalyst was calcined at 873 K (i.e., 2"

calcination at 873 K) and then reduced at 873 K, called Co/TiO2 873C-873R.

6.3 Results and Discussion
6.3.1 Catalyst characterization

STEM images (Figure 6.1) show decoration of metallic cobalt particles by a thin layer that
is blurry on the fringes of the cobalt particle. The blurriness is not observed with pure metallic
particles indicating that a TiO2 layer is forming over the cobalt catalysts. This has also previously
been observed by de la Pefia O’Shea et al. who observed cobalt particles covered by a TiO> layer
using energy-dispersive X-ray spectroscopy (EDX).82 The thickness of the layer can be measured
from the STEM images. Adding a 2" calcination step caused a statistical significantly increase
(95 % confident limit using the student’s t-test) in the size of the layer from 2.8 (%0.18) nm for
the Co/TiO, 873R catalyst to 3.5 (£0.2) nm for the Co/TiO, 673C-873R catalyst. Increasing the
2" calcination temperature from 673 to 873 K also significantly increased the size of the layer
from 3.5 (%0.2) to 4.0 (%0.15) nm. Chemisorption results presented in Table 6.1 showed that the
catalyst does adsorb hydrogen even after calcination and reduction at 873 K. This indicates that

the cobalt surface sites are still accessible despite the overlayer.
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Figure 6.1 STEM images of (a) Co/TiO. 873R, (b) Co/TiO, 673C-873R, and (c) Co/TiO, 873C-
873R.
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Table 6.1 Cobalt particle size, dispersion, hydrogen uptake, and BET surface area of the Co/TiO2
catalysts with different treatments.

BET
Catalyst Cobalt particle size® (nm) D'Spg);: )|on(b) l:ﬁ?;ﬁgg)n D|spéeo;:)|on(d) arsegrzz::f .
(umol H g%) y o
Co/TiO2 723R 17.0x54 6.3 2.1 16.70 4.7 10.1
Col/TiO2 673C-723R 17.6 £5.3 6.1 x1.9 11.88 6.3 11.4
Co/TiO; 873R 17.7 £54 6.1 1.9 15.58 4.4 10.2
Co/TiO; 673C-873R 18.8 £5.7 5.7x1.8 10.28 5.4 11.7
Col/TiO, 873C-873R 20.2 6.2 5317 7.38 3.9 11.8

@Cobalt particle size measured by TEM

®)Cobalt dispersion estimated based on cobalt particle size measured by TEM
©Hydrogen uptake determined by static hydrogen chemisorption

@Cobalt dispersion estimated based on hydrogen uptake and reducibility

The cobalt particle size of the Co/TiO> catalyst as measured by TEM ranged from 17 (%
5.4) to 20.2 (£6.2) nm (Table 6.1 and Figure 6.3). The cobalt particle size of the Co/TiO, 723R
and the Co/TiO2 673C-723R were not significantly different based on student’s t-test at 95 %
confident limit. In the case of the Co/TiO, 873R and the Co/TiO2 673C-873R, there was also no
statistically significant change in the cobalt particle size. However, there was a statistically
siginificant difference in the cobalt particle size between the Co/TiO2 673C-873R and the Co/TiO>
873C-873R. The particle size growth during the 2" calcination at 873 K is due to agglomeration
of cobalt.!® The hydrogen uptake decreased with an increase in calcination temperature. This is
mainly due to the partially reduced TiO> species covering cobalt sites. This is similiar to our
previous results that showed a decrease in hydrogen uptake when a TiO> overcoat was added to a
Co/TiO; catalyst by ALD.*"* The cobalt dispersion estimated from the cobalt particle size matches
with the dispersion estimated from hydrogen uptake and the extent of reduction (Table 6.1).

Increasing the calcination temperature caused the cobalt to reduce at higher temperature,

as shown in Figure 6.2. The extent of reduction of the Co/TiO> decreased with increasing
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calcination temperature (Table 6.2). The decrease in the extent of reduction and shift in reduction
peaks indicates that an interaction between cobalt oxide and support exists at increasing calcination
temperature.l’® 18 The extent of reduction decreased when a TiO, was overcoated by ALD over

the surface of a Co/TiO- catalyst.1”* The hydrogen chemisorption and TPR results indicate that the

TiO2 encapsulation of cobalt particles by SMSI and ALD are similiar.

TCD signal (a.u.)
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Figure 6.2 TPR patterns of the Co/TiO> after different 2" calcination temperatures. (a) No 2"
calcination, (b) 2" calcination at 673 K, and (c) 2" calcination at 873 K.

Table 6.2 Extent of reduction of the Co/TiO2 with different calcination treatments.

Extent of reduction®
41.7 % (420 - 710 K)

Catalyst

Co/TiO2 no 2" calcination
Co/TiO; after 673 K calcination 22.4 % (480 - 710 K)
Co/TiO> after 873 K calcination 22.3 % (480 - 900 K)
®Reducibility based on hydrogen consumption from TPR and theoretical
hydrogen consumption assuming that CozO4 is completely reduced to Co.




76

(g) Il Co/Tio, 723R

o

05 [_]Co/Tio, 673C-723R

’ [l corTio, 873R

[_JCo/Tio, 673C-873R

0.4+ [ corTio, 873C-873R
;]

Il Co/TiO, 873C-873R after reaction

0.3+

0.2+

Fraction

0.1+

0.0+
5 10 15 20 25 30 35 40

Particle size (nm)

Figure 6.3 TEM images of (a) Co/TiO2 723R, (b) Co/TiO2 673C-723R, (c) Co/TiO2 873R, (d)
Co/TiO2 673C-873R, (e) Co/TiO2 873C-873R, (f) Co/TiO, 873C-873R after three reactions with
intermediate regeneration, and (g) particle size distribution of the catalysts.

The TiO; support and the Co/TiO> catalyst before the 2" calcination and reduction were

analyzed by Raman spectroscopy and XRD. Figure 6.4(i) shows the Raman spectrum of the TiO-
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support. The 440 and 615 cm™ bands represent the rutile phase of TiO2.18 The intensities of these
bands relative to the 140 cm™ anatase band® show that the TiO, support is composed primarily

of rutile. The XRD pattern of the TiO. support also confirms that the TiO2 support is composed of

rutile (Figure 6.5(i)).

400
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Figure 6.4 Raman spectra of Co/TiO, with different calcination and reduction temperatures.

Spectra (iii) to (viii) were obtained by being treated in situ at different temperatures (O TiO2 rutile;
0 Co304).
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Figure 6.5 XRD patterns of TiO. support, Co/TiO. with no treatment (L1 Co304), Co/TiO2 723R,
Col/TiO2 873R, and Co/TiO, 873C-873R.

The spectrum of the Co/TiO2 before the 2" calcination and reduction is shown in Figure
6.4(ii). The peaks at 190, 480, 520, and 685 cm™ indicate that Co3O4 exists in the catalyst.’®” The
XRD also shows the C0304 phase in this material (Figure 6.5(ii)). In Figure 6.4(iii)-(viii), no Co3O4
signals (i.e., no peaks at 190, 480, 520, and 685 cm™*) was observed after reduction at temperatures
of 723 and 873 K. It should be noted that Raman spectroscopy cannot detect species in the metallic
state. Thus, this indicates that CosO04 is reduced to its metallic phase above 723 K. The XRD
patterns presented in Figure 6.5(iii)-(v) show that CozO4 peaks disappear after reduction at 723 or
873 K, indicating the reduction of the Co304 to metallic cobalt at above 723 K. However, the XRD
could not distinguish between the overlapping metallic cobalt (19.94 < and TiO: rutile peaks

(19.89 9.
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New Raman signals at 340 and 400 cm™ appear in Figure 6.4(iii)-(v). These 340 and 400
cm* signals do not match with either cobalt titanate (CoTiOz3) or cobalt (11) oxide (CoO), as shown
in Figure 6.6. Moreover, Figures 6.7 and A2 show that CoTiOs is essentially unreducible under
the 873 K reduction treatment that is carried out in Figure 6.4(vi)-(viii). However, the samples
producing the spectra (vi) to (viii) in Figure 3 are reduced at 873 K (i.e., no 340 and 400 cm™
signals in Figure 6.4(vi)-(viii)), so CoTiOs is not formed during the 2" calcination and reduction

treatments of the Co/TiO..

(iv) CofTiO, 673C-723R

~(iii) CoO
!‘- n‘:ﬂ Wr"ll"l"[ 1 ."'

(i) CoTiO,

(1) CofTiO, no treatment

T T T T T T T . T T T T !
0 200 400 600 800 1000 1200

Intensity (a.u.)

wavenumbers (cm’)

Figure 6.6 Comparison of Raman spectrum of the Co/TiO> catalysts, CoTiO3 (Alfa Aesar, 99.8
%), and CoO (Acros Organics, > 99 %).
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Figure 6.7 Comparison of Raman spectrum of CoTiOs before and after reduction at 873 K.

Intensity (a.u.)

We attribute the 340 and 400 cm signals to TiOy migration onto cobalt, namely SMSI.
High-temperature calcination leads to SMSI, which can form new bonds between Co, O, and Ti,
creating new Raman signatures at 340 and 400 cm™. Figure 6.4(ii) does not show these signals
while they are clearly visible in Figure 6.4(iii). The SMSI occurring on the Co/TiOz is unlikely
due to restructuring of the TiO2 support because the BET surface area of the catalysts was not
affected by the high-temperature treatments (Table 6.1).172 Figure 3 shows the persistence of TiO;
signals after the calcination and reduction treatments up to 873 K. This observations suggest that
the 340 and 400 cm™ Raman signals are not due to changes in the TiO2 support but due to the
interaction between cobalt and TiOs.

Figure 6.8 shows the relative peak area of the 340 and 400 cm™ signals with different
calcination temperatures. The area of the 340 cm™ signal increases with increasing calcination
temperature from 573 to 673 K and then decreases with increasing calcination temperature from
67310 873 K. TiOy layers are formed over Co304 (C0304-TiOy) during the 673 K calcination, and
this is then slightly reduced to a Co-TiOy species under 723 K reduction, which gives rise to the

340 cm™ signal. Additional TiOy species migrate onto the CosOa, creating multiple layers with
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873 K calcination. This diminishes the 340 cm™ signal. Therefore, this signal is attributed to the
Co-O-Ti bond on top of a cobalt particle. This interaction requires some high-temperature
treatment to be created, but is covered up by additional TiOy layers with higher-temperature
calcination.

The area of the 400 cm™ signal decreases with increasing calcination temperature (Figure
6.8). This signal is probably due to interfacial sites on the Coz04 covered by TiOy species (Co-O-
Ti bond). In the 340 cm™ case, the environment directly below the surface of the bond is a cobalt
particle. However, in the 400 cm™ case, the environment directly below the bond is the TiO;
support, as this signal is brought about at the particle edges. The decrease in the 400 cm™ signal
with increasing calcination temperature is because multiple layers of TiOy may cover up these
sites, making them invisible with surface-sensitive Raman spectroscopy. The sites creating the 400
cm signal are affected more strongly by metal-support interaction than the sites on top of cobalt
particles creating 340 cm™ signal because covering the interfacial sites by TiOy is easier than TiOy

migrating over the cobalt particles.

2.0+

1.5

Relative peak area
(en]
1

0.0-
573 673 873

Calcination temperature (K)

Figure 6.8 Relative peak area of 340 and 400 cm signals with increasing calcination temperature
while holding reduction temperature constant at 723 K (Il 340 cm™®; Il 400 cm™). All spectra were
normalized to the 615 cm™ rutile peak. The peak areas were then further normalized to 1.0 for
Figure 6.4(iii).
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The 340 and 400 cm™ signals appears to be due to the TiOy overlayer on the CozOs. The
intensity of these signals depended on calcination temperature, showing that higher-temperature
calcination leads to stronger interaction between cobalt and TiO». These signals are not visible in
the samples reduced at 873 K (Figure 6.4(vi)-(viii)), indicating that the Co304-TiOy species formed
with high-temperature calcination is reduced to its metallic state (Co-TiOy, x <y) at 873 K (again,
metallic species are not visible by Raman spectroscopy). The in situ Raman spectroscopy results
are consistent with the STEM and TPR work that indicate the overcoating of cobalt particles with
a TiO layer.

Figure 6.9 is a model of what suggest occurs during the encapsulation of the cobalt
particles. Oxidized TiOy species migrate onto CosO4 particles during high-temperature calcination,
forming Co304-TiOy species. Increasing the calcinatination temperature gives a strong interaction
between the cobalt and TiOg, increasing the TiOy layer thickness. A high-temperature reduction
treatment can reduce the Coz0s-TiOy to Co-TiOx. The size of the TiOy layer is greatly influenced

by the treatment conditions.

Tio TiO,

Co;0 . L . .
= Calcination in air Co30, Reduction in H, Co

>

TiO, 873 K Tio, 873K Tio,

Figure 6.9 A model of the Co/TiO- system before and after calcination and reduction treatments.
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6.3.2 Catalyst testing

The catalytic properties of the Co/TiO> with different treatments was studied for APH of
furfuryl alcohol, furfural, and xylose. These are all key platform renewable non-petroleum based
molecules.?* 1% Hydrogenation of furfuryl alcohol and furfural has been studied using Pt, Pd, and
Ru catalysts.’ 107.1%. 188 4y drogenation of carbohydrates (e.g., xylose to xylitol) is an industrial
process using Ru catalysts.®® Precious-metal catalysts have been used for all the reactions. Thus,
hydrogenation of furfuryl alcohol, furfural, and xylose would benefit from stabilizing inexpensive
cobalt catalysts.

The deactivation of the Co/TiO2 873C-873R catalyst during the APH of furfuryl alcohol in
a continuous flow reactor is shown in Figure 6.10. Deactivation by coke formation on the catalyst
is reversible upon calcination, while deactivation by leaching or sintering of cobalt is irreversible.
The catalytic activity was able to be regenerated by calcination/re-reduction treatments, which
suggests that no irreversible deactivation such as leaching and sintering occurred on the catalyst.
No statistical difference in cobalt particle size of this catalyst was observed after 105 hour time-
on-stream (20.2 (%£6.2) nm before reaction and 19.3 (%5.4) nm after reaction; see Figure Sle-g).
Furthermore, there was no change in the cobalt loading of the Co/TiO, 873C-873R catalyst before
and after the reaction and regeneration cycles, as measured by ICP-AES (Figure 6.11). However,
up to 44.6 % of the cobalt leached from the Co/TiO, 723R catalyst was observed. This suggests
that treatments at high temperatures (e.g., 873 K) prevent cobalt leaching and sintering. According
to in situ Raman spectroscopy, cobalt particles are decorated by a more reduced TiOx species
formed with reduction at 873 K. These results suggest that reduced TiOx over the cobalt particles

are required to stabilize the cobalt particles under aqueous conditions. The TiOx layers formed by
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SMSI could preferentially decorate under-coordinated defect and edge sites of cobalt atoms which

is where leaching and sintering begin.t*
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Figure 6.10 TOF for the APH of furfuryl alcohol as a function of time-on-stream and number of
regenerations using Co/TiO, 873C-873R (M fresh; @ one regeneration; A two regenerations).
Furfuryl alcohol conversion varied between 9.3 and 19.5 %. Reaction conditions: 413 K, 2.34
MPa, WHSV = 94 h', 2 wt% furfuryl alcohol solution as the feed, and hydrogen flow of 40 mL
mint. Regeneration of the catalyst was carried out by calcining the catalyst at 873 K and then re-
reducing the catalyst at 873 K.
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Figure 6.11 Cobalt leaching according to treatment conditions after reaction.
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A main product produced from the APH of furfuryl alcohol over the Co/TiO. catalysts
reduced at 873 K (i.e., Co/TiO2 873R, Co/TiO2 673C-873R, and Co/TiO, 873C-873R) was 1,5-
pentanediol (Table 6.3). 1,5-Pentanediol is a valuable commodity chemical that could potentially
be used to make polyurethanes and polyesters.'® 1,5-Pentanediol can be produced via selective
hydrogenolysis of tetrahydrofuran (THF) ring which occurs on bifunctional catalysts™® (e.g.,
hydrogenolysis of tetrahydrofurfuryl alcohol (THFA)) using noble-metal catalytic systems such as
Rh-Re, Pd-Ir-Re, or Rh-Ir-Re.1®8 190-192 No product was observed when THFA was used as the
feed over the Co/TiO; catalysts. Thus, 1,5-pentanediol is produced not by hydrogenolysis of THF
ring but by hydrogenolysis of furan ring of furfuryl alcohol over the Co/TiO> catalysts. As shown
in Table 6.3, the Co/TiO. 873R catalyst had 17.5 % selectivity toward 1,5-pentanediol. The
Co/TiO2 673C-873R had 19.3 % 1,5-pentanediol selectivity. The 1,5-pentanediol selectivity
increased from 19.3 to 30.3 % with increasing calcination temperature from 673 to 873 K (then
reduced at 873 K). Nevertheless, the Co/TiO2 723R catalyst made no 1,5-pentanediol and the
Co/TiO2 673C-723R produced 1,5-pentanediol but with low selectivity (4.5 %). These
experimental results suggest that both calcination and reduction temperatures of Co/TiO2 have a
strong effect on 1,5-pentanediol production from furfuryl alcohol. As shown by in situ Raman
spectroscopy, calcination at higher temperature causes stronger interaction between cobalt and
TiOy in the reduced catalyst. Based on the experimentally observed hydrogenolysis selectivity
trends, we hypothesize that the SMSI effect forms bifunctional sites that are present at the Co-TiOx
interface. These bifunctional sites facilitate hydrogenolysis of C-O-C bond of furan ring, which

give rise to high selectivity toward 1,5-pentanediol. The 1,5-pentanediol yield from furfuryl
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alcohol hydrogenolysis over the Co/TiO, 873C-873R remained after three cycles of

calcination/reduction treatments, as shown in Figure 6.12.

Table 6.3 Molar carbon selectivity and cobalt leaching for the APH of furfuryl alcohol using the
Co/TiO; with different treatment conditions. Reaction conditions: 413 K, 2.34 MPa, WHSV =5.8

h, 2 wt% furfuryl alcohol solution as the feed, and hydrogen flow of 40 mL min™,

Catalyst Co/TiO2 723R | Co/TiO2673C-723R | Co/TiO2873R | Co/TiO2 673C-873R | Co/TiO2 873C-873R
1%t calcination (K) 573 573 573 573 573
2" calcination (K) - 673 - 673 873
Reduction (K) 723 723 873 873 873
Conversion (%) 59.4 99.6 99.7 99.4 99.0
Selectivity (%)
1,5-pentanediol 0 45 175 19.3 30.3
1,2-pentanediol 0 0.9 25 2.3 2.4
1,4-pentanediol 0 6.6 6.0 7.9 2.1
tetrahydrofurfuryl 03 25 11.9 78 20.7
alcohol
cyclopentanone 45.8 2.2 0.6 0.4 0.5
cyclopentanol 0.6 28.6 12.2 11.1 5.2
1.3- . 2.1 6.7 5.5 5.4 1.6
cyclopentandiol
2-methylfuran 0.1 0.5 25 3.9 4.6
methane 0 0.02 0.1 0.1 0.6
1-butanol 0 0.2 1.2 1.2 15
1-pentanol 0 1.2 25 25 2.1
2-pentanol 0 0.9 1.6 1.7 14
undetected liquid 45 141 217 214 236
carbon®

(b)
Carbon balance 53.4 68.9 85.8 85.0 96.6
(%)
E)'T‘E'O”'S”eam 35.4 35.3 375 379 439

@Undetected liquid carbon is the difference between moles of liquid carbon measured by TOC analyzer and moles of liquid
carbon measured by GC-FID.
®) Carbon balance is the sum of moles of liquid carbon measured by TOC analyzer and moles of gaseous carbon measured by

GC-FID/TCD.
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Figure 6.12 Carbon molar yield of 1,5-pentanediol from furfuryl alcohol according to the number
of regenerations using the Co/TiO2 873C-873R. Reaction conditions: 413 K, 2.34 MPa, WHSV =
94 hl, 2 wt% furfuryl alcohol solution as the feed, and hydrogen flow of 40 mL min™.
Regeneration of the catalyst was carried out by calcining the catalyst at 873 K and then re-reducing
the catalyst at 873 K.

The reaction pathways of the APH of furfuryl alcohol over the Co/TiO, 873C-873R was
found same as the reaction pathways shown in Scheme 5.1.

The Co/TiO, 873C-873R catalyst was also selective for other APH reactions. It had 99.1
% xylitol yield for the APH of xylose at 373 K, as shown in Figure 6.13a. After the APH of xylose,
the catalyst was regenerated and then tested for the APH of furfural. As shown in Figure 6.13b,
furfural was converted into furfuryl alcohol with 95.4 % yield at 353 K. These results demonstrate

that the Co/TiO, 873C-873R catalyst was highly selective for hydrogenation of carbonyl

compounds to the corresponding alcohols which is an important reaction for biomass conversion.3

53, 75
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Figure 6.13 (a) Carbon molar yield as a function of time-on-stream for the conversion of xylose
to xylitol at 373 K and WHSV = 5.8 h'! using the Co/TiO, 873C-873R (fresh). (b) Carbon molar
yield as a function of time-on-stream for the conversion of furfural to furfuryl alcohol at 353 K
and WHSV = 17.5 h't using the Co/TiO, 873C-873R (one regeneration). Reaction conditions: 2.34
MPa, 2 wt% furfuryl alcohol solution as the feed, and hydrogen flow of 40 mL min. Regeneration
of the catalyst was carried out by calcining the catalyst at 873 K and then re-reducing the catalyst

at 873 K.
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6.4 Conclusions

High-temperature reduction treatments of a Co/TiO. catalyst stabilized the Co/TiO>
catalyst by SMSI protecting the cobalt particles against leaching and sintering during aqueous-
phase reactions. The SMSI effect stabilized the cobalt catalyst in a similar way that ALD stabilizes
supported metal catalysts. High-temperature calcination was required to achieve a more intimate
interaction between cobalt and TiOy in the reduced catalyst. The SMSI effect enabled the Co/TiO>
catalyst to selectively cleave C-O-C bond of furan ring, thereby producing 1,5-pentanediol from
furfuryl alcohol. The selectivity toward 1,5-pentanediol was changed by calcination treatments.
Moreover, the Co/TiO, 873C-873R catalyst had over 95 % yield for hydrogenation of C=0 bond
to C-OH bond. These results open the door for the practical utilization of inexpensive base-metal
catalysts for aqueous-phase conversion of renewable feedstocks and also demonstrate a more

practical method to prepare stable supported base-metal catalysts.



CHAPTER 7

Summary and Recommendations for Future Research
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7.1 Summary and Overall Conclusions

In this dissertation, APHDO and APH are chosen as model reactions for the conversion of
biomass-derived feedstocks to design more active and stable supported metal catalysts.

In Chapter 3, the activity of monometallic catalysts were compared for hydrogenation and
hydrogenolysis of different functionalities existing in biomass. Ru was the most active metal for
hydrogenation of aldehydes containing no furan ring, whereas Pd was the most active metal for
hydrogenation of aldehyde containing furan ring at 373 K. Ru was also most active for C-C bond
cleavage reaction at 473 K among the tested catalysts. Pt and Ni were active for C-O-C bond
cleavage at 523 K at which other metals were inactive.

As shown in Chapter 4, bimetallic Pd-Fe was even more active than monometallic Ru and
Pd catalysts for hydrogenation of propanal and furfural to corresponding alcohols. A Pd:Fes/Zr-P
catalyst was up to 14 times more active than monometallic Pd/Zr-P and Pt/Zr-P catalysts for
APHDO of sorbitol. The addition of Fe addition of Pd promoted not only the conversion of
byproducts such as sorbitan and isosorbide but also the C-C bond cleavage by dehydrogenation
followed by retro-aldol condensation.

In Chapters 5 and 6, the issue of base-metal catalyst stability in the aqueous phase was
addressed by ALD and SMSI, respectively. ALD of TiO- film protected cobalt particles against
irreversible leaching and sintering by decorating under-coordinated cobalt edge and defect sites.
High-temperature treatments also stabilized Co/TiO> in the aqueous phase, causing SMSI. By the
SMSI, partially reduced TiO2 migrates onto cobalt decorating cobalt sites located at defects, edges,
and corners. The SMSI also facilitated hydrogenolysis of C-O-C bond of furan ring over Co/TiO-

catalyst.
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7.2 Recommendations for Future Research

Catalysts for APHDO reactions require bifunctional sites (i.e., metal and acid sites). For
bifunctional metal-acid catalysts, the sites are mixed at the atomic level and distance between metal
and acid sites is important for determining selectivity.> ALD allows carefully tuning catalytic sites
by having intermediate mixing between different catalytic materials. Thus, ALD could be used to
control selectivity of the catalysts for APHDO of sorbitol and other biomass-derived compounds.
Also, bimetallic Pd-Fe catalysts was shown as an active catalyst for APH of carbonyl groups and
APHDO of sorbitol. ALD could also be used to synthesize Pd-Fe catalysts having small and
uniform nanoparticles which enable to increase catalytic activity.

The activity and selectivity data shown in this dissertation were obtained using diluted
feedstocks. For the catalysts to become industrial, more concentrated feedstocks should be used to
test the catalysts. Therefore, future research should study the effects of concentration of feedstocks
for APH and APHDO reactions on the catalysts.

SMSI can occur between various metals and reducible metal oxide supports.t’? 1% There
can be a number of applications of the SMSI effect with various combinations of metal-metal oxide
support. The new SMSI catalysts can be used to improve selectivity toward products via C-O-C
ring opening. Furthermore, the new SMSI catalysts would be tested for aqueous-phase conversion

of more complicated and larger molecules such as sorbitol.



Table Al The values of an and v, of metals from the reference.8!

APPENDIX

Metal Structure am (A?) Vi (A
Pd fcc 7.93 14.70
Pt fcc 8.07 15.10
Ru hcp 6.35 13.65
Rh fcc 7.58 13.78
Ni fcc 6.51 10.95
Co hcp 5.43 11.00
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Table A2 TOF (s?) of the APH of different feedstocks for the y-Al,Os supported monometallic
catalysts.

Feedstock acetaldehyde propanal acetone xylose furfural furfuryl alcohol
0.5 wt% Pd 0.114 0.045 0.026 0.007 0.043 0.076
1 wt% Pd 0.1 0.052 0.033 0.006 0.092 0.068
3 wt% Pd 0.08 0.028 0.03 0.004 0.128 0.037
0.5 wt% Pt 0.149 0.094 0.24 0.019 0.022 0.006
1 wit% Pt 0.155 0.108 0.203 0.02 0.016 0.004

3 wt% Pt 0.143 0.089 0.486 0.014 0.014 0.003
0.5wt% Ru 0.34 0.409 1.372 0.214 0 0
1 wt% Ru 0.436 0.369 4.737 0.295 0 0.018
3 wt% Ru 0.602 0.503 4.701 0.688 0.057 0.04
5 wt% Rh 0.017 0.01 0.558 0.01 0.01 0.005
5 wt% Ni 0.194 0.184 0.427 0.149 0.107 0.056
10 wt% Ni 0.557 0.49 0.592 0.169 0.12 0.062
20 wt% Ni 0.301 0.228 0.311 0.093 0.084 0.024
5 wt% Co 0.066 0 0.368 0.164 0.086 0
10 wt% Co 0 0 0.192 0.041 0.012 0
20 wt% Co 0.019 0.031 0.065 0.054 0.022 0
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Table A3 Conversion (%) for the APH of different feedstocks for the y-Al.Os supported
monometallic catalysts.

Feedstock | acetaldehyde propanal acetone xylose furfural | furfuryl alcohol
0.5 wt% Pd 8.5 4.4 2.6 4.2 10.9 20.0
1 wt% Pd 12.7 8.6 5.5 5.8 16.7 30.2
3 wt% Pd 28.0 12.9 14.0 10.3 30.1 25.6
0.5 wt% Pt 6.6 55 14.0 6.6 3.3 0.9
1 wt% Pt 131 12.0 22.5 13.0 4.7 13

3 wit% Pt 16.2 26.7 15.2 24.9 10.6 2.1
0.5 wit% Ru 5.9 9.4 33 28.6 0 0
1 wt% Ru 9.5 10.7 14.2 6.4 0 14
3 wt% Ru 5.0 30.6 30.9 19.6 2.3 8.0
5 wt% Rh 11 0.9 30.6 0.7 31 7.7
5 wt% Ni 11.7 14.7 35 8.9 4.6 11.8
10 wt% Ni 17.0 17.9 15.5 30.9 16.3 28.6
20 wt% Ni 22.4 22.3 21.8 234 30.8 30.9
5 wt% Co 25 0 1.8 6.1 111 0
10 wt% Co 0 0 1.3 21 21 0
20 wt% Co 21 4.5 1.0 5.9 8.2 0
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Table A4 Reaction time (minutes) for the APH of different feedstocks for the y-Al>Oz supported
monometallic catalysts.

Feedstock | acetaldehyde propanal acetone xylose furfural | furfuryl alcohol
0.5 wit% Pd 120 120 120 180 180 180
1 wt% Pd 120 120 120 180 75 180

3 wt% Pd 120 120 120 180 75 75
0.5 wt% Pt 120 120 120 180 180 180
1 wt% Pt 120 120 120 180 180 180

3 wit% Pt 120 120 25 180 180 180
0.5 wit% Ru 120 120 25 180 180 180
1 wt% Ru 120 120 25 70 180 180
3 wt% Ru 35 120 25 35 75 180
5 wt% Rh 35 35 25 70 75 180
5 wt% Ni 120 120 25 70 75 180
10 wt% Ni 35 35 25 70 75 75
20 wt% Ni 35 35 25 35 75 75
5 wt% Co 120 120 25 70 180 180
10 wt% Co 120 120 25 70 180 180
20 wt% Co 120 120 25 70 180 180
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Table A5 Carbon balance (%) for the APH of different feedstocks for the y-Al>Os supported
monometallic catalysts.

Feedstock | acetaldehyde propanal acetone xylose furfural | furfuryl alcohol
0.5 wit% Pd 904 904 98.3 90.3 95.3 90.4
1 wt% Pd 90.6 90.2 90.1 91.1 99.5 90.7
3 wt% Pd 96.6 904 98.7 904 97.4 90.7
0.5 wt% Pt 91.3 98.1 90.3 94.2 90.0 98.7
1 wt% Pt 97.4 96.8 90.1 92.0 94.4 97.2

3 wt% Pt 90.4 90.6 93.4 93.3 90.7 90.3
0.5 wit% Ru 90.8 92.3 97.1 98.3 101.7 90.3
1 wt% Ru 90.5 90.2 90.8 97.5 96.7 90.8
3 wt% Ru 93.0 97.8 90.6 91.2 98.2 90.6
5 wt% Rh 98.6 90.3 90.9 96.5 99.3 90.6
5 wt% Ni 90.4 97.2 90.8 96.5 96.5 90.9
10 wt% Ni 95.3 95.5 91.4 97.9 92.8 90.9
20 wt% Ni 94.6 90.5 100.4 93.0 95.0 90.1
5 wt% Co 90.6 94.4 90.1 97.6 97.9 90.3
10 wt% Co 90.4 93.6 103.0 97.0 96.2 90.4
20 wt% Co 90.6 90.3 90.8 96.9 94.7 90.9
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Table A6 TOF, conversion, and carbon balance for the aqueous-phase hydrogenolysis of xylitol
over the y-Al>Os supported monometallic catalysts. Reaction conditions: 473 K, 5.41 MPa, and 5
wit% xylitol solution as the feed.

Catalyst | TOF x 10% (s%) | Conversion (%) | Carbon balance (%)

3 wt% Pd 0.3 9.5 90.9
0.5 wt% Pt 5.3 9.2 91.5
1 wit% Pt 3.3 8.3 92.6

3 wit% Pt 3.6 11.8 90.8
0.5 wit% Ru 28.3 8.3 93.2
1 wt% Ru 91.7 141 92.2
3 wt% Ru 48.3 16.4 92.4
10 wt% Ni 3.6 4.3 97.9
20 wt% Ni 1.9 8.9 94.1
5 wt% Co 24.2 8.3 94.6
10 wt% Co 13.3 10.0 92.3
20 wt% Co 4.4 7.1 94.3
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Table A7 Conversion (%) for the APH of different feedstocks for the y-Al.Os supported
monometallic and bimetallic catalysts.

Feedstock propanal xylose furfural
Pd:Ni; 6.8 15.4 15.2
Pd:Nis 10.3 30.9 10.3
PdiCoy 6.8 23 27.6
Pd;Cos 41 142 135
Pd:Fe; 6.8 2.3 54.0
Pd:Fes 15.7 7.1 455

3 wt% Pd 12.9 10.3 30.1
Ru:Niy 28.6 31.8 10.9
Ru:Nis 30.6 32.3 15.2
Ru:Coy 25.6 29.6 235
RuiCos 233 285 213
Ru;Feq 16.8 27.0 254
RusFes 16.2 27.0 21.2

3 wt% Ru 30.6 19.6 2.3

Pt1Nig 38.3 245 5.9
PtiNis 45.6 29.7 18.2
Pt:Co; 33.9 104 11.5
Pt:Cos 39.7 16.4 15.8
PtiFe; 40.5 9.5 17.6
PtiFes 41.8 7.6 44.8

3 wit% Pt 26.7 24.9 10.6
20 wt% Ni 22.3 234 30.8
20 wt% Co 4.5 5.9 8.2
20 wt% Fe 0 0 0




100

Table A8 Reaction time (minutes) for the APH of different feedstocks for the y-Al>Oz supported
monometallic and bimetallic catalysts.

Feedstock propanal xylose furfural
Pd:Ni; 35 35 75
Pd:Nis 35 35 75
PdiCoy 35 35 75
PdiCos 35 35 75
PdiFe; 35 35 75
Pd:Fes 35 35 75

3 wt% Pd 120 180 75
Ru1Niy 35 35 75
Ru1Nis 35 35 75
Ru:Coy 35 35 75
Ru1Cos 35 35 75
Ru;Feq 35 35 75
RusFes 35 35 75

3 wt% Ru 120 35 75

Pt1Nig 35 35 75
PtiNis 35 35 75
Pt:Co, 35 35 75
Pt:Cos 35 35 75
Pt:Fe; 35 35 75
PtiFes 35 35 75

3 wt% Pt 120 180 180
20 wt% Ni 35 35 75
20 wt% Co 120 70 180
20 wt% Fe 120 180 180
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Table A9 Carbon balance (%) for the APH of different feedstocks for the y-Al>Os supported
monometallic and bimetallic catalysts.

Feedstock propanal xylose furfural
Pd:Ni; 91.3 96.8 94.0
Pd:Nis 90.8 96.2 98.0
PdiCoy 91.7 94.6 98.4
Pd;Cos 92.1 96.5 92.6
Pd:Fe; 93.2 95.6 98.1
Pd:Fes 90.9 93.2 97.6

3 wt% Pd 90.4 90.4 97.4
Ru:Niy 91.4 96.9 92.4
Ru:Nis 93.5 96.5 93.5
Ru:Coy 94.1 97.1 94.1
RuiCos 95.0 95.6 91.4
RuiFe; 92.7 98.9 92.3
RusFes 91.6 95.6 95.6

3 wt% Ru 97.8 91.2 98.2

Pt1Nig 93.1 95.9 91.4
PtiNis 925 97.9 91.2
Pt:Co; 92.1 96.0 93.1
Pt:Cos 92.6 95.5 92.8
PtiFe; 92.7 95.4 94.6
PtiFes 90.9 95.3 93.2

3 wt% Pt 90.6 93.3 90.7
20 wt% Ni 90.5 93.0 95.0
20 wt% Co 90.3 96.9 94.7
20 wt% Fe 98.2 99.8 98.9
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Figure A1 XRD patterns of (a) Pd/Zr-P before reaction, (b) Pd-Fe/Zr-P before reaction, (c) Pd/Zr-
P after reaction, and (d) Pd-Fe/Zr-P after reaction.
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Figure A2 TPR pattern of bulk CoTiO3 (Alfa Aesar, 99.8 %).
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