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Chapter 1

Research Background and General Introduction

1.1  Biomass as a sustainable energy resource

The world energy demand is significantly growing and it is expected that total
energy consumption will increase from 549 quadrillion British thermal units (Btu) in
2012 to 815 quadrillion Btu in 2040. This increase in demand cannot be met by the
existing energy sources. Furthermore, liquid fuels derived from crude oil, which
currently account for more than one-third of the global primary energy supply and more
than 95 % of transportation energy use according to the International Energy Outlook
2016 (IEO2016) shown in Fig.1.1 [1], are estimated to be depleted within 50 years.

Thus, it is imperative to find alternative energy resource [2].
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Figure 1.1. Worldwide energy consumption and depletion of energy resources as
reported in International Energy Outlook 2016 (IEO2016) [1]



To address the looming energy crisis, biomass has received considerable
attention as a sustainable energy resource to replace crude oil because it is available in
various forms and can be grown in relative ease around the world. Biomass is derived
from municipal solid wastes, animal residues, industrial residues, forestry crops,
agricultural crops, and sewage. For that reasons, several approaches for fuel production

from biomass have been developed as shown in Fig. 1.2.
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Figure 1.2. Strategies for biomass upgrading into fuel oils

Four of the processes can be considered as the main pathways to transform
biomass to transportation fuel as shown in Fig. 1.2. They include gasification to syngas,
followed by Fisher-Tropsch synthesis; pyrolysis or liquefaction to bio-oils, followed by
catalytic upgrading (zeolite upgrading and hydrodeoxygenation); and hydrolysis to
aqueous sugar, followed by aqueous-phase catalytic processing or fermentation [3-5].

Gasification is the thermochemical conversion of solid biomass into combustible
and flammable fuel such as syngas (CO+H;), methane and other hydrocarbons in a low
oxygen condition [6, 7]. Leijenhorst et al. reported that staged biomass gasification by
autothermal catalytic reforming achieved high overall energetic efficiency (65 % for
clean wood and 55 % for residue materials) [8]. Wang et al. reported that biomass

gasification in a pilot scale two-stage gasification gasifier for BTL (biomass to liquid)



via one-step DME (dimethyl ether) synthesis reached 80 % of carbon conversion
efficiency with more than 70 vol. % of H, + CO and H,/CO = 1 [9]. Even though these
studies demonstrate the capability to utilize various sources of biomass to produce more
readily usable fuel, it is energy-intensive (750-900 °C) which limits the economic
viability of the process [10].

Fermentation is an anaerobic biological process involving a series of chemical
reactions to produce ethanol with addition of bacteria or yeast. Tavva et al. studied
bioethanol production via hydrolysis and fermentation of Partheniumhysterophorus
biomass and attained 0.24-0.27 Qethanol/Ubiomass [11]. Yeh et al. reported that high ethanol
yield (0.124 wt. %) was achieved from raw material of M. floridulus by simultaneous
saccharification and fermentation [12]. However, since fermentation uses bacteria or
yeast, they cannot be applied at high temperature which limits their application.

Hydrothermal liquefaction is one of the thermochemical conversion routes and
carried out at around 250-375 °C and 4-22 MPa under pressurized water environment to
depolymerize the solid feedstock into mainly liquid components [13, 14]. Li et al.
reported that hydrothermal treatment of bagasse lignin at 200 °C for 30 min under
microwave irradiation led to 79 % yield of liquefied products consisting of single- or
double-displacement phenolic compounds [15]. However, this process is still
constrained by heat and mass transfer limitations and the formation of undesirable
products, resulting in low efficiency; furthermore, additional separation, purification
and/or modification systems are required to improve products selectivity [16].

Pyrolysis is the other thermochemical method and is operated at moderate
temperature of around 500 °C and very short reaction times of up to 2 s in the absence

of oxygen [17]. Huber et al. proposed modified fast pyrolysis which can achieve high



yields of bio-oil (around 80 wt.%) with up to 70 % of the energy of the biomass

feedstock [18]. Xue et al. reported the fast pyrolysis of biomass and waste plastic in a

fluidized bed reactor, and obtained 58 wt. % yield of pyrolysis oil with higher heating

value (HHV) up to 36.6 MJ/kg at 625 °C [19]. These merits will eventually lead to

proclaim that the pyrolysis is most suitable process for biomass upgrading into liquid

fuels.

1.2

Catalytic upgrading of bio-oil: Hydrodeoxygenation

Among the primary conversion technologies, pyrolysis has gained considerable

attention because it is the simplest and the most cost-effective method, and thus the

produced bio-oil has become a potential source of renewable liquid fuels [20, 21].

However, unlike conventional fuel-oil (Table 1.1 [22, 23]), the bio-oil has a high

oxygen content (36-52 wt.%) in the form of water, acids, esters, alcohols, aldehydes,

guaiacols, furans, pyrans, acetic acid, formic acid, carboxylic acids, and ketones as

shown in Fig. 1.3 [18, 24-26].
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Figure 1.3. Composition of biomass and bio-oil [18]
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Table 1.1. Typical compositions and physical properties of bio-oil and fuel oil [22, 23]

Pyrolysis bio-oil Fuel-oil
Carbon /wt. % 40 — 50 85
Hydrogen /wt. % 6.0-7.6 11-13
Oxygen /wt. % 36 —52 0.1-1.0
Sulfur /wt. % 0.00 —0.02 1.0-1.8
Nitrogen /wt. % 0.00 —0.15 0.1
Water /wt. % 15-130 0.02—0.1
pH 2.8—-3.8 -
Viscosity (50 °C) /cP 40 - 100 180
HHV /MJkg™ 16 — 19 44
Density /kgm 1.2-1.3 0.86-0.94

The presence of these oxygenates leads to undesirable characteristics such as
low heating value, high acidity, and chemical and thermal instability [23]. Therefore,
the oxygen in bio-oil needs to be removed to obtain liquid fuel of required quality.

In this regard, the two processes that have received the most attention are zeolite
upgrading and hydrodeoxygenation (HDO). Zeolite upgrading is a catalytic cracking
reaction to remove oxygen in bio-oil in the forms of CO, CO,, and H,0 at high
temperature (300-600 °C) and atmospheric pressure without H, [27]. However, this
process results in low hydrocarbon yield due to coke formation and dealumination of
zeolite, which deactivates the catalysts [17]. The HDO is a hydroprocessing reaction to
remove oxygen in form of H,O in the presence of H, with production of hydrocarbons
by saturating C=0 bond, cleaving C-O, and forming C-H bond [17, 28, 29]. Itis
analogous to hydrodesulfurization (HDS) [30-34] and hydrodenitrogenation (HDN) [35-
37], which are the critical processes in modern oil refining to produce usable liquid
fuels [38-40], to remove sulfur and nitrogen heteroatoms, respectively, from petroleum

crude. Unlike HDS and HDN, the HDO had received little attention because of the low



oxygen content (< 0.3 wt. %) in crude oil feedstock [17, 41]. However, interest in

biomass over the last decade has stimulated research in HDO.

1.3 Transition metal phosphide catalysts

Hydrodeoxygenation of bio-oil is complicated by the different reactivity of
oxygenates shown in Fig. 1.3. It is known that reactivity follows the order: alcohols >
ketones > alkylethers > carboxylic acids > phenols > furans > benzofurans >
dibenzofurans [41], and thus several HDO studies have focused on model compounds to
elucidate reaction pathways relevant to upgrading of actual bio-oil feed. Another
challenging aspect of HDO reaction is the development of effective catalysts. In that
regard, model compound studies are also relevant towards providing detailed insights
into factors controlling catalyst performance in order to develop novel catalysts. Initial
HDO studies used commercial HDS and HDN catalysts, transition metal sulfide
catalysts (CoMoS and NiMoS) supported on y-Al,O3, due to the similarities between
hydroprocessing reactions and applicable to current infrastructures. In a previous study,
the HDO of waste oils was carried out in a high-pressure batch reactor and a fixed bed
flow reactor at 250-350 °C over transition metal sulfide catalysts, in which NiMoS and
NiWS catalysts showed high and stable activity, whereas CoMoS catalyst suffered from
deactivation [42]. A study of the HDO of phenol and 2-ethylphenol over sulfided
Mo/Al,03 and CoMo/Al,O3 catalysts showed that HDO followed two pathways:
hydrogenation of the aromatic ring followed by Csp3-O bond cleavage (HYD pathway)
or direct cleavage of the Csp-O bond (DDO pathway). The addition of Co favored both
pathways, but the presence of the alkyl substituent on the phenolic ring led to DDO

pathway being more favored over the HYD pathway [43]. Even though studies over
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sulfide catalysts provided initial insight into several important factors in HDO, the
application of sulfide catalysts for bio-oil upgrading is hampered by their need for a
sulfur source to maintain their activity, leading to increased interest in non-sulfide
catalysts [44, 45].

Transition metal phosphide catalysts (metal-rich compounds, MP or M,P) [40],
which have been demonstrated to be effective HDS and HDN catalysts [40], are
considered as alternative catalysts for HDO as summarized in Table 1.2. Recently,
numerous studies over transition metal phosphide catalysts have been reported for HDO
of bio-oil model compounds (dibenzofuran [46-48], furans [49-51], phenols [52-54],
guaiacol [44, 55, 56] and ketones [57]) as well as bio-oil feedstock (soybean oil [58],
palm oil [59] and cedar chips oil [60]). A study of HDO of 2-methyltetrahydrofuran (2-
MTHF) on a series of silica-supported transition metal phosphide catalysts was
performed and the catalytic activity was found to follow the order: Ni,P > WP > MoP >
CoP > FeP > Pd/Al,03 [51]. Furthermore, a series of studies for HDO of 2-MTHF on
Ni,P/SiO; suggested that rate-determining step involves ring-opening steps [49-51]. It
has been previously reported that during HDO of guaiacol, a commercial CoMoS/Al,O3
catalyst quickly deactivated and exhibited lower activity compared to the phosphide
catalysts at the same reaction conditions, while a commercial Pd/Al,O3 catalyst mainly

produced undesirable catechol [44].

Figure 1.4 Triangular prism (mono-phophide-MP) and tetrakaidecahedral structures
(metal-rich phosphide-M2P) in phosphides [40]
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Table 1.2. Summary of HDO of bio-oil and its model compounds on transition metal
phosphide catalysts

Year Catalysts Reactants Reference
Ni2P/SiO,, MoP/SiO,, : :

2011 NiMOoP/SiO, Anisole K.Li [61]

2011 NizP/SIO,, CooP/SIO,, Guaiacol H. Y. Zhao [44]

F82P/Si02, WP/SiOz, MOP/SiOz

Ni,P/SiO,, CoP/SiO,, FeP/SiO,,

2012 WP/SIO,, MoP/SiO, 2-Methytetrahydrofuran P. Bui [62]
Ni,P/SiO,, FeP/SiO,,
2012 NiFeP/SIO, 2-Methytetrahydrofuran A. Cho [63]
2012 unsupported MoP 4-Methylphenol V.M.L.Whiffen[54]
2013 Ni,P/SiO; Dibenzofuran J.A.Cecilia[47]
2013 unsupported Ni-P p-Cresol W. Y. Wang[64]
NizP/ZI’Oz, NizP/A|203, .
2013 Ni,P/SIO, Guaiacol S. KWu[65]
2014 MoP/TiO; Phenol S.Boullosa-Eiras[52]
2014 CoP/AlLO3 2-Fury methyl ketone T. A.Le[57]
2015 Ni,P/SiO; Methyl palmitate F.Han[66]
. . . i A.Infantes-
2015 Ni,P/SiO,,CoP/SiO; Dibenzofuran Molina[46]
. 2-
2015 NizP/USY Methyltetrahydrofuran A. Cho[67]
2015 Ni,P/SAPO-11 Castor oil S. Y.Liu[68]
Ni,P/ASA, Ni,P/FCC, .
2015 Ni,P/ZSM-5 Guaiacol S. T.Oyama[69]
2015 Ni,P/MCM-41 Benzofuran H.Song[70]
Ni,P/SBA-15, Fe/SBA-15, Methyl ester,
2015 | o5p/SBA-15, MoP/SBA-15 Methyl oleate Y. X.Yang[71]
2015 Ni2P/SiOy, NipP/HY Soybean oil R.Zarchin[58]
Ni,P, Co,P and MoP supported
2016 | on Al-SBA-15, gamma-Al,O3 Phenol A.Berenguer[72]
and ordered mesoporous carbon
MoP, MogWPg, MogCuPy .
2016 NioP, NissW-Pao Methyl palmitate M. Y.Lu[73]
2016 Ni,P/SiO, Cedar chips ol N.Koike[60]
2016 Ni,P/Al,O3, MoP/Al,O4 Palmitic acid M.Peroni[74]
2016 FeMoP Phenol D. J.Rensel[75]
2016 Ni,P/Al,O;@TiO, Benzofuran H.Song[76]
. . m-Cresol, p-Cresol and V. 0.
2017 NizP/SIO, o-Cresol 0.Goncalves[77]
2017 | N12P/MCM-41, CoP/MCM-41, y-Valerolactone G. N. Yun [78]

WP/MCM-41, MoP/MCM-41
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1.4  Dissertation overview

Chapter 1 describes the general motivation of this research, which is the use of
biomass as a sustainable energy resource to replace petroleum liquid fuels. Then,
literature review provides information including strategies for biomass upgrading and
catalyst development for bio-oil.

Chapter 2 describes a series of transition metal phosphide catalysts supported on
MCM-41 (Ni,P/MCM-41, CoP/MCM-41, MoP/MCM-41, and WP/MCM-41) to
investigate its activity in the hydrodeoxygenation (HDO) of y-valerolactone (GVL). The
performance, including catalytic activity and product selectivity, are compared at
various temperatures with those of a commercial Pd/Al,Os catalyst.

Chapter 3 describes a series of bimetallic NiMoP catalysts with various Ni and
Mo metal to investigate its activity in the HDO of GVL at 0.5 MPa. Analysis by XRD
indicated the formation of phase pure alloy and surface site was titrated with CO uptake
and Fourier transform infrared (FTIR) was used to distinguish adsorption on Ni and Mo
sites. It was found that surface Ni atoms controlled the reactivity, but that Mo atoms
influenced the selectivity.

Chapter 4 describes a kinetic analysis of the reaction network of GVL on
Ni,P/MCM-41 by contact time measurements, and to investigate the effects of GVL and
H. partial pressures. Furthermore, the adsorbed species on the catalyst surface and the
working state of Ni species during the reaction were monitored by in situ infrared
spectroscopy and in situ quick x-ray adsorption fine structure measurement to support
the proposed reaction sequence. These measurements and analyses are important to

obtain basic information about the manner of oxygen removal using Ni,P/MCM-41.
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Chapter 2
Hydrodeoxygenation of y-Valerolactone on

Transition Metal Phosphide Catalysts

2.1 Introduction

Biomass has been recently studied as an alternative feedstock for chemicals and
fuels to overcome environmental problems resulting from excessive use of fossil fuels
[1, 2]. Several technologies such as hydrothermal liquefaction of woody biomass [3, 4],
pyrolysis upgrading of cedar chipsand cellulose [5, 6] and aqueous phase catalytic
transformation of sugars and polyols [7] have been developed for converting biomass
into liquid fuels. Among them, fast pyrolysis gives high yields of liquids (pyrolysis bio-
oil) of up to 75 wt.% at moderate temperatures of around 500 °C and short hot vapor
residence times of around 1 s [8]. However the bio-oil cannot be directly used as a fuel
because it has high oxygen content (35-40 wt.%) with 15-30 wt.% of water, which
results in low heating value, immiscibility with hydrocarbon fuels, high acidity, and
chemical and thermal instability [9, 10]. Therefore, the oxygen in the bio-oil needs to be
removed to obtain a liquid fuel of required quality.

Catalytic hydrodeoxygenation (HDO) is one of the promising processes that aim
at the production of useable liquid fuels by removal of oxygen in the presence of H, [11,
12].Transition metal sulfide catalysts (CoMoS and NiMoS) have been widely tried as
candidates due to their hydrogenation ability in commercial hydrodesulfurization (HDS)
and hydrodenitrogenation(HDN) processes, which are closely related to HDO processes

in the removal of a heteroatom with direct bonding to carbon. However, a major

23



problem of the sulfides is that they are deactivated in the absence of sulfur, which is not
normally present in the bio-oil [13, 14].Noble metals have also been tried as they are
active in hydrogenation reactions at mild conditions [15, 16]. It has been found that Pd,
Pt, Rh and Ru catalysts have high activity in the HDO of bio-oil model compounds such
as dibenzofuran [17], phenol [18, 19], guaiacol [16, 20], and propanoic acid [21, 22].
However, their high cost and poor tolerance for sulfur and nitrogen are still problems
[23, 24].

Recently, a number of studies of transition metal phosphide catalysts have
reported that they are active for HDO processes [25, 26, 27] as well as HDS and HDN
[28, 29]. In a previous study, the HDO activity for 2-methyl tetrahydrofuran (2-MTHF)
was examined on a series of silica-supported transition metal phosphide catalysts and
the activity order was found to be Ni,P > WP > MoP > CoP > FeP > Pd/Al,03[30].
Furthermore, the Ni,P phosphide catalyst showed higher activity for 2-MTHF HDO
than Pd/Al,Os at 300 °C and 1 atm. The catalytic performance of transition metal
phosphide catalysts in the deoxygenation of methyl laurate was investigated, and the
activity order followed the sequence: Ni,P > MoP > CoP-Co,P > WP > Fe,P-FeP; Ni,P
> Ni2Ps > NisP. Various factors, including surface metal site density, the electron
density of metal sites and Bronsted acidity, give rise to the differences in catalytic
activity [31].

The compound GVL is found in bio-oil, and indeed, it is a so-called platform
chemical because it is formed in large amounts in the degradation of cellulose and has
potential use as a liquid fuel, an intermediate for fine chemicals, and a solvent [32, 33].
Thus, many approaches aiming to upgrade GVL to valuable chemicals have been

reported. The production of C12 jet fuel from GVL was proposed in a dual reactor
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system involving the production of butene isomers via ring-opening and
decarboxylation on SiO,/Al,03 at 36 bar H, with subsequent oligomerization of butene
isomers on Amberlyst70. It was found that the yield of higher liquid alkenes reached 75%
[34]. Similarly, the conversion of GVL to 5-nonanone, a precursor to hydrocarbon fuels,
was reported in a double-bed arrangement of Pd(5%)/Nb,Os + ceria-zirconia in a single
reactor. It was shown that Pd(5%)/Nb,Osis responsible for ring opening and ceria-
zirconia for further hydrogenation and subsequent ketonization [35]. Also the formation
of valerate esters from GVL was deemed to be promising since their energy density,
polarity and volatility are compatible with either gasoline or diesel [36]. The
transformation required a bifunctional catalyst and it was found that 64% ethyl valerate
would be formed on Co/HZSM-5 [37].

In this work, a series of transition metal phosphide catalysts (Ni,P, CoP, MoP,
and WP) supported on MCM-41 is synthesized and characterized to investigate its
activity in the HDO of GVL. This is the first time such a series has been prepared using
the high surface area MCM-41 support, and the resulting materials are highly dispersed.
The performance, including catalytic activity and product selectivity, are compared at
various temperatures with those of a commercial Pd/Al,Oj3 catalyst, which has shown
superior activity in HDO. Furthermore, based on the results of product selectivity, a

possible reaction pathway for the HDO of GVL is proposed.
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2.2  Experimental
2.2.1 Preparation of supported transition metal phosphide catalysts

A commercial MCM-41 support (Aldrich) was used as received. The supported
catalysts were prepared by incipient wetness impregnation of aqueous metal phosphite
precursors, followed by temperature-programmed reduction (TPR) under hydrogen flow.
A mixed solution was made by adding a certain amount of a desired metal salt into a
phosphorus-containing solution [38, 39]. The amount of metal was 1.0 mmol/gsypport and
the initial ratio of metal/P was fixed at 1/2. The quantities of materials are summarized
in Table 2.1. The mixed solution was used to impregnate the MCM-41 support by the
incipient wetness technique. The obtained phosphite precursor was dried in air at
120 °C overnight, and then pelletized and sieved to a size of 650-1180 um. The
resulting precursor was reduced to the corresponding phosphides by TPR from room
temperature to the reduction temperature at 3 °C min™* in a quartz reactor under a
hydrogen flow of 1000 cm>mingeaays . After reduction, the sample was cooled to
room temperature under helium flow and then was passivated under 0.2 % O,/He flow
(100 cm®min™) for 4h to prevent uncontrolled oxidation. For comparison a 5 wt. %

Pd/Al,O; commercial catalyst supplied by BASF Catalysts, Inc. was used.

Table 2.1. Quantities of materials used in catalyst preparation

Sample Metal source /mmol Metal phosphide /wt.%
PO,/MCM-41 - -
Ni,P/MCM-41 | Ni(OH); 5.0 6.9
CoP/MCM-41 | Co(OH), 5.0 8.2
MoP/MCM-41 | (NH4)6M07024-4H,0 | 0.7 11
WP/MCM-41 | (NH4)sW1,03-9H,0 | 0.4 18

Metal loading level: 1.0 mmol et gsuppor{l
MCM-41:5¢

H3PO3: 0.828 g (10 mmol)
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2.2.2 Characterization of prepared catalyst samples

The temperature-programmed reduction (TPR) method was used to determine
the reduction characteristics of the material. First, 0.1 g of sample was loaded in a
quartz reactor and then pretreated at 120 °C under helium flow. After that, it was heated
from 50 to 800 °C under H, flow of 100 cm® minwhile the effluent was monitored by a
quadruple mass spectrometer. Chemisorption uptakes of CO were measured on a sample
re-reduced in a Hy flow at 550 °C for 3 h. Pulses of CO were passed at 50°C over the
sample to measure the total dynamic gas uptake. A BELSORP mini II micropore size
analyzer was used to measure the specific surface area of the samples using N,
adsorption at 77 K from the linear portion of BET plots (P/P, = 0.01 - 0.20). Before the
measurements, the samples were degassed at 120 °C overnight to remove the adsorbed
species from the sample. X-Ray diffraction (XRD) patterns of fresh and spent samples
were measured on a diffractometer (Rigaku RINT 2400) operated at 40 kV and 100 mA,
using a Cu-Ka monochromatic x-ray source. Data were collected over a Bragg angle
(20) range of 20-80° with a step size of 0.02°. X-ray absorption fine-structure (XAFS)
spectra at the Ni K-edge (8.333keV) were recorded at beam line 9C (BL9C) of the
Photon Factory in the Institute of Materials Structure Science, High-Energy Accelerator
Research Organization (KEK-IMSS-PF). The X-ray ring was operated at 2.5 GeV with
a beam current of 450 mA. The XAFS spectra were taken in transmission mode using
ionization chambers for the detection of the incident X-ray beam (lp, 100% N>) and
transmitted beam (I, 25 % Ar in Ny). The passivated disk sample with 40 mg was
placed in the center of an in situ cell equipped with Kapton windows, and reduced at
550 °C for 2 h under H, flow in the same manner as for the activity tests. The EXAFS

data were analyzed by Winxas3.1. Phase shift and amplitude functions of Ni,P were
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calculated by FEFF8. Curve fitting was carried out using the three dominant shells (2
Ni-P at 0.226 nm, 4 Ni-P at 0.2457 nm, 4 Ni-Ni at 0.2678 nm) and the reducing factor

(So?) was fixed at 0.9, which was obtained from the Ni-Ni contribution of a Ni foil.

2.2.3 Activity test for HDO of GVL

The catalytic tests of HDO for GVL were carried out in a continuous-flow
reactor operated at 0.5MPa and a temperature range of 250-350 °C. Quantities of
catalyst corresponding to 10 umol of sites as titrated by CO chemisorption were used.
The catalyst was loaded in a section about 2 cm long in the middle of the reactor with
quartz sand of the same particle size to disperse the catalyst. Before injecting the liquid
feed, the phosphide catalyst was pretreated under a H, flow of 100 cm3min'1gcata|ys{1 at
550 °C for 4 h. The reactant was introduced into the reactor with a liquid pump. A
mixture of 98 wt. % of GVL and 2 wt. % of toluene as an internal standard was
vaporized at 300 °C and mixed with a H, gas stream to give a reactant stream of 2 mol%
GVL in H,. The total pressure was fixed at 0.5 MPa using a back-pressure regulator. For
stabilization, the catalysts were first maintained at 350 °C and 0.5 MPa for 12 h after
introducing the reactant and then the temperature was varied downward and upward in
the order: 350, 300, 250, 275, and 325 °C with each temperature maintained for 2 or 3 h.
An on-line gas chromatograph (Shimadzu GC-14A, DB-624 Ul, 60 m x 0.25 mm x 1.40
um) equipped with a flame ionization detector (FID) and a thermal conductivity
detector (TCD) was used for analyzing the products at 1 h intervals. In order to maintain
product in the gas phase, all of the lines were heated to 250 °C with ribbon heaters.
Qualitative analysis of unknown products was carried out by gas chromatography-mass

spectrometry (Shimadzu GCMS-QP2010 Ultra) by injecting the gas products which
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were collected from the outlet gas stream. A similar procedure was applied for a
stability test of Ni,P/MCM-41. After reaction, all the catalysts were treated under N,
flow for 2 h and then collected for characterizations by XRD, CO chemisorption and N,
physisorption.

The conversion of GVL, deoxygenation degree, product distribution and

selectivity were calculated by the following equations:

n
GVL conversion = (1 — M) X 100%
NgyL,f

nhydrocarbons,p

Deoxygenation degree = < ) x 100%

NgyLp

o carbon number X n;
Product distribution, P; = ( )

sum of carbon number X n;

Selectivity, S (ni
electivity,S; = (=—
Zni)

Where ngy,, r and ngy,, cdescribe the moles of GVL in the feed and exit,
respectively, and n; is the moles of product i. The deoxygenation degree shows how
much GVL is converted into hydrocarbons such as butane, n-butenes, pentane, n-

pentenes, and n-pentadienes.
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2.3 Results and discussion

2.3.1 Characterizations of the prepared catalysts

Table 2.2. Characterization of fresh and spent catalysts

. CO uptake” | Reduction temperature | BET surface area
Sample Condition o o 2
/umol g /°C /m” g
MCM-41 As received - - 997
) fresh 70 570 663
Ni,P/MCM-41 a
spent 67 - 651
fresh 59 705 582
CoP/MCM-41 a
spent 55 - 578
fresh 74 597 539
MoP/MCM-41 a
spent 71 - 521
fresh 30 610 509
WP/MCM-41 e
spent 27 - 499
Pd/AL,O; As received 80 - 82

* After activity test at 250 — 350 °C and 0.5 MPa for 24 h
® After in situ reduction at 550 °C for 2 h

Table 2.2 shows the reduction temperatures, surface areas and CO-uptakes of the
fresh and spent catalysts. The reduction temperature will be discussed in the following
paragraph. The surface areas of the fresh catalysts ranged from 500 to 663 m* g™*. After
loading the metal, all the samples presented a decrease of surface area due to a reduction
of pore volume due to the presence of metal phosphide and excess phosphorous on the
support. The spent catalysts exhibited a similar surface area with the fresh catalysts. The
CO uptakes for fresh catalysts were between 30 and 74 umol/g and, for the spent
catalysts did not change significantly. These results indicated that the structure of
catalysts was maintained during reaction. The amounts of catalyst loaded in the reactor

for catalytic testing corresponded to 10 umol of sites, counted by CO adsorption.
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Figure 2.1. TPR profiles for the precursors of phosphide catalysts (a) Mass 18 signal
and (b) Mass 34 signal

Fig. 2.1 shows the TPR profiles of the precursors of the Ni,P/MCM-41,
CoP/MCM-41, MoP/MCM-41, and WP/MCM-41 catalysts. The H,O signal (m/z = 18)

shown in Fig.2-1(a) displays broad features between 150-210 °C due to desorption of
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strongly held water and dehydroxylation, and distinct features above 400 °C for
reduction of the phosphite [30]. The maximum peak temperature was chosen as the
reduction temperature for large scale syntheses. The Ni,P catalyst precursor gave two
main peaks at 400 and 570 °C to different stages in the reduction of Ni phosphite to Ni
phosphide. In a previous study [40], it was suggested that the peak at lower
temperatures (375-450 °C) is related to the formation of the Ni,P phase by the reaction
between PH3 and metallic nickel, and the higher temperature peak (> 400 °C) is related
to the reduction of HPO3H™ and nickel ions that interact strongly with the support. The
CoP precursor showed peaks at 450 °C and 705 °C also corresponding to different steps
in the reduction. It was reported that formation of CoP occurred sequentially, where one
of the intermediates was Co,P which reacts with PH3 to subsequently form CoP [39].
The MoP catalyst presented a broad unresolved reduction peak at around 597 °C while
the WP precursor showed a small peak at 530 °C and a major peak at 610 °C indicating
that the stages for these group 6 metals occurred close to each other. The PHj3 signal
shown in Fig. 2.1 (b) shows similar features as the H,O signal, indicating that both H,O
and PH3 were formed simultaneously in the same reduction process. The PH3 signal was
broader and occurred at higher temperature for the Mo and W samples indicating that
metal reduction occurred before phosphite reduction. After reduction, phosphine kept
being produced because of the use of excess phosphorous in the preparation method. All
the trends are consistent with previous results, but in all cases the reduction
temperatures are slightly higher than in the previous study with a silica support [30].
This is because the present study uses a high surface area support, MCM-41, which
enhances the dispersion of the metal precursors and leads to stronger interactions with

the support so that the reduction temperatures are increased [41, 42].
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Figure 2.2. XRD profiles for fresh and spent catalysts

Fig. 2.2 shows the powder XRD patterns for the fresh and spent catalysts. The

broad line centered at 20 = 23° is typical for amorphous silica, which is observed in all

catalysts. The Ni,P/MCM-41 shows broad peaks at 20 = 40.7°, 44.6°, 47.4°, and 54.2°

(PDF#74-1385) due to highly dispersed Ni,P particles on the MCM-41. The

CoP/MCM-41 shows three main peaks at 26 = 31.6°, 46.2°, and 48.1° (PDF#29-0497),

corresponding to the characteristic XRD peaks of the CoP reference. The MoP presents

a broad peak at 20 = 43.1° (PDF#24-0771), indicating low crystallinity and small

particle size. The WP/MCM-41 displays strong sharp peaks at 26 = 31.1°, 43.2°, 44.6°,
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and 46.5° (PDF#29-1364), which are well matched with the WP reference. After
reaction, the XRD patterns of the all samples show a partial decrease of intensity, but
the peaks of the phosphide phases are still visible indicating that the catalysts are stable
at these reaction conditions. The crystallite size of Ni,P is below the detection limit for
XRD (roughly 3 nm), so EXAFS measurements were adopted to confirm the presence
of the Ni,P phase under reduction condition (H, flow and 550 °C). Fig. 2.3 (a) and (b)
show the Ni K-edge EXAFS spectra for reduced Ni,P/MCM-41 sample. Although the
experimental curve is not well resolved, there are two main peaks in the Fourier
transforms located at 0.180 nm and 0.228 nm, corresponding to Ni-P and Ni-Ni,
respectively [43]. A three-shell curve-fitting analysis of the Fourier transform spectra
was conducted as shown in Table 3 [44]. The distances for Ni-P(I), Ni-P(II), and Ni-Ni
bonds were 0.2207, 0.2344, and 0.2551 nm, respectively, and corresponding
coordination numbers were 1.8, 2.8, 2.0. These values were similar with previous results
showed that smaller Ni,P crystallites have larger coordination numbers in the Ni-P(II)
and lower coordination number in the Ni-Ni [27]. This indicates that Ni,P phase is

present on the MCM-41 support.

Table 2.3. Curve-fitting result for Ni,P/MCM-41

Ni-P(I) Ni-P(IT) Ni-Ni | R-factor /%
CN 2 4 4
R /nm 0.227 0.246 0.268
Ni,P/MCM-41
CN 1.822  2.844  2.048
R /nm 0221 0234 0.255 1.4
o? /10°nm? 0975 2334 1.351
AE JeV -8.119 5.486 -1.669
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Figure 2.3. Ni K-edge (a) EXAFS spectra and (b) Fourier transform of Ni,P/MCM-41

2.3.2 Catalyst stability test

Fig. 2.4 shows GVL conversion and product distributions over Ni,P/MCM-41 as
a function of time on stream. A stability test was conducted at 300 °C and 0.5 MPa with
4% GVL in H; for 50 h on stream. The main products were pentanoic acid (39 %), 2-

MTHEF (0.7 %), 1-pentanol (0.4 %), pentanal (0.2 %), 2-pentanone (0.2 %), pentane
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(1 %), butane (40 %), n-butene (5 %), and CO (10 %). The conversion slightly
decreased from 61% to 55 % and then stabilized after 20 h, while the product
distributions were not significantly changed. This result indicated that the Ni,P/MCM-

41 catalyst was stable at the applied reaction conditions.
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Figure 2.4. GVL conversion and product distributions over Ni,P/MCM-41 as a function
of time on stream at 300 oC and 0.5 MPa with 4% GVL in H,

2.3.3 Reactivity as a function of temperature over transition metal phosphide catalysts

Fig. 2.5 shows the GVL conversion, deoxygenation degree and turnover
frequency (TOF) at 0.5 MPa as a function of temperature on Ni,P/MCM-41,
CoP/MCM-41, MoP/MCM-41, WP/MCM-41, Pd/Al,03, PO,/MCM-41 and MCM-41.
The TOF tracks the conversion because amount of catalysts corresponding to equal

quantities of sites were used in the measurements. The GVL conversion gives
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information about the amount of GVL that is converted into products, including both
hydrocarbons and oxygen-containing compounds, while deoxygenation degree (Deox)
indicates how much GVL is transformed into hydrocarbons. Comparison of GVL
conversion and deoxygenation degree clarifies the type of reaction that occurs. In all
cases, GVL conversion was higher than the deoxygenation degree because some
products were oxygenates. In addition to the catalyst activity tests, blank tests were
conducted with the support and phosphorous-loaded support. In the catalyst preparation,
excess phosphorous was used so that some phosphorous likely was retained on the
support, even though some was volatilized. Amounts of 1.0 g of PO,/MCM-41 and
MCM-41 were evaluated at 0.5 MPa at various temperatures (250-350 °C). The MCM-
41 exhibited a low activity for both GVL conversion (0.15 %) and deoxygenation
degree (0.1 %) even at 350 °C. The PO,/MCM-41 displayed a higher GVL conversion
(6.9 %) and deoxygenation degree (1.6 %) at 350 °C, but these were still low. Therefore,
the effects of support and phosphorous were negligible in the removal of oxygen at the
conditions of study. Amounts of 0.14 g of Ni,P/MCM-41, 0.17 g of CoP/MCM-41, 0.14
g of MoP/MCM-41, 0.33 g of WP/MCM-41and 0.13 g of Pd/Al,Oscatalysts
corresponding to 10 umol of CO uptake sites were loaded and tested at a constant
reactant flowrate of 1.6 umols™. Thus the temperature variation results are considered to
give the intrinsic catalytic activity of the catalysts. All samples had higher conversion
and deoxygenation degree at higher temperatures as expected. At all temperatures, the
GVL conversion and deoxygenation degree followed the same order: Ni,P/MCM-41 >>
CoP/MCM-41 >> Pd/Al,03 = MoP/MCM-41 > WP/MCM-41, indicating that the
catalytic activity of the phosphide catalysts was higher or close to that of Pd/Al;Os. In

particular, Ni.,P/MCM-41 presented remarkable activity attaining full conversion and
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deoxygenation degree at 350 °C, while MoP/MCM-41 and WP/MCM-41 were
considerably less active, especially in the removal of oxygen. Interestingly, it was found
that the iron group phosphides (Ni,P, CoP) were more active than the group 6 metal
phosphides (MoP, WP). This might be related to the nature of the metal in phosphide
catalysts, especially its electron density. In previous work on deoxygenation of methyl
laurate over transition metal phosphides, it was suggested that Ni, Co and Fe sites have
higher electron density than Mo and W sites and so can favorably protonate O
compounds, which leads to enhanced conversion [31]. The right scale of Fig. 2.5 shows
the turnover frequency (TOF) for the GVL reaction and the deoxygenation degree as a
function of temperature on the transition metal phosphide catalysts and the commercial

Pd/Al,O5 catalyst. The TOF value was calculated by the following equation:

Conversion X Flow rate of GVL (umol s™1)

TOF(s™1) =
OF(s™) Catalyst weight(g) X Quantity of CO uptake site (umol/g)

With equal number of sites the TOF is proportionated to conversion so the same
curve applies with a different scale. The Ni,P/MCM-41 showed the highest activity with
a TOF of 0.17 sat 300 °C. In Ni;P/MCM-41, the conversion and TOF curves
maintained at in the temperature range of 325-350 °C. This was due to mass transfer
limitations in the high conversion region (> 70 %). The Weisz-Prater criterion Cyp is a
method used to determine that internal diffusion is limiting the reaction. This value was

calculated by the following equation [45, 46]:

Actual reaction rate _Té(obs)Pch
Adiffusionrate D,Cys

Cwp =
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Internal mass transfer effects can be neglected if the value of Cwp is less than 0.3
[47]. The parameters used for the criterion are summarized in Table 4.1. The observed
rates —,,ps) and the calculated Cwp values are listed in Table 4.2. The values of Cwe

are less than 0.3 except for the Ni,P/MCM-41 sample at over 300 °C and the
CoP/MCM-41 sample at 350 °C, which are exactly as expected from the shapes of the
conversion curves, with mass transfer becoming important past the inflexion points in
the curves. For the other samples, there are no diffusion limitations at all the reaction

conditions. Also the Mears criterion for external diffusion was below 0.15 (see

~TappRN

Supplementary Information) < 0.15 indicating that mass transfer from the bulk

kcCap

gas phase to the catalyst surface can be neglected [45,48].

Table 2.4.1. Parameters in the Weisz-Prater Criterion

R Catalyst particle radius / cm 0.09
p(NizP,CoP, Pd) | Solid catalyst density /g-cm™ 0.3
po(MoP, WP) | Solid catalyst density /g-cm™ 0.4
Cas(300 °C) Gas concentration at the catalyst surface /mol-cm™ | 4.11E-07
D, Effective diffusivity/cm®s™ 0.1

Table 2.4.2. Observed reaction rates and calculated Weisz-Prater criterion

Ni;P | CoP | MoP | WP | Pd
Temperature /°C Observed reaction rate /molg™'s™
250 2.06E-06 3.98E-07 3.43E-07 3.15E-08 4.72E-07
275 4.58E-06 9.13E-07 4.60E-07 7.02E-08 7.04E-07
300 8.80E-06 2.08E-06 8.40E-07 1.53E-07 1.14E-06
325 1.12E-05 3.92E-06 1.44E-06 3.00E-07 1.99E-06
350 1.14E-05 6.73E-06 2.58E-06 5.64E-07 3.07E-06
Temperature /°C Weisz-Prater criterion
250 0.12 0.02 0.03 0.00 0.03
275 0.27 0.05 0.04 0.01 0.04
300 0.52 0.12 0.07 0.01 0.07
325 0.66 0.23 0.11 0.02 0.12
350 0.68 0.40 0.20 0.04 0.18
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Figure 2.5. GVL conversion (a), deoxygenation degree (b) and turnover frequency

(right scale) as a function of temperature at 0.5 MPa
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Table 2.5. GVL conversion, deoxygenation degree, product distribution and carbon
balance at 250 °C and 350 °C at 0.5 MPa

Temp. sample Conv. DEOX TOF Product distribution /% cB?
I°C P 1% 1% /Is' CO C4 C5 C50 C5-02 /%

Ni,P/MCM-41  18.0 41 0030 37 175 10 39 733 103
CoP/MCM-41 41 02 0007 09 43 05 83 859 99
250 MoP/MCM-41 1.2 00 0002 00 00 00 24 976 99
WP/MCM-41 0.6 00 0001 00 00 00 00 100 101
Pd/Al,O3 3.6 004 0006 02 09 00 199 791 97

Ni,P/MCM-41 100 995 0.166 168 813 14 03 01 101
CoP/MCM-41 69.9 358 0115 82 407 09 20 474 98
350 MoP/MCM-41 213 7.9 0036 3.0 141 195 172 46.1 97
WP/MCM-41 11.6 1.6 0019 13 59 66 64 798 103
Pd/Al,O4 235 5.4 0039 37 181 06 16 757 96

b b roauc
* Carbon balance (CB) calculated by (E(C‘” on number X nyrog t)
5XngyL

The GVL conversion, deoxygenation degree, product distribution and carbon
balance at 250 and 350 °C are summarized in Table 5. The products were classified into
five groups: C4 (n-butenes, butane), C5 (n-pentadienes, n-pentenes, pentane), C5-O (2-
methyltetrahydrofutan, pentanal, 1-pentanol, 2-pentanone), C5-O2 (pentanoic acid, n-
pentenoic acids), and finally CO. At 250 °C, the GVL conversion was below 5 % except
for Ni,P/MCM-41 and followed the order Ni,P/MCM-41 (18 %) > CoP/MCM-41
(4.1 %) > Pd/AlLLO; (3.6 %) > MoP/MCM-41 (1.2 %) > WP/MCM-41 (0.6 %). This
order was the same as that of the deoxygenation degree, although deoxygenation was 0 %
for MoP/MCM-41 and WP/MCM-41 because no hydrocarbons were produced. At 250
°C, the main product was C5-02 on all catalysts. At 350 °C, on the other hand, a
different product distribution was observed. Among the hydrocarbons, the main product
was C4 hydrocarbons on Ni,P/MCM-41, CoP/MCM-41 and Pd/Al,03 and C5

hydrocarbons on MoP/MCM-41 and WP/MCM-41, indicating that cleavage of C-C
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bonds was favored on iron group phosphides and Pd/Al,O3. On Pd/Al,O3, a small
amount of propane was produced by a cracking reaction, but its selectivity was below
0.5 %, so it was excluded from the calculation of the product distribution. The carbon
balance was within the error range (100 % + 5 %) on all catalysts at 250 °C and 350 °C,

indicating that carbon deposition on the applied catalysts or polymerization didn’t occur

significantly.
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Figure 2.6. Product selectivity for HDO of GVL at around 10 % of GVL conversion
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Fig. 2.6 shows the product selectivity at around 10 % of GVL conversion (18%
at 250 °C on Ni,P/MCM-41, 9 % at 275 °C on CoP/MCM-41, 12 % at 325 °C on
MoP/MCM-41, 12 % at 350 °C on WP/MCM-41, 9 % at 300 °C on Pd/Al,O3). The
products were categorized into two groups: hydrocarbons (butane, n-butenes, pentane,
n-pentenes and n-pentadienes) and oxygenates (2-MTHF, 2-pentanone, pentanal, 1-
pentanol, pentanoic acid and pentenoic acid). All phosphides had a strong preference for
either pentanoic acid or n-pentenoic acids among the oxygenates, which were produced
via ring opening from GVL. The Ni,P/MCM-41, CoP/MCM-41and Pd/Al,Oscatalysts
followed a similar trend with a high affinity for the production of butane and pentanoic
acid. The main products on Ni,P/MCM-41 were butane (21 %), pentanoic acid (73 %),
with very little n-butenes (1 %), pentane (1 %) and 2-MTHF (3 %) while CoP produced
more alkenes and less alkanes. Furthermore, Pd/Al,O3 produced mainly butane (4 %)

and very little pentane (0.1 %) among the hydrocarbon products. Unlike the iron group
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phosphides, MoP/MCM-41 and WP/MCM-41 gave more C5 hydrocarbons in the
hydrocarbon products, especially MoP/MCM-41. The main products on MoP/MCM-41
were n-butenes (8 %), n-pentenes (6 %), n-pentadienes (3 %), pentanoic acid (47 %)
and pentenoic acid (19 %), while WP/MCM-41 gave less C5 hydrocarbons and more
pentenoic acid (43 %). To summarize, the major differences in selectivity to
hydrocarbons was that the iron-group catalysts (Ni,P/MCM-41 and CoP/MCM-41) and
Pd/Al,O3 produced mainly C4 hydrocarbons, while group 6 phosphides catalysts
(MoP/MCM-41 and WP/MCM-41) formed more unsaturated C5 hydrocarbons such as
n-pentenes and n-pentadienes. This is also shown in Fig. 2.7 which shows the C5/C4
hydrocarbon ratio based on the product selectivity at various temperatures. For the
metal phosphides, the Mo and W sites may prefer to adsorb the O atom of the C=0
group than the Ni and Co sites because of their larger electrophilicity, thus the C=0
group was more easily hydrogenated to produce the C5 hydrocarbons [31]. Considering
the energy content of the produced oil, the desired products are saturated hydrocarbon
such as butane and pentane. Butane represents an undesired carbon loss, but this is
offset by a decrease in required hydrogen amounts and the production of the reductant
CO. This indicates that Ni,P/MCM-41 and CoP/MCM-41 catalysts present a
noteworthy activity in terms of GVL conversion and deoxygenation degree to produce
butane. Table 2.6 shows the mole ratio (C4H10+C4Hsg)/CO at different temperatures for
Ni,P/MCM-41, CoP/MCM-41 and Pd/Al,O3. As can be seen, the ratio is slightly above
1. This indicates that_decarbonylation is a main side reaction that forms butane or n-
butenes. The value of the ratio above 1 indicates that some decarboxylation could also
be occurring, but this should be minor compared to decarbonylation, and very little CO,

was observed. A possible scheme is shown in Fig. 2.11.
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Table 2.6. Mole ratio (C4H10+C4Hsg)/CO at different temperatures for Ni,P/MCM-41,
CoP/MCM-41 and Pd/Al,O3

o Mole ratio (C4H10+C4H8)/CO
Temperature /C 5 AENM-41  CoP/MCM-41  PA/ALO;
250 1.18 - -

275 1.12 - ;
300 1.09 1.09 ;
325 1.02 1.23 1.08
350 1.21 1.24 1.22

1 Il Ni2P/MCM-41
100 4 B CoP/MCM-41 e
] MoP/MCM-41

| - WP/MCM-41 II
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Figure 2.8. Saturated/unsaturated hydrocarbons (selectivity ratio) as a function of
temperature at 0.5 MPa

Fig. 2.8 presents the saturated hydrocarbons/unsaturated hydrocarbons
selectivity ratio as a function of temperature on the prepared catalysts. The saturated
hydrocarbons include the alkanes such as butane and pentane and the unsaturated
hydrocarbons include n-alkenes such as 1-butene, cis-2-butene, trans-2-butene, 1-
pentene, cis-2-pentene, trans-2-pentene and 1.3-pentadiene.Thus, this ratio indicates the

hydrogenation ability of the catalysts. On Pd/Al,Os, only saturated hydrocarbons
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(butane and pentane) were observed at all temperatures, thus this ratio cannot be
calculated. In the case of Ni,P/MCM-41, saturated hydrocarbons were only produced at
350 °C. The MoP/MCM-41 and WP/MCM-41 did not produce saturated hydrocarbons.
Apart from the C5/C4 ratio in Fig 2.6, the saturated/unsaturated hydrocarbons ratio was
high for Ni,P/MCM-41 and CoP/MCM-41, and was low ratio for MoP/MCM-41 and
WP/MCM-41. In particular, Ni,P presented extremely high hydrogenation ability
compared to CoP/MCM-41, MoP/MCM-41 and WP/MCM-41 with a

saturated/unsaturated hydrocarbons ratio over 10.

2.3.4 Reaction network for HDO of GVL on phosphide catalysts and Pd/Al,O3
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Figure 2.9. Product selectivity as a function of GVL conversion at 300 °C and 0.5 MPa
on (a) Ni,P/MCM-41 and (b) CoP/MCM-41
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Fig. 2.9 shows the product selectivity as a function of GVL conversion at 300 °C
and 0.5 MPa on (a) Ni,P/MCM-41 and (b) CoP/MCM-41. These catalysts were the
most active in this reaction as shown in Fig. 2.5. The results were obtained by varying
the feed flowrate of the 2 mol% GVL in H,. The selectivities to C4 hydrocarbons
(butane and n-butenes) and C5 hydrocarbons (pentane and n-pentenes) increased with
the conversion, while the selectivities to 2-MTHF and pentanoic acid decreased. These
results indicate that the C4 and C5 hydrocarbons were final products and that the 2-
MTHF and pentanoic acid were primary products. The selectivities to 1-pentanol,
pentanal and 2-pentanone went through maxima and then decreased as the conversion

increased indicating that these products were intermediates.
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Figure 2.10. Pentanoic acid HDO on Ni,P/MCM-41 and CoP/MCM-41 at 300 °C

Furthermore, the major product, pentanoic acid, was used as a reactant in
catalytic activity tests of Ni,P/MCM-41 and CoP/MCM-41 conducted at 0.5 MPa and

300 °C (Fig. 2.10). The main products on Ni,P/MCM-41 were butane (89 %), n-butenes
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(7 %), pentane (0.6 %), pentanal (4 %), and 1-pentanol (0.1 %), while CoP/MCM-41
produced more n-butenes (39%). These results indicated that the main reaction of
pentanoic acid on Ni,P and CoP was decarbonylation of pentanal to produce C4
hydrocarbons while a minor route proceeded by pentanal hydrogenation to 1-pentanol
and subsequent formation of pentane. Although corresponding studies of MoP and WP
were not carried out, it can be surmised that they have less decarbonylation and more

hydrogenation.
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Figure 2.11. Decarbonylation route to butane and butene

A possible reaction network for the HDO of GVL is proposed (Fig. 2.12). Based
on the results in Fig. 2.6, Table 2.5, Fig. 2.9, and Fig. 2.10 it can be deduced that
Ni,P/MCM-41, CoP/MCM-41 and Pd/Al,O3 catalysts follow the same reaction route,
while MoP/MCM-41 and WP/MCM-41 involve a different reaction pathway. To begin
GVL produces either 2-MTHF by hydrodeoxygenation of the C=0 or pentanoic acid by

ring-opening. In all catalysts, selectivity to pentanoic acid is always higher than that of
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2-MTHF and the formation of 2-pentanone, which can be formed from 2-MTHF, is
extremely low. Therefore, all catalysts follow a similar reaction route from GVL to
pentanoic acid, involving a ring opening reaction and further hydrogenation to produce
pentanal. On Ni,P/MCM-41, CoP/MCM-41, and Pd/Al,O3 the formation of pentanal is
followed by decarbonylation to produce butane or n-butenes plus CO. In summary all
applied catalysts followed a similar initial reaction sequence from GVL to pentanal
involving ring-opening and hydrogenation. After formation of pentanal the main
reaction was decarbonylation on Ni,P/MCM-41, CoP/MCM-41 and Pd/Al,O3 and was

hydrodeoxygenation on MoP/MCM-41 and WP/MCM-41.
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Figure 2.12. A possible reaction network for HDO of GVL
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2.4 Conclusions

A series of transition metal phosphides supported on MCM-41was prepared by
temperature-programed reduction and tested for the hydrodeoxygenation (HDO) of
gamma-valerolactone (GVL). Highly dispersed phosphide catalysts were successfully
synthesized, which were characterized by Brunauer-Emmett-Teller, X-Ray diffraction,
X-ray absorption fine-structure and CO-chemisorption measurements. The activity for
GVL conversion and deoxygenation degree followed the order: Ni,P/MCM-41
>>CoP/MCM-41 >>Pd/Al,03=MoP/MCM-41 > WP/MCM-41. The product distribution
on the iron-group phosphides (Ni,P/MCM-41 and CoP/MCM-41) and Pd/Al,O3 differed
from that on group 6 metal phosphides (MoP/MCM-41 and WP/MCM-41), especially
in the selectivity to hydrocarbons. The main hydrocarbon product was butane on
Ni,P/MCM-41, CoP/MCM-41, and Pd/Al,Osand was n-pentenes on MoP/MCM-41 and
WP/MCM-41. This indicates that iron group phosphide catalysts and Pd/Al,Osfollowa
decarbonylation pathway whereas group 6 phosphides follow an HDO pathway in the
removal of oxygen. The iron group phosphides and Pd/Al,Osshowed high
hydrogenation ability to form saturated hydrocarbons. Based on the product selectivity,
there are two initial reaction routes, ring-opening and direct deoxygenation, both of
which form pentanoic acid on all catalysts. Following that, pentanal is formed by
hydrogenation of pentanoic acid and then as a final step decarbonylation occurs on

Ni,P/MCM-41, CoP/MCM-41 and Pd/Al,0;

50



2.5

If —TappRN
cCab

Supplemental information

< 0.15, then external mass transfer effects can be neglected.

Table S2.1. Parameters in the Mears criterion

R Catalyst particle radius / cm 0.09
N reaction order 1
pb(Ni,P, CoP, Pd) | bulk density of catalyst bed, g/cm’ 6.E-03
po(MoP, WP) | bulk density of catalyst bed, g/cm’ 8.E-03
Cab bulk gas concentration of A at 300 °C, mol/cm’ | 4.2E-07
k. mass transfer coefficient, cm/s 102

Table S2.2. Observed reaction rates and calculated Mears criterion

NiP CoP MoP WP Pd
Temperature /°C Observed reaction rate /molg™'s™
250 2.06E-06 3.98E-07 3.43E-07 3.15E-08 4.72E-07
275 4.58E-06 9.13E-07 4.60E-07 7.02E-08 7.04E-07
300 8.80E-06 2.08E-06 8.40E-07 1.53E-07 1.14E-06
325 1.12E-05 3.92E-06 1.44E-06 3.00E-07 1.99E-06
350 1.14E-05 6.73E-06 2.58E-06 5.64E-07 3.07E-06
Temperature /°C Mears criterion
250 2.37E-05 4.58E-06 5.26E-06 4.83E-07 5.43E-06
275 5.52E-05 1.10E-05 7.40E-06 1.13E-06 8.49E-06
300 1.11E-04 2.63E-05 1.41E-05 2.58E-06 1.44E-05
325 1.47E-04 5.16E-05 2.53E-05 5.26E-06 2.62E-05
350 1.57E-04 9.23E-05 4.72E-05 1.03E-05 4.20E-05

51




2.6  Appendix
Hydrodeoxygenation of y-valerolactone on Ni supported on MCM-41
2.6.1 Ni/MCM-41 catalyst preparation

As a comparison, Ni/MCM-41 catalyst was synthesized by temperature-
programmed reduction (TPR) method. An aqueous solution containing Ni(NO3), 6H,0
was impregnated on MCM-41 support (1.0 mmolni/Qsupport). The resulting precursor was
dried at 120 °C for 12 h and then calcined at 550 °C for 4 h. After the calcination, the
precursor was pelletized and sieved to a size of 650-1180 um. The calcined precursor
was reduced at 450 °C for 2 h under H, flow (1000 ml/min gsampie) and then passivated
at room temperature for 4 h under 0.5 % O/N,.
2.6.2 Characterization

The prepared Ni/MCM-41 sample was characterized by BET, TPR, CO uptake,
and XRD measurements with same manner in metal phosphide catalysts (See 2.2.2
Characterization of prepared catalyst samples).
2.6.3. Activity test for HDO of GVL

The catalytic tests of HDO for GVL on Ni/MCM-41 were carried out in a
continuous-flow reactor operated at 0.5 MPa and a temperature range of 150-350 °C.
Quantities of catalyst corresponding to 10 umol of sites (0.3 g) as titrated by CO
chemisorption were used. Before injecting the liquid feed, the Ni/MCM-41 catalyst was
pretreated under a H, flow of 100 cm®min™geays* at 400 °C for 2 h. The reactant was
introduced into the reactor with a liquid pump. A mixture of 98 wt. % of GVL and 2
wt. % of toluene as an internal standard was vaporized at 300 °C and mixed with a H,
gas stream to give a reactant stream of 4 mol% GVL in H,. The total pressure was fixed

at 0.5 MPa using a back-pressure regulator. For stabilization, the catalysts were first

52



maintained at 350 °C and 0.5 MPa for 12 h after introducing the reactant and then the
temperature was varied downward and upward in the order: 350, 300, 250, 200, 150,
175, 225, 275, and 325 °C with each temperature maintained for 2 or 3 h.

4. Results and discussion
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Figure Al. TPR profile for precursor of Ni/MCM-41

Fig. Al shows the TPR profile for Ni/MCM-41 precursor. There are two
H, consumption peaks centered at 300 °C and 380 °C. The first peak at low temperature
is due to the reduction of NiO to Ni° weakly interacting with the support and the second
peak is because of NiO species and Ni** ions strongly interacting with the support.

Fig. A2 shows the XRD patterns for Ni/MCM and Ni,P/MCM-41. The
Ni,P/MCM-41 shows broad peaks at 20 = 40.7°, 44.6°, 47.4°, and 54.2°, which are
corresponding to reference Ni,P sample. On the other hand, Ni/MCM-41 shows distinct
peaks at 26 = 44.5° and 51.8°, which are corresponding to reference Ni sample. These

results indicate that Ni,P particles are highly dispersed on the MCM-41 suggesting that
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P enhances metal dispersion. In previous work [49], Bussell’s group reported that
incorporation of phosphorous into the silica-supported catalysts enhanced the dispersion

of the Ni phase.
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Figure A2. XRD profile for Ni/MCM-41 and Ni,P/MCM-41

Figure A3 shows GVL conversion as a function of temperature on Ni/MCM-41,
Ni,P/MCM-41, POX/MCM-41, and MCM-41 at 0.5 MPa with 4 mol% GVL in H,. In
order to check stability of catalysts, after one cycle running of temperature dependence
testing the conversion was obtained at same points at 300 and 350 °C (open mark).
Ni,P/MCM-41 exhibited stable performance with showing slightly decreasing
conversion after the one cycle testing, while Ni/MCM-41 presented low stability during
the test with the decrease of conversion. Furthermore, Ni,P/MCM-41 shows higher
activity compared than Ni/MCM-41. These results indicate that Ni,P/MCM-41 is better

performance in terms of activity and stability than Ni/MCM-41.
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Figure A4 shows product distribution for HDO of GVL as a function of
temperature at 0.5 MPa on (a) Ni/MCM-41 and (b) Ni,P/MCM-41. The Ni/lMCM-41
produced broadening distribution with cracking products such as methane, ethane,
propane, and butane. At high temperature (350 °C), oxygen containing compounds
(butanol, 2-MTHF and pentanoic acid) were still remained and most of oxygen
containing compounds were converted into methane and butane. The formation of CO,
was observed and it is evidence of decarboxylaion. On the other hand, the Ni,P/MCM-
41 produced mainly CO, butane and pentanoic acid. At high temperature, oxygen-
containing compounds were converted into butane which was produced by
decarbonylation with formation of CO. These results indicate that addition of
phosphorous inhibited the cracking activity of Ni metal. This is because of ligand effect

which can enhance the dissociation of reactant and molecular hydrogen [50].
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Figure A3. GVL conversion as a function of temperature on Ni/MCM-41, Ni,P/MCM-
41, POX/MCM-41, and MCM-41 at 0.5 MPa with 4 mol% GVL in H,
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Chapter 3
Hydrodeoxygenation of y-Valerolactone on

Bimetallic NiMo Phosphide Catalysts

3.1 Introduction

Bio-oil derived from biomass is being considered as a sustainable source for the
production of a variety of chemicals and fuels [1, 2, 3]. Unlike current petroleum-based
chemicals, bio-oil contains a lot of oxygen-containing compounds such as furans,
pyrans, phenols, and lactones, which are undesirable components in fuels and fuel-
additives, leading to low heating value, high acidity, and chemical and thermal
instability [4, 5].

Hydrodeoxygenation (HDO) is a key process to lower the oxygen content of
biomass streams, analogous to hydrodesulfurization (HDS) and hydrodenitrogenation
(HDN) processes that lower sulfur and nitrogen levels in petroleum feedstocks [6, 7].
The development of effective HDO catalysts is critical to unearthing the full potential of
biomass-derived compounds.

Traditionally, molybdenum sulfide (MoS,) catalysts supported on y-Al,O3 with
either nickel or cobalt as a promoter have been used in the HDS and HDN processes [8,
9, 10] . In addition, a plethora of studies for bimetallic sulfide catalysts has reported the
existence of synergistic effect between metals, which enhances the performance of the
catalysts in comparison to their monometallic counterparts [11] . For example, in the
simultaneous HDS of dibenzothiophene and HDN of o-propylaniline promoted NiMoS

catalysts showed more elevated dispersion, higher concentration of adsorption sites, and
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enhanced intrinsic activity compared to the plain MoS; phase [8]. However, the
application of sulfide catalysts for bio-oil upgrading is limited by their need for a sulfur
source to maintain their activity, leading to increased interest in non-sulfide catalysts
[12]. Transition metal phosphides, which have been demonstrated to be effective HDS
[13, 14] and HDN [15, 16] catalysts, are considered as a viable alternative to sulfide
catalysts for HDO [17, 18]. The subject has been reviewed [19,20,21,22]. Recently,
several studies on HDO over phosphide catalysts have been reported showing their
higher activity and stability compared to commercial sulfide catalysts [23, 24]. It has
been found that a commercial CoMoS/Al,O3 quickly deactivated and exhibited lower
activity compared to phosphide catalysts in the HDO of guaiacol at the same reaction
conditions.

Furthermore, several studies involving alloys of phosphide catalysts have been
undertaken [25, 26, 27]. A study of the HDO of aryl ethers and phenol revealed that
bimetallic FeMoP catalysts were highly selective for C-O bond cleavage (~ 90 %
benzene selectivity) at 400 °C and 2.1 MPa [28]. In another study the HDO of 2-MTHF
over bimetallic NiFeP catalysts was investigated, in which a weak ligand effect and a
significant ensemble effect on the selectivity at equal number of active sites were
observed [29]. The catalytic performance of bimetallic NiMoP catalysts in the
deoxygenation of methyl laurate has also been investigated, and it was shown that
charge transfer from Ni to Mo in NiMoP; or the incorporation of Mo into the Ni,P
lattice was responsible for modifying the reaction pathway [30]. Furthermore, a study of
HDS activities of dibenzothiophene was performed at 320 °C and 3.0 MPa for
phosphide catalysts and it was found that catalytic activities followed the order:

Ni,P/SiO; > NiMoP/SiO;, > MoP/SiO, and the bimetallic NiMoP/SiO; catalyst

62



presented no synergetic effect in activity between phosphide components [31]. On the
other hand, an investigation of 4,6-dimethyldibenzothiophene at 310 °C and 3.0 MPa
showed the TOF in HDS did not vary much with Mo content [32]. Also, a study of
methyl laurate deoxygenation at 300-340 °C and 3.0 MPa found increasing turnover
frequency with increasing Mo in Ni-Mo phosphides [27].

The Mo-Ni-P system has been well studied and the known phases and structures
have been summarized [33]. As is the case with pure metallic combinations, several
specific stoichiometries have been identified, but the materials are referred to as solid
solutions [33] or alloys because of their variable composition. Solid solutions in
phosphides are well known, for example, NiFeP [34,35], FeCoP, FeMnP and FeWP
[36].

In our previous work [37], Ni,P/MCM-41 and MoP/MCM-41 showed distinct
features in activity and selectivity for the HDO of y-valerolactone. Ni,P was
intrinsically more active but showed lower HDO selectivity (producing mainly C4
hydrocarbons via decarbonylation), while MoP/MCM-41 was less active but showed
higher HDO selectivity (producing mainly C5 hydrocarbons). This result provides an
incentive to explore bimetallic NiMoP catalysts for the HDO of GVL to ascertain
possible changes in reactivity in comparison to their monometallic counterparts. In this
work, a series of bimetallic NiMoP catalysts with various Ni and Mo metal ratios were
prepared, and their activity was tested in the HDO of y-valerolactone at 0.5 MPa.
Analysis by XRD indicated the formation of phase pure alloy and surface site was
titrated with CO uptake and fourier transform infrared (FTIR) was used to distinguish
adsorption on Ni and Mo sites. It was found that surface Ni atoms controlled the

reactivity, but that Mo atoms influenced the selectivity.
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3.2  Experimental
3.2.1 Preparation of bimetallic NiMo phosphide catalysts

Table 3.1. Quantities of materials used in catalyst preparation

Sample SUppOft NI(OH)2 (NH4)5 Mo070,4 - Ni Mo P
I /mmol 4H,0 /mmol Iwt.% | /wt.% | /wt.%

Ni,P/MCM-41 5 5.00 - 5.2 - 5.5
NiMo(3:1)P/MCM-41 5 3.75 0.18 3.9 2.1 5.5
NiMo(1:1)P/MCM-41 5 2.50 0.36 2.6 4.2 54
NiMo(1:3)P/MCM-41 5 1.25 0.54 1.3 6.3 54
MoP/MCM-41 5 - 0.71 - 8.3 5.3

H3PO3: 10 mmol

A commercial MCM-41 support (Aldrich) was used as received. Samples of the
Ni,P/MCM-41, MoP/MCM-41, and NiMoP/MCM-41 catalysts with varying nickel to
molybdenum molar ratios were prepared by incipient wetness impregnation of aqueous
precursor solutions, followed by temperature-programmed reduction (TPR). The
precursor solutions were prepared by dissolving appropriate amounts of Ni(OH),
(Aldrich, 99 %) and/or (NHz)s M070,4-4H,0 (Aldrich, 99 %) with H3PO3 (Aldrich,

99 %) in distilled water. The initial (Ni+Mo)/P molar ratio in the solutions was fixed to
1/2, and the total amount of metal was maintained at 1.0 mmol/gsupport. The quantities of
Ni, Mo and P in each sample are summarized in Table 3.1. After impregnation, the
samples were dried at 80 °C for 12 h without calcination, and then pelletized and sieved
to a size of 650-1180 um. The resulting precursors were reduced to phosphides under
1000 cm®ming ™ caayst O hydrogen. The reduction temperature of the catalysts was
determined by the TPR method, using the peak maximum for the synthesis. After
reduction, the phosphides were cooled to room temperature under helium flow and then

passivated under 0.2 % O,/He flow (100 cm®min™ g™ caayst) for 3 h.
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3.2.2 Characterization

The reduction characteristics of the catalysts were determined by H,-
temperature-programmed reduction (TPR). Dried precursors (0.1 g) were placed in a
quartz reactor and heated from 50 to 800 °C at 3 °C/min under H, flow of 100 cm® min™
while monitoring the water signal (m/z=18) with a quadruple mass spectrometer. The
TPR peak maxima were used in the reduction of the catalyst precursors to prepare the
catalyst samples. Following this reduction procedure, the materials were passivated as
described previously. For subsequent characterization and catalytic testing the
passivated samples were re-reduced at 550 °C. The procedures are described in the
following paragraphs.

Surface metal atoms were titrated by chemisorption uptake of carbon monoxide
(CO). Before the measurement, the catalyst sample was pretreated at 550 °C for 2 h in
H, flow and then pulses of CO in a He flow (3 % CO/He gas) were passed over the
sample at 50 °C, and the mass signal (m/z = 28) was monitored by the mass
spectrometer to measure the total dynamic gas uptake. The specific surface area of the
samples was calculated from the linear portion of BET plots (P/P, = 0.01 - 0.20)
obtained from N adsorption isotherms at 77 K using a BELSORP mini Il micropore
size analyzer. Prior to the measurements, all the samples were dried and evacuated at
120 °C overnight. X-ray diffraction (XRD) patterns of passivated samples were
measured with a diffractometer (Rigaku RINT 2400) operated at 40 kV and 100 mA,
using a Cu-Ka monochromatic x-ray source. Fourier transform infrared (FTIR)
measurements of the samples were performed using a JASCO FT/IR-6100 spectrometer.
About 15 mg of the powder samples were pressed at 3.0 MPa into a disk-type wafer and

placed in an infrared cell with KBr windows. Prior to the measurements, the IR cell was
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purged in flowing N, for 0.5 h, pretreated under flowing H; at 550 °C for 2 h, and then
cooled to 50 °C under N, flow. A 3 % CO/He gas mixture was introduced over the
sample until saturation was completed. Afterwards, the sample was purged under
flowing N to remove gas phase CO and physically and weakly adsorbed CO species on
the catalyst surface. Spectra were then recorded in the absorbance mode with a
resolution of 4 cm™ using 200 scans in the region of 4,000-1,000 cm™. Background
spectra were recorded under N, flow before injection of CO.

X-ray absorption near-edge structure (XANES) spectra at the Ni K-edge (8.333
keV) were obtained at beam line 9C (BL9C) of the Photon Factory in the Institute of
Materials Structure Science, High-Energy Accelerator Research Organization (KEK-
IMSS-PF). The X-ray ring was operated at 2.5 GeV with a beam current of 450 mA.
The XANES spectra were taken in transmission mode using ionization chambers for the
detection of the incident X-ray beam (lo, 100% N>) and transmitted beam (I, 25% Ar in
N2). The passivated disk sample was placed in the center of an in situ cell equipped with

Kapton windows, and reduced at 550 °C for 3 h under a H, flow.

3.2.3 Activity testing

The catalytic tests of HDO of GVL were carried out in a tubular fixed-bed
reactor operated at 0.5 MPa and a temperature range of 200-350 °C. Quantities of
catalyst corresponding to 10 umol of sites (as determined by CO chemisorption) were
diluted with quartz sand and loaded in the middle section of the reactor, about 2 cm long.
Quantities used were 0.14 g for Ni,P/MCM-41, 0.19 g for NiMo(3:1)P/MCM-41, 0.2 g
for NiMo(1:1)P/MCM-41, 0.18 g for NiMo(1:3)P/MCM-41, and 0.14 g for MoP/MCM-

41. After pretreatment of the catalyst under a H, flow of 100 Nem®min™geaayst* at 550
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°C for 3 h, the total pressure was fixed at 0.5 MPa using a back-pressure regulator. The
reactant containing 98 wt. % of GVL and 2 wt. % of toluene as an internal standard was
fed with a liquid pump via vaporizer at 300 °C with a H, gas stream. The toluene was
not hydrogenated at the reaction conditions used in this study. The reactant stream of 2
mol% GVL in H, was fed at 1.7 pmol s™. Flow rates in pmol s can be converted to
Nem? min™ by multiplication by 1.5. The reactivity of the catalysts was tested by
varying the temperature in the following order: 350, 300, 250, 200, 225, 275 and 325 °C,
with each temperature maintained for 2 or 3 h. Before the measurements the catalyst
was pretreated at 550 °C before changing the reaction temperature and to reach steady-
state, the catalysts were stabilized at 350 °C with 2 mol% GVL in H,. Then reaction
temperature was varied without further stabilization at 350 °C. For comparison, a
physical mixture of Ni,P/MCM-41 and MoP/MCM-41 was tested as well. Before
changing the reaction temperature, the catalysts were stabilized at 350 °C and 0.5 MPa
for 12 h under the reactant stream. An on-line gas chromatograph (Shimadzu GC-14A,
DB-624 Ul, 60 m x 0.25 mm x 1.40 um) equipped with a flame ionization detector (FID)
and a thermal conductivity detector (TCD) was used for analyzing the products at 1 h
intervals. For comparison, a physically mixture sample of 0.071 g of Ni,P/MCM-41 and
0.067 g of MOP/MCM-41 was prepared and its reactivity was evaluated at the same
conditions as the Ni-Mo-P samples. Reactivity was also studied as a function of contact
time at 300 °C and 0.5 MPa over the NiMo(1:1)P/MCM-41 catalyst.

The GVL conversion, product distribution, selectivity and turnover frequency

value were calculated by the following equations:

n
GVL conversion = <1 - ﬂ) X 100%

NgyLf
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n.
Selectivity, S; = (Z_rll)
i

Where ngy,, r and ngy, . denote the moles of GVL in the feed and exit,
respectively, and n; is the moles of product i.

Conversion X Flow rate of GVL (umol s™1)
Catalyst weight(g) X Quantity of CO uptake site (g=1)

TOF(s™1) =

3.3 Results and discussion

3.3.1 Synthesis and characterization
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Figure 3.1. TPR profiles (mass signal, m/z=18) for the precursors (0.1 g) of phosphide
catalyst samples under H, flow of 100 cm® min™

Fig. 3.1 shows the temperature-programmed reduction (TPR) profiles of the
precursors of phosphide catalysts with different Ni and Mo contents. The maximum
peak temperature was chosen as the reduction temperature for the syntheses of larger

batches of the catalyst for characterization and reactivity testing. The temperatures

68



were determined to be 580 °C for Ni,P/MCM-41, 588 °C for NiMo(3:1)P/MCM-41, 606
°C for NiMo(1:1)P/MCM-41, 604 °C for NiMo(1:3)P/MCM-41, and 595 °C for
MoP/MCM-41. The Ni,P catalyst precursor had two main reduction peaks centered at
400 and 580 °C due to different stages in the reduction of Ni phosphite to Ni phosphide
[38], while Mo-containing catalysts had a main reduction peak at higher temperature
between 588 - 606 °C. This is ascribed to differences in the reducibility of the metals,
with Ni more easily reduced compared to Mo [30]. The bimetallic phosphide catalysts
presented higher reduction temperature than monometallic phosphide catalysts,
especially NiMo(1:1)P/MCM-41, indicating that the reduction of the precursor became
more difficult due to Ni-Mo interactions. Although the temperature shifts are small,
there are trends in the data, and they are consistent with the formation of Ni-Mo-P
alloys. The shifts to higher temperature are consistent with a favorable heat of

interaction of the components in the solid solution.

Table 3.2. Crystal data in the Ni-Mo-P system

Compound Group a c Ref
Ni,P P6 2m 0.5859 0.3382 41

NiMoP P6 2m 0.5861 0.3704 42,43
MoP P6 m2 0.3223 0.3191 44

Fig. 3.2 shows the wide-angle XRD patterns of the reduced and passivated
phosphide catalysts. The diffraction patterns of NiMoP (PDF 71-0202), Ni,P (PDF 74-
1385), and MoP (PDF 24-0771) are included in Fig. 3.2 as references. A broad peak
observed at 20 = 14 - 37° in all the catalysts is associated with amorphous silica of the

MCM-41 support. It is difficult to distinguish distinct peaks of Ni>P and MoP phases in
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all the catalyst samples in the patterns because of the high-surface area MCM-41
support (997 m? g) which led to highly dispersed metal phosphides.

The crystal chemistry in the Ni-Mo-P system has been well documented [33].
Several compounds with specific stoichiometries have been identified [39,40], but Ni,P
[41] and NiMoP [42, 43] both share the same hexagonal space group (Table 3.2) while
MoP has a different hexagonal structure [44]. Unsupported Ni,.xMoxP powders of
variable composition have been reported and shown to obey Vegard’s law [45], so the

supported materials here are expected to form solid solutions.
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Figure 3.2. Powder XRD patterns for phosphide catalysts at wide-angle (2theta: 10-80°,
step size: 0.02, scanning rate: 1.0 step/s, repeats: 3 times)
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Figure 3.3. Powder XRD patterns for phosphide catalysts at narrow angle (2t6heta: 35-
55°, step size: 0.02, scanning rate: 0.1 step/s, repeats: 5 times) O Peaks due to (111),
(201) and (210) reflections of the P6 2m group V Peak due to (101) reflection of the
P6 m2 group. Shifts indicate alloy formation.

To augment the signal, the XRD measurements were repeated over a narrower
2<theta> range of 35 - 50° with slower scanning rate of 0.1 step/s as shown in Fig. 3.3.
Overall, the intensity was slightly improved and some peaks became visible. The Ni-
rich samples such as Ni,P/MCM-41, NiMo(3:1)P/MCM-41, and NiMo(1:1)P/MCM-41
presented a series of peaks corresponding to the (111), (201), and (210) reflections
which gradually shifted to lower angle from the positions for Ni,P toward those of

NiMoP, consistent with the formation of alloys . The Mo-rich sample shows the (101)
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reflection of MoP also shifted to lower angle. The driving force for the formation of the
alloys is the increase in entropy due to atomic mixing, and it is surmised, a favorable
heat of mixing of Ni and Mo as evidenced by the formation of compounds rather than
separate phases, as well as the enthalpy of mixing of the pure metals [46]. In addition,
the reduction peaks are shifted to higher temperatures than the pure Ni,P and MoP. The
XRD peaks of NiMo(1:1)P/MCM-41 sample did not quite reach those of NiMoP, and
this could have been due to the interactions of the Ni component in the small crystallites
with the silicious support. Nickel silicates have high heats of formation (AH¢= - 1396
kJ mol-1 [47]), and are more stable than Mo silicates. Calculations by DFT show that
Ni interacts much more strongly than Mo with the surface of oxidic supports [48]. The
Mo-rich NiMo(1:3)P/MCM-41 sample showed a peak close to the (101) reflection of
MoP, but shifted slightly to lower angle, consistent with the smaller radius of metallic
Ni (0.125 nm) compared to metallic Mo (0.139 nm). Again the shift is consistent with
solid solution formation. In this case a crystal structure closer to MoP is obtained, and
although the crystal structure is different from that of Ni,P and NiMoP, it has been
pointed out that the building blocks remain the same, trigonal prisms where a P atom is
surrounded by six metal atoms [33], so the changes in crystal structure are unlikely to
change the alloy nature of the materials. The structure of NiMoP is hexagonal and is
isomorphic with that of Ni,P [43] with similar crystallographic index a, but
considerably larger index c. This explains why the (101) and (201) reflexions above are
shifted to lower angle but the (210) reflexion is hardly displaced. These consistent

variations in the XRD patterns give evidence for the formation of the Ni and Mo alloy.
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Table 3.3. Lattice parameters for the catalyst samples Ni,P/MCM-41,
NiMoP(3:1)/MCM-41, and NiMoP(1:1)/MCM-41 samples

Lattice parameter /nm

26 /degree | (hkl) | dp /nm
a C

Ni,P crystal (PDF#74-1385)
40.72 (111) | 0.2213
44.61 (201) | 0.2029 | 0.5857 0.3380
47.36 (210) | 0.1917
Ni,P/MCM-41
40.70 (111) | 0.2214
44.57 (201) | 0.2031 | 0.5860 0.3384
47.34 (210) | 0.1918
NiMo(3:1)P/MCM-41

40.04 (111) | 0.2249
44.04 (201) | 0.2054 | 0.5879 0.3485
47.17 (210) | 0.1925
NiMo(1:1)P/MCM-41

39.78 (111) | 0.2263
43.65 (201) | 0.2071 | 0.5894 0.3539
47.05 (210) | 0.1929

Table 3.3 summarizes the lattice parameters for the samples calculated from the
XRD peak positions of the (111), (201), and (210) planes in the various samples. In the
NiMoP samples of high Ni content (NiMo(3:1)P/MCM-41 and NiMo(1:1)P/MCM-41)
the a- and c-lattice parameters were larger than those in the Ni,P crystal. As Mo content
increased, the lattice parameters gradually increased. This trend is consistent with
Vegard’s law, indicating that Ni is likely to be homogeneously substituted with alloy

formation between Ni and Mo phosphide.
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Table 3.4. Characterization of fresh and spent catalyst samples

Sample Condition BET surzfa(_:f area | CO uptal_<le
/m° g /umol g
MCM-41 As received 997 -
. Fresh 663 70
NizP/MCM-41 Spent 651 67
. ) Fresh 604 53
NiMo(3:1)P/MCM-41 Spent co8 19
. ) Fresh 587 51
NiMo(1:1)P/MCM-41 Spent 561 48
Ni,P/MCM-41+MoP/MCM-41 Fresh 602 72
. ) Fresh 551 56
NiMo(1:3)P/MCM-41 Spent c41 c1
Fresh 539 74
MoP/MCM-41 Spent 521 71

Table 3.4 shows the BET surface areas and CO uptakes of the fresh and spent
metal phosphide catalysts. The fresh samples are the reduced samples. The surface area
of the phosphide catalysts were lower than that of the pure MCM-41 support because of
sintering during the heating steps of the preparation procedure, as well as the reduction
in the pore volume due to the presence of the phosphide. The surface area of the fresh
catalysts decreased in the order: Ni,P/MCM-41 > NiMo(3:1)P/MCM-41 >
NiMo(1:1)P/MCM-41 > NiMo(1:3)P/MCM-41 > MoP/MCM-41. The surface area
decreased with increasing Mo content, possibly because the interactions between the Ni
and Mo required higher reduction temperatures, and this led to sintering. The CO
uptakes of the fresh catalysts were between 51 and 74 umol/g, with the monometallic
phosphides showing higher uptake values than the NiMoP/MCM-41 catalysts. After the
reactivity testing over the various temperatures indicated before, the surface area and
CO uptakes did not change significantly indicating that the catalysts did not sinter

during the reaction.
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Figure 3.4. IR spectra of CO adsorbed on Ni,P/MCM-41, NiMo(3:1)P/MCM-41,
NiMo(1:1)P/MCM-41, physical mixture of Ni,P/MCM-41 and MoP/MCM-41,
NiMo(1:3)P/MCM-41, and MoP/MCM-41 at 50 °C under N, flow after reduction at 550
°C under H, flow for 2 h

Fig. 3.4 shows the infrared (IR) spectra of CO adsorbed on the phosphide
catalysts at 50 °C under N, flow. Before the measurements, the catalyst samples were
reduced under H, flow at 550 °C for 2 h in the same manner as for the activity tests. For

comparison, a physical mixture sample of Ni,P/MCM-41 (10 mg) and MoP/MCM-41
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(10 mg) was also measured. Characteristic IR bands were observed for Ni,P/MCM-41
and MoP/MCM-41 at 2075 and 2036 cm™, respectively, which can be assigned to
linearly bonded CO on metal sites on reduced samples [49, 50]. The Ni,P signal at
higher wavenumber was narrower and had higher intensity, while the MoP signal at
lower wavenumber was broader and had a tail. As expected, the physical mixture
sample presented a combined signal, which could be deconvoluted into a combination
of the two main Ni,P and MoP peaks. The alloy NiMoP/MCM-41 catalyst samples
presented broad asymmetric IR bands with features similar to those of the Ni,P and
MoP, with a rapidly rising signal on the left and a broad band with a tail on the right.
However, the overall signal is not exactly a weighted sum of the respective spectra,
indicating that there were small interactions between the components. The peak
positions of Ni sites are slightly shifted toward lower wavenumbers with increasing Mo
content. These occur at 2075 cm™ for Ni;P/MCM-41, 2073 cm™ for
NiMo(3:1)P/MCM-41, 2073 cm™ for NiMo(1:1)P/MCM-41, and 2071 cm™ for
NiMo(1:3)P/MCM-41. Generally, shifts to a lower frequency are explained by stronger
electron back-donation to the antibonding 2t* molecular orbitals of the linearly
coordinated CO molecules which lowers the C-O bond strength and vibrational
frequency, but this is a secondary effect [51]. In this case the shift to lower frequency is
likely to be due to increased ¢ bonding from donation of the electron lone pair on
carbon to Ni p or d orbitals, which is a primary effect as the Ni becomes more electron
deficient with Mo incorporation. It can also be due to a dilution effect on dipole-dipole
interactions of the CO molecules [50]. The consistent increasing shift with Mo content

is also evidence for alloy formation.

76



The signal was fitted to a sum of asymmetric functions. The weighted sum of the
Ni,P and MoP spectra reported in Table 5. The factors a and b were estimated from the
following equation:

NiMo(x:y)P = a X (Ni,P);z + b X (MoP)

Where NiMo(x:y)P describes the area of the FTIR spectra and (Ni,P),z and
(MoP), are areas of deconvoluted asymmetric spectra. The quantity of Ni sites can be
calculated by multiplying the total CO uptake and the factor a/(a+b). The quantity
a/(a+b) was close to the Ni composition, indicating that there was no surface enrichment
in the alloys. For example, the number of Ni site on NiMo(1:1)P/MCM-41 was 25 umol

g which was as expected from the equimolar composition of Ni and Mo.

Table 3.5. Factor analysis of IR spectra

Sample a b al/(a+b) /pl\r:osli tg_l /:Yln?oslig?l
Ni,P/MCM-41 1 0 1 70 -
NiMo(3:1)P/MCM-41 | 0.61 0.29 0.67 35.7 17.3
NiMo(1:1)P/MCM-41 | 0.3 0.3 0.50 25.7 25.3
Ni,P+MoP/MCM-41 0.92 0.84 0.52 37.6 34.4
NiMo(1:3)P/MCM-41 | 0.26 0.65 0.28 15.8 40.2
MoP/MCM-41 - 1 0 - 74

Fig. 3.5 shows the normalized Ni K-edge XANES spectra for Ni,P/MCM-41,
NiMo(3:1)P/MCM-41, NiMo(1:1)P/MCM-41, and NiMo(1:3)P/MCM-41, with the
adsorption edge position, E,, indicated by vertical lines. Variation of charge
distribution leads to changing of the chemical environment of the absorbed atom, and

therefore, the absorption edge shifts in the XANES because the core-level energies are

77



altered. The shifts of Eq to higher energies as the Mo concentration increased can be
explained by electron transfer from Ni to Mo. This is because Eq is the energy required
to excite the core electron to an unoccupied valence band. The direction of electron
transfer is consistent with the larger Pauling electronegativity of Mo (2.16) compared to
Ni (1.91), and agrees with previous X-ray photoelectron spectroscopy characterization
of Ni-Mo-P materials which indicate electron transfer from Ni to Mo as well as from the
metals to P [27]. In addition, DFT calculations of atomic charge in NiMoP shows the
charge on Ni to be less negative than in Ni,P and the charge on Mo to be more negative
than in MoP, again suggesting electron transfer from Ni to Mo [52]. The consistent

variations of edge position with Mo content are evidence for alloy formation.
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Figure 3.5. Normalized Ni K-edge XANES spectra for Ni,P/MCM-41,
NiMo(3:1)P/MCM-41, NiMo(1:1)P/MCM-41, and NiMo(1:3)P/MCM-41. The spectra
were obtained at room temperature after reduction at 550 °C for 3 h with H, flow (50
ml/min). The edge energy, Eo, was defined as the zero intercept of the second XANES
derivative.



3.3.2 Reactivity studies
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Figure 3.6. GVL conversion and turnover frequency (right scale) as a function of
temperature at equal number of active site (10 umol) at 0.5 MPa with 2 mol% GVL in
H,

The conversions of GVL and turnover frequency (right axis) as a function of
temperature at 0.5 MPa over the phosphide catalysts are shown in Fig. 3.6. Both the
conversion and TOF follow the same points and curves because the amount of catalyst
used corresponds to the same number of surface site of 10 umol, as titrated by CO
chemisorption. The TOF was obtained directly from the conversion, at conditions where
there were no mass transfer limitations (vide infra), but included medium conversions
(< ~40%) where adsorption of products on the surface could start reducing rates. They
were not obtained from rate constants, because that would entail knowing the effect of
these products, e.g. the kinetics of the reaction. The most accurate rates are obtained in

the differential regime, where conversion (< ~10%) would be proportional to space time.
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The GVL conversion and TOF increased with reaction temperature, as expected,
and followed the order: Ni,P/MCM-41 > NiMo(3:1)P/MCM-41 > NiMo(1:1)P/MCM-
41 = physical mixture > NiMo(1:3)P/MCM-41 > MoP/MCM-41, indicating that the
conversion was highest for the catalysts with the highest amounts of Ni. The
NiMo(1:1)P/MCM-41 catalyst had a conversion that was very close to that of the 1:1
physical mixture of Ni,P/MCM-41 and MoP/MCM-41. The results indicated that Ni is
the active site while Mo acts as a diluent.

In order to verify that mass transfer limitations were not affecting the low
conversion results, the Weisz-Prater criterion Cyp was calculated by the following

equation [53, 54]:

Reaction rate _ —rA(ObS)pCRZ

Cwo = =
WP ™ Diffusion rate DeCaps

The observed reaction rate and the Weisz-Prater criterion Cyp are

_r;&(obs)’
summarized in Table 3.6. The quantities used in the calculations are shown in Table S1
of the Supplementary Information. In general, conversion versus temperature curves
depict an S-shaped curve as shown by the data for Ni,P/MCM-4 in Fig. 3.6. The
inflection point of the S-curve marks the onset of mass transfer limitations (mass
availability), where the rate of increase of conversion no longer rises exponentially with
temperature. The rate of the reaction should continue to increase following an
Arrhenius temperature dependence, but the consumption of reactant limits the rate with
the reaction completely starved of reactant as full conversion is reached. This is

different from diffusional limitations. The points of inflexion indicate that mass transfer

limitations start to intrude at 300 °C for Ni,P and at higher temperatures for the others
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samples. Calculations of the Weisz-Prater criterion support this observation as shown

by the values of Cy, in Table 3.6. At low conversions (shaded blue) the Cwp values are
below 0.3 indicating that the rates are in the kinetic regime, but in the high conversion

region over 40-50 % (shaded red), the values of Cyp are over 0.3 indicating mass

transfer limitations.

Table 3.6. Observed reaction rates and calculated Weisz-Prater criterion

Sample Ni2P | NiMo(3:1)P | NiMo(L:1)P | NiMo(1:3)P |~ MoP

Temp. /°C Observed reaction rate /mol g™'s™
200 3.46E-07 2.73E-07 1.68E-07 1.06E-07 7.95E-08
225 7.24E-07 5.35E-07 3.55E-07 1.88E-07 1.29E-07
250 1.56E-06 1.27E-06 6.81E-07 3.72E-07 2.02E-07
275 3.47E-06 2.54E-06 1.47E-06 6.52E-07 3.30E-07
300 6.66E-06 4.77E-06 2.65E-06 1.34E-06 6.02E-07
325 8.55E-06 8.11E-06 4.53E-06 2.47E-06 1.03E-06
350 8.65E-06 8.61E-06 6.91E-06 4.40E-06 1.85E-06

Temp. /°C Weisz-Prater criterion
200 0.017 0.013 0.008 0.005 0.004
225 0.036 0.027 0.018 0.009 0.007
250 0.082 0.067 0.036 0.020 0.011
275 0.192 0.141 0.081 0.036 0.018
300 0.386 0.276 0.154 0.078 0.035
325 0.517 0.490 0.274 0.149 0.062
350 0.545 0.542 0.435 0.277 0.116

The conversion results indicated that the conversion was higher for samples with
higher Ni content. Thus, it was of interest to calculate turnover frequencies based on Ni

sites, as measured earlier by adsorption and FTIR.
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Figure 3.7. Turnover frequency based on Ni sites as a function of temperature at 0.5
MPa

Fig. 3.7 shows the turnover frequencies of the various catalysts based on Ni sites
(TOF) as a function of temperature at 0.5 MPa. In contrast to the results in Fig. 3.6, the
turnover frequencies did not vary appreciably with metal composition, consistent with
the observation that activity tracked the Ni content. For the samples, Ni,P/MCM-41 and
NiMo(3:1)P/MCM-41, the TOF leveled off at higher temperature because of mass
transfer limitation. The TOF results indicate that there was no substantial improvement
with alloying, confirming the dominance of Ni sites in the catalytic activity of
NiMoP/MCM-41 catalysts. Since the Mo content is unimportant, another inference is
that the connectivity of atoms in the alloy is inconsequential for the activity, and that the
reaction is structure-insensitive. Such a lack of dependence of activity with alloying has

been documented in many cases, and is a classical definition of facile or structure-
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insensitive reactions [55]. Although the TOF values were close, their order still
followed the Ni content: Ni,P ~ NiMo(3:1) > NiMo(1:1) > NiMo(1:3) > MoP,
indicating a very slight preference for proximal Ni sites, and it is conjectured that a pair
of adjacent Ni sites might be involved in the reaction.

The conversion, TOF, product selectivity, C4 hydrocarbons/CO mole ratio and
carbon balance at 250, 300 and 350 °C and 0.5 MPa are summarized in Table 3.7. The
results for MoP/MCM-41 are reported at 275 °C owing to the low activity at 250 °C.
The products were classified into four groups: C4 (n-butenes, butane), C5 (n-
pentadienes, n-pentenes, pentane), C5-O (2-methyltetrahydrofuran, pentanal, 1-pentanol,
2-pentanone, 2-pentanol), and C5-02 (pentanoic acid, n-pentenoic acids). At 250 °C, all
catalysts produced mainly C5-O2 products, but the bimetallic phosphide catalysts
produced higher amounts of C5-O compounds than the pure Ni,P or MoP catalysts,
although the NiMo(1:3) had just a slight increase. Especially, the NiMo(1:1)P/MCM-41
catalyst presented the highest C5-O selectivity. At 300 °C, many of the oxygen
containing compounds were converted to C4 and C5 hydrocarbons. At this temperature
the main products were still C5-O2 products, but this is because the conversions are still
moderate. At 350 °C, at the higher conversions the products are C4 and C5
hydrocarbons. In general, the selectivity to deoxygenated products was low at the
lower temperatures because the conversion was small, and the reaction is sequential
with oxygenated products formed first. If longer contact times were used, selectivity
would move to the deoxygenated products.

The (NioP+MoP) mixture showed a more similar behavior to Ni,P/MCM-41 in
relation to product selectivity than the NiMo(1:1)P alloy, because in the mixture the

Ni,P component was more active that the MoP portion and dominated the reactivity.
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For example, the n-butane selectivity of both the physical mixture and the pure Ni,P are
high at all temperatures. The C4/CO mole ratio for all catalysts was close to 1.0. The
formation of CO, was not detected, indicating that C4 hydrocarbons were mainly
formed by decarbonylation. The carbon balance was within error range (100 % + 5 %)
on all catalysts at 250, 300, and 350 °C. A possible decarbonylation pathway with
production of butane is shown in Fig. 3.8. The scheme depicts the involvement of a pair
of Ni atoms in the reaction, as concluded from the slight dependence of TOF on Ni
content. It is also consistent with the adsorption of CO on Ni observed at similar
reaction temperatures in related studies [56, 57], albeit only at room temperature in this
study. In the scheme, surface phosphorus is depicted to be associated with oxygen
because P is oxyphillic and has been shown to form OH groups in the presence of water
[58]. Additional reaction steps are not shown because of the absence of contact time

experiments in this work.
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Figure 3.8. A proposed decarbonylation pathway with production of butane
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Table 3.7. GVL conversion, TOF, selectivity, mole ratio C4/CO and carbon balance at
250, 300 and 350 °C at 0.5 MPa

Product selectivity /% b
Teomp. sample Conv. TOlF C4/CO? CB
e % | /5" | ca c5 C50 C502 1%
Ni,P/MCM-41 18 [0030 219 10 38 733 | 104 |102
NiMo@3:)PIMCM-41 | 14 | 002483 25 152 740 | 106 | 98
250 | NiMo(L:))pMcM-41 | 8 | 0013|138 44 359 558 | 102 | 9
(NioP+MoPyMcM-41¢ | 6 |0010 /145 16 47 791 | 101 | 101
NiMo(1:3)pMCM-41 | 4 |90007 05 11 48 936 | 110 | 97
275 | MoP/IMCM-41 14 [0006| 08 07 37 948 | 100 | 103
Ni,P/MCM-41 77 | 0128 678 13 25 284 | 109 |101
NiMo3:1)PMCM-41 | 55 (00921341 69 156 434 | 101 | 97
NiMo(L:1)pMcM-41 | 31 | 9051 1166 107 155 573 | 102 | 9%

300 0.045
(Ni,P+MoP)MCM-41° | 27 |0045 456 26 52 465 | 103 | 100
NiMo(1:3)PMCM-41 | 16 | 90926 64 73 91 772 | 102 | 98
MoP/MCM-41 7 00121 84 124 141 651 | 101 | 100
Ni,P/MCM-41 100 | 9167 1982 14 03 01 | 102 | 97
NiMo@:1)PMCM-41 | 99 | 0166 852> 98 14 36 | 104 |101
NiMo(L:1)P/McM-41 | 80 | 9133454 146 111 289 | 106 | 9%

350 0.120
(NiP+MoPyMcM-41° | 72 | 01201677 54 35 235 | 102 | 99
NiMo(L:3)p/McM-41 | 51 | 0085|238 210 110 442 | 101 | 103
MoP/MCM-41 o1 [ 00361175 194 171 459 | 101 | 97

C4 (n-butenes, butane), C5 (n-pentadienes, n-pentenes, pentane), C5-O (2-
methyltetrahydrofuran, pentanal, 1-pentanol, 2-pentanone, 2-pentanol), C5-02
(pentanoic acid, n-pentenoic acids)

a Mole ratio (C4H19+C4Hsg)/CO
b Carbon balance calculated by (

Y.(carbon number x nproduct)

5XngvL

¢ Physical mixture of Ni,P/MCM-41 and MoP/MCM-41
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Figure 3.9. Product selectivity for HDO of GVL at around 8 % of conversion (8 % at
225 °C on Nio;P/MCM-41, 6 % at 225 °C on NiMo(3:1)P/MCM-41, 8 % at 250 °C on
NiMo(1:1)P/MCM-41, 6 % at 250 °C on physical mixture of Ni,P/MCM-41 and

MoP/MCM-41, 8 % at 275 °C on NiMo(1:3)P/MCM-41 and 7 % at 300 °C on
MoP/MCM-41

Fig. 3.9 shows the product selectivity from the HDO of GVL at around 8 % of
conversion (8 % at 225 °C on Ni,P/MCM-41, 6 % at 225 °C on NiMo(3:1)P/MCM-41,
8 % at 250 °C on NiMo(1:1)P/MCM-41, 6 % at 250 °C on (Ni,P+MoP)/MCM-41, 8 %
at 275 °C on NiMo(1:3)P/MCM-41 and 7 % at 300 °C on MoP/MCM-41). ldeally,
constant conversion should have been obtained by varying the space-time at the same
temperature, and the comparison here is thus an approximation. The comparison is
justified because the temperature range was not that high, and the slow step was
structure-insensitive on all catalysts. The products were categorized into two groups:
hydrocarbons (butane, n-butenes, pentane, n-pentenes and n-pentadienes) and
oxygenates (2-MTHF, pentanal, 1-pentanol, pentanoic acid and pentenoic acid). The
selectivity to 2-pentanone and 2-pentanol is not shown in the result because of their low

selectivity (below 1 %). The 2-pentanone and 2-pentanol products arise from the
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cleavage of the C-O bond next to the methyl group and their selectivity is much lower
than the selectivity of 2-MTHF + pentanal + 1-pentanol. In contrast to the TOF results,
the selectivity to the main products did change considerably with metal composition,
especially as pertaining to the selectivity to hydrocarbons. All the catalysts produced
mostly pentanoic acid and some 2-MTHF, pentanal and 1-pentanol. This tendency to
produce oxygenates is not an indication that the phosphides are not good HDO catalysts,
but rather that the initial products formed at low conversion (< 10%) still contain
oxygen. The NiMo(1:1)P/MCM-41 catalyst presented a high tendency to produce 1-
pentanol (14 %). On the other hand, the Ni,P/MCM-41 and (Ni,P+MoP)/MCM-41
catalysts produced only small amounts of 1-pentanol (below 0.1 %). Overall, the
bimetallic phosphide catalysts displayed higher selectivity to 1-pentanol compared to
Ni,P/MCM-41 and the physically mixed catalyst indicating that the bimetallic
phosphide catalysts enhanced hydrogenation of pentanal to 1-pentanol. The selectivity
to hydrocarbons for monometallic Ni,P/MCM-41 differed from that for MoP/MCM-41.:
the former produced mainly butane (9 %), while the latter produced mainly unsaturated
hydrocarbons such as n-butenes (8 %) and n-pentenes (6 %). This is reflective of the
higher hydrogenation capability of Ni sites over Mo sites. The bimetallic phosphides
also showed a higher selectivity to pentane. Furthermore, increase in Mo content led to
higher production of C5 hydrocarbons. The results can be understood by the diminished
tendency to undergo decarbonylation from the decreased amount of Ni. In previous
work [37], C4 hydrocarbons (butane and n-butenes) and C5 hydrocarbons (pentane, n-
pentenes and n-pentadienes) were produced by decarbonylation and
hydrodeoxygenation (HDO), respectively. Therefore, the presence of Mo favors the

formation of C5 hydrocarbons compared to Ni,P/MCM-41.
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Figure 3.10. C5/C4 hydrocarbons selectivity ratio as a function of turnover frequency
(TOF) on Ni,P/MCM-41, NiMo(3:1)P/MCM-41, NiMo(1:1)P/MCM-41, physical
mixture of Ni,P/MCM-41 and MoP/MCM-41, NiMo(1:3)P/MCM-41and MoP/MCM-
41 at 300 °C and 0.5 MPa

Fig. 3.10 shows the C5/C4 hydrocarbons selectivity ratio as a function of turnover
frequency (TOF) over the phosphide catalysts at 300 °C. With Ni addition, the C5/C4
hydrocarbons selectivity ratios decreased while the TOFs increased. These results
demonstrated that while increase in Ni content enhanced activity, this was partly offset
by a diminished selectivity towards C5 hydrocarbons. In terms of product value the
offset is partial because the CO formed with the C4 hydrocarbons represents a valuable
product. The CO can undergo water-gas shift to produce H,. The values of TOF and
C5/C4 hydrocarbons selectivity ratio were between those of the monometallic
Ni,P/MCM-41 and MoP/MCM-41 catalysts, indicating that while the proportion of Ni
sites in the catalyst governed the activity, the Mo sites controlled the selectivity to C5

hydrocarbons. An alternative explanation is that there are mixtures of NiMoP and Ni,P
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or MoP with the NiMoP displaying a distinct behavior, but this would seem to be more
complicated (violating Occam’s razor) and contrary to the evidence for the formation of
solid solutions. These results provide insights into the behavior of Ni and Mo sites
during the HDO of y-GVL.: the Ni and Mo sites behaved independently, and as a result
the HDO of GVL is structure-insensitive with regards to activity, but structure-sensitive
with respect to selectivity. Interestingly, the NiMo(1:1)P/MCM-41 catalyst presented a
higher C5/C4 hydrocarbon selectivity ratio than the physical mixture of Ni,P/MCM-41
and MoP/MCM-41 as shown in Fig. 3.11. This is because the reactivity of the
NiMo(1:1)P alloy is dominated by the Ni and the selectivity is affected by the Mo.
Thus, the formation of Ni-Mo led to only a slight ligand effect between the individual

Ni and Mo sites in terms of activity.

1.0 1
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Figure 3.11. C5/C4 hydrocarbons (selectivity ratio) as a function of temperature on
NiMo(1:1)P/MCM-41 and physical mixture of Ni,P/MCM-41+MoP/MCM-41 at 0.5
MPa
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3.4 Conclusions

A series of supported bimetallic phosphides was prepared by temperature-
programed reduction of phosphite precursors and tested for the hydrodeoxygenation
(HDO) of y-valerolactone (GVL). Highly dispersed bimetallic phosphide catalysts were
successfully synthesized, which were characterized by N, physisorption, X-ray
diffraction (XRD), CO-chemisorption, and fourier transform infrared spectroscopy
(FTIR). The formation of Ni and Mo alloy was confirmed by shifts of diffraction peak
positions from XRD patterns and edge positions in X-ray absorption near-edge spectra.
Infrared (IR) spectra of CO adsorbed on phosphide catalysts showed a single broad peak.
However, deconvolution of the IR spectra of the bimetallic phosphide catalysts revealed
contributions from Ni and Mo sites; consequently, the number of Ni active sites was
estimated by factor analysis of the deconvoluted peaks and the CO uptake values
obtained from chemisorption measurements. The activity was related to the proportion
of Ni in the catalyst, following the order: Ni,P/MCM-41 > NiMo(3:1)P/MCM-41 >
NiMo(1:1)P/MCM-41 = (Ni,P+MoP)/MCM-41> NiMo(1:3)P/MCM-41 > MoP/MCM-
41, indicating that Ni was the major active site, while Mo was a diluent with respect to
activity. This interpretation was confirmed by results of TOF normalized by accessible
Ni sites which revealed that the effect of alloying on the activity was small, with TOF
only slightly more elevated at higher Ni content. It is concluded that a pair of Ni atoms
are likely involved in the rate-determining step. In contrast to the TOF results, the
presence of Mo sites had a significant effect on the product selectivity: Ni,P/MCM-41
mostly produced butane, whereas Mo-containing catalysts produced higher amount of
1-pentanol and C5 hydrocarbons such as pentane and n-pentenes. These results
demonstrate that the product selectivity was strongly affected by the neighboring atoms

of Ni.
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Chapter 4
Kinetic and Spectroscopic Studies of Catalytic Mechanisms:

Hydrodeoxygenation of y-Valerolactone on Ni,P/MCM-41

4.1  Introduction

Growing concerns about the depletion of fossil energy supplies have resulted in
interest in the development of biomass resources [1]. Biomass is an abundant feedstock
which can satisfy the increase in demand for the production of fuels and chemicals [2,
3]. Various conventional technologies, such as torrefaction of birch and corn stalk [4, 5],
hydrothermal liquefaction of paulownia [6], and fast pyrolysis of beech wood [7] have
shown biomass to be a viable feedstock. In particular, pyrolysis of biomass is
considered the most promising approach to produce liquid intermediates [8, 9].

A major barrier in the application of bio-oil is that it contains large levels of
oxygen (35 ~ 40 wt.%) which result in low heating value and chemical instability [10].
To overcome these drawbacks, there has been extensive work on hydrodeoxygenation
(HDO) of pyrolysis oil derived from cedar chips [11], sawdust [12, 13], and palm oil
[14], as well as bio-oil model compounds, such as furans [15, 16, 17], phenols [18, 19,
20], pyrans [21], and ketones [22] using various catalysts including metal sulfides [23,
24], noble metals [25, 26], metal oxides [27], and metal phosphides [28, 29, 30].
Although studies of HDO of real bio-oil feeds have merits, they do not provide detailed
insights into factors controlling catalyst performance because of the complexity of the
bio-oil, so that model compound studies are required to give greater understanding of

catalyst behavior [21, 31, 32]. In addition, in situ spectroscopies such as FTIR [33, 34]
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and EXAFS [33, 35, 36] are extensively used for identification of the active phase of
catalysts and elucidation of reaction mechanism by providing information on the
working state of the catalysts. It was reported that combined in situ QXAFS and FTIR
analysis of Ni,P/MCM-41 indicated that NiPS was the active phase and identified
reaction intermediates and the reaction pathway for the hydrodesulfurization of
thiophene [34].

Transition metal phosphide catalysts [37] have been shown to be effective in
removing oxygen from bio-oil model compounds [38, 39, 40]. In particular, Ni,P/SiO,
was found to be the most active among a series of silica-supported transition metal
phosphides for the HDO of 2-methyltetrahydrofuran (2-MTHF) [15]. This was also the
case in a recent study with y-valerolactone (GVL) [41], an important component in bio-
oil, in which a Ni,P/MCM-41 catalyst was substantially more active than other
transition metal phosphides (CoP/MCM-41,MoP/MCM-41, WP/MCM-41) and a
commercial Pd/Al,O; catalyst. This further confirms the exceptional reactivity of Ni,P
for removing oxygen. The previous work [41] did not involve reaction network studies,
and for this reason the objective of this work is to provide a kinetic analysis of the
reaction network of GVL on Ni,P/MCM-41 by contact time measurements, and to
investigate the effects of GVL and H; partial pressures. Furthermore, the adsorbed
species on the catalyst surface and the working state of Ni species during the reaction
were monitored by in situ infrared spectroscopy and in situ quick x-ray adsorption fine
structure measurement to support the proposed reaction sequence. These measurements
and analyses are important to obtain basic information about the manner of oxygen

removal using Ni,P/MCM-41.
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4.2  Experimental
4.2.1. Preparation and characterization of Ni,P supported on MCM-41

The supported nickel phosphide was prepared from a phosphite precursor as
described in previous studies [42, 43]. A commercial MCM-41 support (Aldrich) was
impregnated with aqueous solutions of Ni(OH), (Aldrich, 99%) and H3POj3 (Aldrich,
99%), followed by drying at 120 °C overnight without high-temperature calcination.
The amount of nickel was 5 mmol per 5 g of support and the initial ratio of Ni/P was
fixed at 1/2. The dried precursor was pelletized and sieved, and then reduced at 580 °C
for 2 h in H, flow (1000 ml min™* per 1 g of sample). The reduction temperature was
determined by H,-TPR as reported previously [41]. After reduction and cooling in He,
the sample was passivated in 0.5% O/He flow at room temperature for 3 h, and then
stored in a desiccator to minimize further oxidation.

Transmission electron microscopy (TEM) images of Ni,P/MCM-41 were
obtained using a JEOL JEM 2000EXII microscope operated at 200 kV. The passivated
Ni,P/MCM-41 catalyst was ground to a fine powder and dispersed in ethanol for 20 min
using a sonicator. The resulting mixture was put on a carbon-coated copper grid and
then dried at 30 °C for 30 min. Carbon monoxide (CO) uptake was measured by a pulse
injection method using 0.3 g of passivated sample re-reduced at 550 °C in H; (100
ml/min) for 3 h. Pulses (25 ul) of 3 % CO/He were passed over the sample at room
temperature using a He carrier (50ml/min), and the mass signal (m/z=28) was monitored
by a quadruple mass spectrometer to measure the total dynamic gas uptake. The specific
surface area of the samples was calculated from the linear portion of BET plots (P/P, =

0.01 - 0.20) obtained from N, adsorption isotherms at 77 K using a BELSORP mini 1l
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micropore size analyzer. Prior to the measurements, the sample was dried and evacuated

at 120 °C overnight.

4.2.2. Catalytic activity test

Reaction tests for the HDO of GVL over the Ni,P/MCM-41 catalyst were
conducted in a fixed-bed continuous flow reactor at 300 °C and 0.5 MPa. The passivated
catalyst was loaded in the middle of the reactor with quartz beads to give a uniform flow
in the catalyst bed. After pretreatment of the catalyst under H, (100 ml min'lgcataws{l) at
550 °C for 3 h, the total pressure was fixed at 0.5 MPa using a back-pressure regulator.
The liquid reactant containing 98 wt. % of GVL and 2 wt. % of toluene as an internal
standard was fed with a liquid pump via a vaporizer held at 300 °C with a H, flow. The
toluene did not react at the reaction conditions used in this study. For all the tests, the
reaction conditions were maintained for 2-3 h to reach steady-state. An on-line gas
chromatograph (Shimadzu GC-14A, DB-624 UI, 60 m x 0.25 mm x 1.40 um) equipped
with a flame ionization detector (FID) and a thermal conductivity detector (TCD) was
used to analyze the products at 1 h intervals.

The conversion of GVL, selectivity, and turnover frequency (TOF) were

calculated by the following equations:

L o (1 Moles of GVL in product) % 100%
conversion = Moles of GVL in feed ’
Setectivity = ( Moles of product ) x 100%

electivity = Moles of total products ’

Conversion X Flow rate of GVL (umol s=1
rOF(sY = fGVL (u )

Catalyst weight(g) X Quantity of CO uptake site (umol/g)
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Contact time studies were carried out at 300 °C, 0.5 MPa and 0.2 - 6 s of contact time.

Contact time was defined as:

CO uptake site (umol/g) x Amount of catalyst (g)

Contact ti =
ontact time (s) Flow rate of GVL (umol/s)

The contact time was varied by changing the amount of catalyst (0.03, 0.10, and
0.14 g) and/or the flow rate of GVL (1.66-9.16 pmol/s) while adjusting the H, flow to
give a constant feed concentration (4 mol% GVL in Hy).

For the effect of reactants partial pressure, the reactions were carried out with
varying H, partial pressure or GVL partial pressure at 300 °C and 0.5 MPa with a
quantity of 0.03 g of Ni,P/MCM-41. For the effect of H; partial pressure, the H, partial
pressure was varied in the order: 384, 240, 96, 48, 192, and 288 kPa by changing the H,
flow rate (7.8-63 umol/s) with N, as balance gas at a constant GVL partial pressure (12
kPa). For the effect of GVL partial pressure, the GVL partial pressure was changed in
the order: 4.8, 14.4, 24.0, 19.2, and 9.6 kPa by varying GVL flow rate (1.63-8.16

umol/s) with N as the balance gas at a constant H; partial pressure (439 kPa).

4.2.3. In situ Fourier transform infrared spectroscopy (FTIR) measurements

Infrared spectroscopy was applied in two modes (temperature programmed
desorption (TPD) and transient desorption) [16] with the Ni,P/MCM-41 catalyst at 0.5
MPa using a JASCO FT/IR-6100 spectrometer equipped with an MCT detector with a
resolution of 1 cm™ in the region of 4000-1000 cm™. The samples were prepared in the
form of a disk (diameter = 1 cm and 15 mg) and placed in the middle of an in situ cell

equipped with KBr windows which were maintained at 30 °C by a circulation cooler. In
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order to avoid condensation of GVL at the windows, a N, stream was used as a purging
gas at both ends of the cell. The TPD of GVL adsorbed on the Ni,P/MCM-41 catalyst
was studied under N or H, flow. After pretreatment of the catalyst at 550 °C for 3 h in
H. (50 ml/min), background spectra were obtained at 175, 200, 225, 250, 275, 300, 325
and 350 °C, respectively and then GVL was injected under N, or H, at 175 °C. After
saturation of GVL on the catalyst surface at 175 °C, as indicated by the lack of change
in the spectra, the samples were purged with N, or H; in the absence of GVL for 1 h
until unchanging spectra were again obtained. The IR spectra were collected under N,
or H; as the temperature was increased from 175 to 350 °C. The transient spectra for
desorption of GVL adsorbed on the Ni,P/MCM-41 catalyst were obtained at 300 °C and
0.5 MPa under N, or H; flow. After pretreatment at 550 °C, the samples were cooled to
300 °C in N, or H; flow and background spectra were obtained at 0.5 MPa. Then GVL
was injected into the cell under N, or H, until constant spectra were achieved. After
saturation, IR spectra were collected in the absence of GVL under N, or H, flow at 300

°C and 0.5 MPa.

4.2.4. Insitu quick X-ray absorption fine-structure (QXAFS) measurement
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Figure 4.1. In situ quick x-ray absorption fine structure (QXAFS) reactor system
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In situ quick X-ray absorption fine-structure (QXAFS) spectra at the Ni K-edge
(8.333 keV) of Ni,P/MCM-41 were recorded in the energy range of 8.233-9.300 keV at
beam line 9C (BL9C) of the Photon Factory in the Institute of Materials Structure
Science, High-Energy Accelerator Research Organization (KEK-IMSS-PF). The X-ray
ring was operated at 2.5 GeV with a beam current of 450 mA. All spectra were recorded
in transmission mode using ionization chambers for the detection of primary (lo, 100 %
N.) and transmitted (I+, 25% Ar balanced with N;) beam intensities. The detailed
experimental set-up is illustrated in Fig. 4.1. About 30 mg of Ni,P/MCM-41 was
pressed into a disk with diameter of 10 mm and placed in an in situ cell equipped with
water cooled Kapton windows at 70 °C. In order to avoid condensation of reactant
and/or products, a purge gas (He, 10 ml/min) was passed at the ends of the reactor. Prior
to the measurement, the catalysts were reduced at 550 °C under H, (50 ml/min) for 3 h
and then cooled to reaction temperature and pressurized at 0.5 MPa. Then the gas was
switched to a reactant mixture. The gas flow was passed via the bubbler containing
GVL, which was kept at 150 °C by a heating jacket. The Antoine equation was used to

estimate the GVL partial pressure as follows:

B
TK) +C

logPs% = A —
Where P** is the vapor pressure (kPa), T is the bubbler temperature (K) and the
Antoine coefficients for GVL are 3.486, 1315, and -105.79 for A, B and C, respectively
[44].
For temperature-dependence tests, after the pretreatment, the catalysts were

stabilized for 20 min and then the gas mixture (4 mol % GVL in H;) was introduced
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into the cell at the reaction temperature and a pressure of 0.5 MPa. The measurement
was repeated at 350, 300, and 250 °C with each temperature maintained for 80 min to
reach steady-state conditions. After each measurement, the catalysts were treated at 550
°C for 3 h in H, flow.

For the effect of GVL partial pressure, after the pretreatment, the catalysts were
stabilized at 300 °C and 0.5 MPa for 20 min. The GVL partial pressure was varied in
the order: 20, 16, 8, 2, 4 and 12 kPa by adding H, as a diluent after the bubbler to

maintain a constant total flow rate (50 ml/min).

4.3. Results and discussion

4.3.1. Characterization of Ni,P/MCM-41 catalyst

Average: 3.1 nm
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Figure 4.2. TEM image and particle size distribution of Ni,P/MCM-41

The physicochemical properties of the Ni,P/MCM-41 are summarized in Table 1.
The BET surface area of Ni,P/MCM-41 was 663 m”g™* and the number of CO uptake

sites was 70 pmolg™. The presence of the Ni,P phase was confirmed by XRD and
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EXAFS measurements in our previous work [41]. The Ni,P particles have narrow size
distribution with average crystallite size between 3-4 nm, as evidenced by TEM images

as shown in Fig. 4.2.

Table 4.1. Textural properties of Ni,P/MCM-41

Sample SBET CO-uptake | Crystallite size®

Ni;P/MCM-41 | 663 m*g™ | 70 umol g™ 3.1nm
% Average size estimated by TEM

4.3.2. Contact time analysis and reaction network
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Figure 4.3. GVL conversion as a function of contact time at 300 °C and 0.5 MPa on
Ni,P/MCM-41 with 4 mol% GVL (20 kPa) in H, flow

Fig. 4.3 shows GVL conversion as a function of contact time at 300 °C and 0.5
MPa on Ni,P/MCM-41. The conversion increased with contact time as expected. Within

the low conversion region (below 35 %), the plot showed a linear dependence, while in
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the high conversion region (over 48 %), the plot deviated below the line. This is
ascribed to mass transfer limitations, the occurrence of which were estimated by the

Weisz-Prater criterion Cy,p by the following equation [45, 46]:

_ Reactionrate —TA(obs)Pch
"~ Diffusionrate D,Cys

CWP

Where —7,,,5)is the observed reaction rate in mol gtst, p. is the catalyst

density in g cm™ | R is the catalyst particle radius in cm, D,is the effective diffusivity in
cm?s™, and C,; is the concentration at the surface in mol cm™. The parameters,

conversion, observed reaction rate —,,,s), and the Weisz-Prater criterion Cy,p are

summarized in Table 4.2. The value of Cy,» was over 0.3 for the contact time of 4.2 s,
indicating mass transfer limitations above this value. This agrees with the deviation

from linearity observed in Fig. 4.3.

Table 4.2. Summary of parameters, conversion, reaction rates, and Weisz-Prater criteria

R/cm | p./gem™ | Dy/em®s’ | Cys /mol cm™

0.09 0.3 0.1 4.11E-07
Contact time /s | Conversion /% | —Taps) /Mol g™ s™ | Cpp Regime

6.13 69.7 8.1E-06 0.47 | Mass transfer
4.20 56.4 6.6E-06 0.36 | limitations
2.73 40.3 4.7B-06 0.27

1.91 31.5 3.7E-06 0.21

127 222 2.6B-06 0.15 | Free from
0.96 16.4 1.9E-06 0.11 transport
0.57 9.2 1.1E-06 0.06 | limitations
0.38 6.8 7.9E-07 0.05

0.29 4.9 5.7E-07 0.03
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Figure 4.4. Product selectivity of the main products as a function of contact time at 300
°C and 0.5 MPa on Ni,P/MCM-41. The points are the experimental results and the
curves are calculated fits.

Fig. 4.4 shows the selectivity to the main products as a function of contact time
at 300 °C and 0.5 MPa on Ni,P/MCM-41. Minor products such as 2-pentanone and 2-

pentanol were excluded from the calculations because their selectivity was below 0.2 %.
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Carbon balances for all the data were in the range of 100% + 5%. The selectivities

to pentanoic acid and 2-MTHF decreased with increasing contact time, while those to
butane and pentane increased continuously. The selectivities to pentanal and n-butene
went through a maximum (0.3 % at 0.6 s for pentanal and 5 % at 1.0 s for n-butene),
and then sharply decreased. Similarly, the selectivity to 1-pentanone passed through a
maximum (0.5 % at 1.3 s) and then decreased. These trends suggest that pentanoic acid
and 2-MTHF are primary products, pentanal, 1-pentanol, and n-butene are intermediate
products, and n-pentane and n-butane are final products. The solid lines are results of
fitting to a first order model. The rate constants are shown at the bottom of Fig. 4.5. The
fits were reasonable with a regression coefficient of 0.97 below 2.73 s contact time.
There are deviations at high contact time, perhaps due to the mass transfer limitations

described earlier.

0]

k H C\/\)J\ 3 \/\CH k4 ch\/\CH1
> ;

/ Pentanoic acid \ / n-Butene Butane
0
H3c/&0 HiCo
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Rate constants (s')

Ky Kk, ks Ky ks Ks k7 Ks R?
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Figure 4.5. Possible reaction network of GVL on Ni,P/MCM-41 at 300 °C and 0.5 MPa
and rate constants (s™)
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The reaction network based on the contact time results is shown in Fig. 4.5.
General reaction routes of esters and acids have been reviewed [47], and the reactions
proposed here are reasonable. There are two reaction routes. The first route (top)
involves ring-opening of the lactone on the methyl substituted side, and the second
(bottom) involves removal of the oxygen of the carbonyl group. In the first route,
pentanoic acid is formed initially, which is then converted into pentanal. Afterward, n-
butene is produced by decarbonylation with the formation of CO, following which n-
butane is formed by hydrogenation. Although the results are not shown here, the mole
ratio of CO/(butane + n-butene) was around 1.0 indicating a decarbonylation step [40,
41]. The product n-pentane was formed by sequential hydrogenation from pentanal. The
second route involves the initial formation of 2-MTHF (2-methylterahydrofuran), which
is then converted into either pentanal or 2-pentanone. the removal of the carbonyl
oxygen seems difficult but there is precedent for such transformations of esters [48]. In
previous work for the HDO of 2-MTHF on Ni,P/SiO, at 300 °C and 0.5 MPa, the more
hindered side was favored for the ring-opening of tetrahydrofuran to produce pentanal
[15]. In the present study, the route from GVL to 2-MTHF is not favored, so it is
acceptable to omit the formation of 2-pentanone and 2-pentanol because they can be
only produced from 2-MTHF. After the formation of pentanal, the reaction route merges
with the first route. The selectivity to pentanal is very low, despite being an intermediate
for both routes, because it is rapidly converted into n-butane or 1-pentanol due to its

high reactivity.
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4.3.3 Partial pressure analysis

(a) H, partial pressure analysis (b) GVL partial pressure analysis
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Figure 4.6. GVL conversion and selectivity to main products as a function of (a) H,
partial pressure (Pgv: 12 kPa) and (b) GVL partial pressure (Py.: 439 kPa) at 300 °C
and 0.5 MPa

Fig. 4.6 shows GVL conversion and selectivity to the main products as a
function of (a) H, partial pressure and (b) GVL partial pressure at 300 °C and 0.5 MPa
with 4 mol% GVL in H; flow. Fig. 4.6 (a) shows that as H, partial pressure increased,
GVL conversion as well as selectivities to pentanoic acid, 2-MTHF, pentane and butane
increased, while selectivity to n-butene decreased. Furthermore, selectivity to 1-
pentanol and pentanal went through a maximum and then decreased. On the other hand,
Fig. 4.6 (b) reveals that as GVL partial pressure increased, selectivities to pentanoic acid,

2-MTHF and n-butene increased, while selectivity to butane and GVL conversion
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decreased. These results are consistent with the proposed reaction pathway, in which
hydrogenation was involved in transformation of GVL to pentanoic acid and n-butene to
butane, and so increasing H, partial pressure favored these reactions.

The reaction can be described by a sequence of steps based on the Langmuir-

Hinshelwood model.

KGVL

GVL +x GVL * : Adsorption of GVL
Ky B
H, + 2 * 2H * . Adsorption of H,
k .

GVL*+Hx* — ™ PAx*x++* . Surface reaction

Kpa - B A B
PA +x PA * : Adsorption of pentanoic acid

The symbol * describes vacant sites on the catalyst surface and GVL *, H * and
PA = represent adsorbed GVL, hydrogen atoms and pentanoic acid, respectively.
The coverages can be expressed as follows.

Ocv.. = KeviPey10 *

HH = ’KHZPHZB *

Opa = KpaPpa0 *
HGVL+6H+9PA+6*=L

1

6 k=
KeviPevr + /Ky, Pu, + KpaPpa + 1

A rate equation based on the partial pressure of GVL (Pgy), Ha2 (Py,)and
pentanoic acid (Pp,) is derived taking the majority species on the surface to be

adsorbed GVL (8;y,.), pentanoic acid (6p,), hydrogen atoms (6;), and empty sites (6 *).
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The rate-determining step is assumed to be the surface reaction between adsorbed GVL
and a single adsorbed H atom.

Rate = kGGVL HH

= (kKgy1Pgy10 *) KHZPHZH *

kKgyi.Pevi Ku,Ph,

(1 + KgyrPevi + /Ky P, + KpaPpa)™

Fig. 4.7 shows turnover frequency (TOF) as a function of H, partial pressure and
GVL partial pressure at 300 °C and 0.5 MPa. The solid points are experimental data and
the open points are calculated values. Although conversion decreased as a function of
GVL partial pressure, the TOF increased because the increase in flow rate of GVL
outweighed the corresponding decrease in conversion at the higher GVL partial

pressures.

(a) H, partial pressure analysis
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(b) GVL partial pressure analysis

£ 0.20-

L

=

— 0.15-

>

(@]

C

3 0.10 :

o Y

o _

$ 0.05- _

o | = TOF(Experimental)
5 TOF(Calculated)
~ 0.00 ; —

0 5 10 15 20 25 30
GVL partial pressure /kPa

Figure 4.7. Turnover frequency (TOF) as a function of (a) H, partial pressure (Pgy.: 12
kPa) and (b) GVL partial pressure (Pn,: 439 kPa) at 300 °C and 0.5 MPa from
experimental and calculated results

The optimized parameter results are summarized in Table 4.3. In general, the
exponent on the denominator is equal to the number of sites participating in the rate-
determining surface-catalyzed reaction. The optimized exponent was 1.99, which is

close to the theoretical value of 2 giving support for the suggested reaction sequence.

Table 4.3. Fitting parameters and regression coefficient

k (s | Kewe (kPa™) | Kz (kPa™h) | Kpa (kPa™)| n | R?
1.88 257.3 1.1E+05 215 [1.999(0.97

In regards to the adsorption equilibrium constants, the order was Ky, > Ky, >

Kp 4 indicating that hydrogen atoms are more strongly adsorbed on the surface site than

GVL or pentanoic acid. This suggests that a substantial portion of the surface is
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occupied with hydrogen atoms, except at high GVL partial pressure. This result is
consistent with the results in Fig. 4.7 (a) where the TOF decreased slightly with
decreasing H; partial pressure. However, as shown in Fig. 4.6 (a), selectivity to butane
and pentane increased with H, partial pressure, suggesting that higher H, partial
pressure enhanced the subsequent HDO reactions.

Based on the optimized parameters in Table 4.3, the coverages as a function of

H, partial pressure and GVL partial pressure were calculated with the following

equations:
0 _ KeviPevi
GVL —
KeviPevr + | Ki,Pr, + KpaPpa +1
KpaPpa
Opa

KeviPevr + | Ki,Pr, + KpaPpa +1

 Ku, Pu,

H =
*  KeviPovi + \/Ku,Pu, + KpaPps +1
1
6 x=

KeviPevr + / Ki, P, + KpaPpa +1

The calculated coverages are shown in Fig. 4.8. Increase of H, partial pressure
resulted in an increase in H, coverage and decrease in GVL and pentanoic acid
coverages, as expected (Fig. 4.8a). Similarly increase of GVL partial pressure resulted
in an increase in GVL coverage and decrease in H, and pentanoic acid coverages (Fig.
4.8Db). In both cases, empty sites were much smaller in number than the others,
suggesting that GVVL and pentanoic acid look for mainly adsorbed H; on the surface

rather than empty sites.
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(a) H, partial pressure analysis

1.0
0.8 -
o ]
© 0.6- O
o
>
Q 0.4-
° 9GVL
0.2+ A—A—a 4 A A 4, 0,
ePA
*
00 - - - = - — - |
0 100 200 300 400 500
H, Partial pressure /kPa
10 (b) GVL partial pressure analysis
0.8 -
<
S 00 Oou
T
S 410,704 :
© H
0249 =
0,,=0. 0
00 T — T - - I:
0 5 10 15 20 25 30

GVL partial pressure /kPa

Figure 4.8. Calculated coverages as a function of (a) H, partial pressure (Pcyi: 20 kPa)
and (b) GVL partial pressure (Pp.: 452 kPa) at 300 °C and 0.5 MPa from experimental
and calculated results (At a GVL partial pressure of 20 kPa, 8gy. = 0.4 8pa=0.1)

115



4.3.4 Insitu Fourier transform infrared spectroscopy (FTIR) analysis
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Figure 4.9. FTIR spectra of GVL adsorption on Ni,P/MCM-41 under (a) N, flow and
(b) H, flow as a function of temperature (175-350 °C) at 0.5 MPa
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Fig. 4.9 shows FTIR spectra of GVL adsorbed on the Ni,P/MCM-41 catalyst at
175-350 °C and 0.5 MPa under (a) N flow and (b) H, flow. Each temperature was
maintained for 0.5 h to get stable spectra. After pretreatment at 550 °C for 3 h with Hy,
the catalyst was saturated with injection of GVL with H, at 175 °C for 0.2 h and then
the cell was flushed with pure H; flow (50 ml/min) for 0.5 h to remove gas-phase and
weakly-adsorbed GVL on the catalyst surface. All IR bands decreased with increasing
temperature because of desorption of absorbed species from the catalyst surface. A peak
at 3741 cm* (Si—OH) was observed under both N, and H,, and was negative because of
consumption of hydroxyl groups by interaction with GVL. The peak recovered intensity
as temperature was raised because of desorption of GVL or some other species on the
support. But, in Hy, the negative Si—OH peak still remained even at the highest
temperature. These results indicate that some products or GVL were not formed under
N which were difficult to desorb, whereas these were formed under H,, All spectra also
showed aliphatic C—H stretching bands at 3000-2850 cm * and C—H bending and
scissoring bands at 14601380 cm *. These bands were attributed to adsorbed GVL
and/or other reaction intermediates. Interestingly, under H, flow, the peak at 1752 cm™
decreased with increasing temperature while the peaks at 1811 and 1642 cm™ increased.
On the other hand, under N flow, all the peaks consistently decreased gradually. It is
speculated that in reactive H, gas substantial reaction occurred with production of
intermediates which remained on the surface, while in inert N, gas only desorption of
GVL mainly occurred without reaction. The peak at 2061 cm * derived from linearly
adsorbed CO on Ni,P under H, was visible at low temperature and then decreased with
increasing temperature because of desorption of CO, while under N, flow the peak,

shifted to 2071 cm™, was very small at all temperatures. The formation of CO resulted
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from a decarbonylation reaction of pentanal as shown in the proposed reaction network

(Fig. 4.5). Thus, the presence of H, was necessary for ring-opening and the subsequent

deoxygenation reactions.

(a) Under N, flow (b) Under H, flow
CHs CHs
2980 2965
0.2 ~ CHz 0.1 'CH2
29335 CH 329‘40 CH
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300°C
325°C

3100 3000 2900 2800 3100 3000 2900 2800
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Figure 4.10. FTIR spectra of GVL adsorption on Ni,P/MCM-41 under (a) N, flow and
(b) H, flow on aliphatic C-H stretching region

Fig. 4.10 shows an expended view in the aliphatic C-H stretching region of
FTIR spectra of GVL adsorbed on the Ni,P/MCM-41 catalyst under (a) N, flow and (b)
H, flow. Three bands were observed, which can be assigned to predominantly CHs, CHo,
and CH groups. In N, the bands corresponding to v(CHs) at 2981 cm™ and v(CH,) at
2965 cm™ presented similar intensities as temperature was increased, while in H, the

v(CHy) at 2940 cm™ was relatively stronger than the v(CHs) at 3019 cm™. Fig. 4.11
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shows modes of adsorption of GVL in N, and H,. In N, simple molecular adsorption
occurs (Fig. 4.11(a)) via interaction of the carbonyl O in a n*(O)-aldehyde configuration
with a Ni metal center, as suggested from work with molecular complexes [49]. The
process is reversible. In H; ring opening can occurs via two paths (Fig. 4.11 (b)). The
strong intensity of the v(CH,) band suggests that the surface species formed by
hydrogenation of the adsorbed GVL has more CH, bonds, so that ring-opening by the
top branch (Path 1 in Fig. 4.11 (b)) is the main pathway of GVL conversion, as it
produces three CH; groups from two. The bottom branch (Path 2) forms an intermediate

that retrain two CH, groups and cannot explain the intensity changes.

(a) Under N, o: CH
. 2

O=[O>‘CH3 Adsorption 032_0%(3"‘3 O: CH

Niwep N Desorption Nisep N

(b) Under H,

Path 1 I&:b IQG_

— Ni N
Likely Ni~p~s N"“‘“p !

O=DO_CH3

. Ni——H

Ni~p~ Path2 I%_ _/@_%_
Unllkely OH‘“‘Nl — N|

Figure 4.11. (a) Under N, simple adsorption/desorption, (b) Under H,, two possible
surface ring-opening pathways
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Figure 4.12. Transient spectra for desorption of GVL on Ni,P/MCM-41 under (a) N,
flow and (b) H, flow at 300 °C and 0.5 MPa

To gain insight on the state of the surface during reaction, a transient analysis
was carried out for the desorption of GVL from Ni,P/MCM-41 under N, and H, at 300

°C and 0.5 MPa as shown in Fig. 4.12. Prior to the measurements, the catalyst was
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pretreated at 550 °C for 3 h with H,. The spectra were recorded after saturation of GVL
on the catalyst surface for 0.2 h at 300 °C and 0.5 MPa under H; or N, flow (50 ml/min).
The peaks in the 3000-2900 cm™ range correspond to C—H stretches of adsorbed species
and showed different behaviors. In N, the band at 2980 cm™ due to CH3 groups was
dominant, while in H, the band at 2940 cm™ corresponding to the CH, contribution was
the main feature. These results are consistent with the results of adsorption mode
depicted in Fig. 4.11. Also the main differences are that in N, flow the peaks at around
1700-1500 cm™ were constant with the time on stream, while in H, flow the peaks did
change significantly with increasing the peak at 1642 cm™. These results suggest that
reactive H, accelerated surface reaction and desorption of adsorbed GVL or/and

intermediates and inert N, did not change significantly surface reaction.

4.3.5 In situ extended X-ray absorption fine structure (EXAFS) analysis

Fig. 4.13 shows the changes of the XANES signal at 8347 eV and 8333 eV of
the passivated Ni,P/MCM-41 (30 mg) during temperature-programmed reduction under
H, flow (50 ml/min). All the data underwent background subtraction and normalization
to the edge-jump in ATHENAQO.8.56. The peak at 8347 eV is known as the white line
and tracks the oxidation state of the Ni species [33, 50], while the peak at 8333 eV is a
pre-edge feature related to Ni coordination and symmetry [33, 50]. As reduction
proceeded with increase in temperature the white line peak decreased in intensity while
the pre-edge peak increased in size. This is typical behavior in the reduction of Ni
species, and from the flatness of the normalized absorption curves (Fig. 4.13(b)) it can
be concluded that the Ni,P/MCM-41 catalyst was sufficiently reduced at 550 °C after 3

h. It was reported that the reduction process of Ni,P/K-USY consisted of three reduction
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phases, phase | for the decomposition of Ni(OH), to disperse Ni** species, phase I for
the loss of Ni-O bonding without change in structure, and phase III for simultaneous
reduction of NiO and phosphidation [51]. Similar phases seem to exist for the current

Ni,P catalyst (Fig. 4.13(b)).
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Figure 4.13. Changes of XANES spectra at 8347 eV and 8333 eV on the passivated

Ni,P/MCM-41 catalyst (30 mg) during temperature-programmed reduction under H,
flow (50 ml/min) at 0.1 MPa (a) Spectral changes (b) Plots of intensities.

122



S5 0.04
©
> N 350 °C
(0] VAWAN %A
VAN

S 0.03- o ST o i
e} % o
- Vs 300 °C
o VAZANN Q)m@@g&)o
5 002, P R
g' N @69%%@ e eGVL+6PA=O'5
3
< 0.01-
3 ] . . 250°C
£ e g RO i

VAN [m}
g 0.00 T 1 T T T T T T T T T T T T T T T T T
S 20 -10 0 10 20 30 40 50 60 70 80

Time on steam /min

Figure 4.14. Transient XANES signal at 8347 eV before and after GVL injection at 250,
300, and 350 °C and 0.5 MPa under H, with 4 mol% GVL

In order to investigate the working state of Ni during the reaction, the intensity of
the signal at 8347 eV was plotted as a function of time on stream at 250-350 °C and 0.5
MPa with 4 mol% GVL in H, flow as shown in Fig. 4.14. The change of absorbance at
8347 eV was larger than that of the absorbance at 8331 eV before and after reduction,
so the former was used to track the state of the Ni species. Before introduction of the
reactant the signals were stable at all temperatures indicating that Ni was in the same
initial reduced state. The signal is normalized to the edge-jump, and a zero absorption in
the reduced state. At 250 °C, the changes in absorbance were very small, while at higher
temperature, significant changes in absorbance were observed with the absorbance
increasing as temperature was increased. The attainment of unchanging spectra with
stable signals at all temperatures indicate that steady-state was reached, and that the

catalyst was stable during reaction. These results are consistent with the activity results
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as a function of temperature, where the GVL conversion increased rapidly as
temperature was increased [41]. This suggests that at higher temperature the adsorption
and transformation of GVL to intermediates on Ni sites were enhanced, resulting in the
formation of Ni* on the surface (Fig. 12). Since the formation Ni®" is associated with
adsorbates, the absorption curves can be related to the coverages of GVL and pentanoic
acid obtained from Fig. 8. This allows calculation of initial slopes, d@/dt (Fig. 4.14),
which follow the order: 0.19 s at 350 °C > 0.05 s at 300 °C > 0.02 s at 250 °C.
Furthermore, the comparison of initial slopes in He and H, at 300 °C and 0.5 MPa with
4 mol% GVL is shown in Fig. 4.15.

In He flow, the change in coverage with time gives the net rate of adsorption (rate

of adsorption (r,45) mMinus rate of desorption (ryes)).

dae
<E)He = Tads — Tdes

In H, flow, the change in coverage with time represents the net rate of adsorption

minus the rate of GVL reaction (7;.,).

do
(E)Hz = Tads — Tdes

The difference in the changes in coverage under He and H; gives the rate of GVL

reaction.

(d@) (d@) _
dt/ye \dt/y, = Tram

Thus, at 300 °C and 0.5 MPa the GVL reaction rate can be calculated to be
dé dé _ _ _
(—) —(—) =0.23s1-005s"1=0.18s"1
dt/ ye dt H,

Although the coverage (6) was calculated with sum of the coverages in GVL

and pentanoic acid, the calculated reaction rate (0.18 s™) is close to the obtained
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turnover frequency (0.17 s™*) from steady-state activity testing in Fig. 4.7 (b). This
agreement indicates that surface reaction involving the formation of Ni®" due to Ni-O

intermediates is a key step.
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Figure 4.15. Initial slope in normalized absorption at 8347 eV under He and H, at 300
°C and 0.5 MPa with 4 mol% GVL.
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Figure 4.16. Normalized absorbance at 8347 eV and sum of GVL and pentanoic acid
coverages as a function of GVL partial pressure at 300 °C and 0.5 MPa
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Fig. 4.16 shows the normalized absorbance at 8347 eV and the sum of the
coverages of GVL and pentanoic acid as a function of GVL partial pressure. It can be
seen that the two curves follow the same trend, in which the absorbance and the C5
coverage increased with increasing GVL partial pressure. This result reveals that the
intermediate compounds were adsorbed on the Ni centers rather than on the support or
on phosphorous. This is in accordance with the view that Ni,P is the catalytic active

species in the reaction.

4.4,  Conclusions

A highly dispersed Ni,P catalyst supported on MCM-41 was synthesized by
temperature-programmed reduction of a phosphite precursor and was tested for the
hydrodeoxygenation (HDO) of gamma-valerolactone (GVL) at 0.5 MPa. A contact time
study allowed determination of the reaction pathway and the estimation of the reaction
constants of each step. There are two routes: the first route involves ring-opening of the
lactone on the methyl-substituted side and the second route involves removal of the
oxygen from the carbonyl group. Along the first route, which was proposed pentanoic
acid is formed initially, which is then converted into pentanal. Following this, n-butene
is produced by decarbonylation with the formation of CO, and the n-butene was further
hydrogenated to n-butane. The pentanal could also be hydrogenated sequentially to n-
pentane but this was not preferred. Simulated fitting results to a first-order network
showed good agreement with the experimental results. From partial pressure analysis, it
was concluded that higher H, partial pressure favors hydrogenation and enhances the
overall reaction rate. In situ infrared spectroscopy measurements indicated that an

intermediate with greater number of CH, groups than GVL was formed at reaction
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conditions, and this gave support for the proposed reaction mechanism, in which the
initial reaction led to the production of pentanoic acid which has more CH; bonds than
GVL. In situ quick X-ray absorption fine structure (QXAFS) measurements confirmed
that with increasing activity more reactant adsorbed on Ni sites, and as a result, the
effect of GVL concentration exhibited the same behavior as that calculated from the
coverage of C5 compounds. These include the GVL and pentanoic acid. Overall, the
combined Kinetic and spectroscopic results give a consistent picture of the mechanism

of GVL hydrodeoxygenation on Ni,P/MCM-41.
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Chapter 5

General Conclusions

This work focused on the catalytic hydrodeoxygenation (HDO) of the cyclic
five-membered ester y-valerolactone (GVL-CsHgO,) on a series of supported metal
phosphide catalysts and the kinetic analysis of reaction network of GVL on Ni,P/MCM-
41. In addition, a special focus was given to the adsorbed species on the catalyst surface
and the working state of Ni species during the reaction were monitored by in situ
infrared spectroscopy and in situ quick x-ray adsorption fine structure measurement to
support the proposed reaction sequence. These measurements and analyses are
important to obtain basic information about the manner of oxygen removal from
pyrolysis oil using Ni,P/MCM-41.

Chapter 2 describes the HDO of GVL on a series of transition metal phosphides
supported on MCM-41. Highly dispersed phosphide catalysts were successfully
synthesized. The activity for GVL conversion and deoxygenation degree followed the
order: Ni,P/MCM-41 >> CoP/MCM-41 >> Pd/Al,03 = MoP/MCM-41 > WP/MCM-41.
The iron group phosphide catalysts (Ni,P/MCM-41 and CoP/MCM-41) and Pd/Al,O;
follow a decarbonylation pathway whereas group 6 phosphides (MoP/MCM-41 and
WP/MCM-41) follow an HDO pathway in the removal of oxygen. The iron group
phosphides and Pd/Al,O3 showed high hydrogenation ability to form saturated
hydrocarbons.

Chapter 3 describes the HDO of GVL on a series of supported NiMo bimetallic
phosphides catalysts (NiMoP/MCM-41). The formation of Ni and Mo alloy was

confirmed by shifts of diffraction peak positions from XRD patterns. Deconvolution of
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the IR spectra of CO adsorbed on the bimetallic phosphide catalysts revealed
contributions from Ni and Mo sites; consequently, the number of Ni active sites was
estimated by factor analysis of the deconvoluted peaks and the CO uptake values
obtained from chemisorption measurements. The activity was related to the proportion
of Ni in the catalyst, following the order: Ni,P/MCM-41 > NiMo(3:1)P/MCM-41 >
NiMo(1:1)P/MCM-41 = (Ni,P+MoP)/MCM-41 > NiMo(1:3)P/MCM-41 > MoP/MCM-
41, indicating that Ni was the major active site, while Mo was a diluent. This
interpretation is confirmed by results of TOF normalized by accessible Ni sites which
revealed that the effect of alloying on the activity was very small. Therefore, a single Ni
atom was involved in the rate-determining step. In contrast to TOF results, the presence
of Mo sites had a significant effect on the product selectivity: Ni,P/MCM-41 mostly
produced butane, whereas Mo-containing catalysts produced higher amount of 1-
pentanol and C5 hydrocarbons such as pentane and n-pentenes. These results
demonstrate that the product selectivity was strongly affected by the neighboring atoms
of Ni.

Chapter 4 describes determination of the reaction pathway and the estimation of
the reaction constants of each step by a contact time study. There are two routes: the
first route involves ring-opening of the lactone on the methyl-substituted side and the
second route involves removal of the oxygen from the carbonyl group. Along the first
route, which was proposed pentanoic acid is formed initially, which is then converted
into pentanal. Following this, n-butene is produced by decarbonylation with the
formation of CO, and the n-butene was further hydrogenated to n-butane. The pentanal
could also be hydrogenated sequentially to n-pentane but this was not preferred.

Simulated fitting results to a first-order network showed good agreement with the
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experimental results. From partial pressure analysis, it was concluded that higher H,
partial pressure favors hydrogenation and enhances the overall reaction rate. In situ
infrared spectroscopy measurements indicated that an intermediate with greater number
of CH, groups than GVL was formed at reaction conditions, and this gave support for
the proposed reaction mechanism, in which the initial reaction led to the production of
pentanoic acid which has more CH; bonds than GVL. In situ quick X-ray absorption
fine structure (QXAFS) measurements confirmed that with increasing activity more
reactant adsorbed on Ni sites, and as a result, the effect of GVL concentration exhibited
the same behavior as that calculated from the coverage of C5 compounds. These include
the GVL and pentanoic acid. Overall, the combined Kinetic and spectroscopic results
give a consistent picture of the mechanism of GVL hydrodeoxygenation on Ni,P/MCM-

41.
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