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ABSTRACT

Porous silica have attracted significant attention in the past few decades due to their
unique textural properties. They were extensively investigated for applications in catalysis,
separation, environmental remediation and drug delivery. We have investigated the porous

metal incorporated silica in the synthetic as well as catalytic perspectives.

The synthesis of metal incorporated mesoporous silica via co-condensation such as
SBA-15, KIT-5 are still challenging as it involves acidic synthetic route. Synthesis in high
acidity conditions affects the incorporation of metal in silica due to high dissolution of
metal precursors and breaking of metal oxygen and silica bond. The research presented
here demonstrates an efficient way to incorporate metals by addition of diammonium
hydrogen phosphate along with metal precursor during the synthesis. The incorporation
efficiency has increased 2-3 times with this approach. Catalytic studies were performed to

support our hypothesis.

Such synthesized molybdenum incorporated mesoporous silica were investigated
as catalyst for fast pyrolysis. When molybdenum incorporated in silica was used as catalyst
for fast pyrolysis of pine, it selectively produced furans (furan, methylfuran and
dimethylfuran). Furans are considered value-added chemicals and can be used as a
blendstock for diesel/jet grade fuel. The catalyst was very stable to harsh pyrolysis
conditions and had a longer life before deactivation when compared with traditional
zeolites. Further, this catalyst did not produce aromatic hydrocarbons in significant yields
unlike zeolites. The origin of the furans was determined to be biopolymer cellulose and the
selectivity for furans are attributed to low catalyst acidity.



The effect of silica to alumina ratio (SAR) of B-zeolite was investigated ranging to
elucidate the relationship between the number of acid sites on product speciation and
catalyst deactivation on catalysts supplied by Johnson Matthey. The catalyst with low SAR
(more acid sites) produced predominantly aromatic hydrocarbons and olefins with no
detectable oxygen containing species. In contrary, the catalyst with high SAR (fewer acid
sites) produced a suite of oxygenated products such as furans, phenols and cresols. The
coke deposited on each catalyst and the yield of aromatic hydrocarbons were in direct
proportion to the number of acid sites. When catalysts were active, the biomass selectivity

towards hydrocarbons and amount of coke were constant regardless of SAR.
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CHAPTER 1

GENERAL INTRODUCTION
This dissertation presents the research pursued on development of metal
incorporated porous silica for applications in catalysis for production of biofuels and value

added chemicals.

This thesis is organized into 5 chapters. In the first chapter brief literature review
focused on development of mesoporous silica nanoparticles is presented. Also general
introduction to biofuels and its production via catalytic fast pyrolysis were rendered in the
introduction. Chapters 2, 3 and 4 are journal articles already been published and chapter 5

is general conclusion which is summary of the work presented in this dissertation.

In context of catalyst synthesis, metal incorporation on mesoporous silica via co-
condensation involving acidic route is a challenge. In chapter 2 we addressed this challenge
by addition of salt diammonium hydrogen phosphate during the synthesis of molybdenum
incorporated SBA-15. Addition of this salt has increased the metal incorporation 2-3 times
than without addition and also enhanced some textural properties of the catalyst. In chapter
3, we synthesized the molybdenum incorporated mesoporous silica catalyst by extending
our findings in chapter 2. Such synthesized catalyst were used as catalyst for fast pyrolysis
of pine. Catalytically upgraded pyrolysis vapors of pine selectively produced furans which
is considered a value added chemical and also serves as a platform to synthesize various
industrially important chemicals and blendstock for production of jet/diesel range fuels.
The selective production of furans from pine was possibly due to low acidity of

molybdenum catalyst. To confirm this, in chapter 4 we investigated several (3-zeolites that



has varying amounts of acid sites. Catalyst with highest acidity produced aromatic
hydrocarbon upon pyrolysis of pine and catalysts with low acidity produced partially
oxygenated species such as furans, phenols and cresols. This observation supports our

hypothesis in chapter 3. Chapter 5 is conclusion of work presented in the thesis.

1.1 Introduction

Porous materials have attracted special attention in the field of catalysis,
separations, ion-exchange and adsorption due the large surface areas they provide for the
guest molecules to interact. Depending on the size of the pores, enhanced product
selectivity can be achieved. The pores can also be utilized to protect chemically sensitive
organic groups and molecules. In general, the International Union of Pure and Applied
Chemistry (IUPAC) classifies porous solids into three main catagories: Microporous (<2
nm), mesoporous (2-50 nm) and macroporous (> 50 nm). In this chapter, mesoporous
nanomaterials, specifically mesoporous silica and mesoporous carbon would be discussed
at length.

1.1.1 Development, Synthesis and formation Mechanism of Mesoporous Silica
Nanomaterials

The development of a class of periodic mesoporous silicas, commonly known as
the M41S phase by the Mobil Oil Company in 1992 saw the onset for a gamut of
applications based on high surface area porous materials.® Following this invention, a
wide variety of porous materials of the type MCM,23 SBA,* FSU,>® KIT' and MSU® were
designed and synthesized from organic surfactant templates. These newly developed
materials quickly gained popularity over their zeolitic counterparts due to their large

surface area, mesoporosity, tunable pore size, pore structure and morphology. Zeolites are



inorganic crystalline materials with a tetrahedral framework composed of Si and Al linked
together through oxygen atoms.® Typically, these materials have been widely utilized in
the industry for applications such as catalysis, separations, adsorption and drying, however,
are limited to small molecules due their microporosity.’%-1 In order to overcome the
drawbacks associated with the microporous structure of zeolites, significant research has
focused on the design and development of mesoporous nanomaterials for applications in

catalysis, separations and biology for the last two decades.

The series of mesoporous silica materials designed in 1992 were synthesized in a
basic solution using a liquid-crystal template mechanism and had varied mesopore
arrangements depending on the organic surfactant and synthesis conditions. These
materials were later termed as MCM-41 (2D hexagonal), MCM-48 (cubic) and MCM-50

(lamellar).*’

a)

Figure 1.1 Mesoporous materials of the M41S family showing the hexagonal, cubic and lamellar
mesopore arrangement. Figure adopted from reference 17.

A silica precursor such as tetramethylorthosilicate or tetraethylorthosilicate (TEOS
or TMOS) when condensed in the presence of supramolecular and ionic structure directing
agents (quaternary ammonium surfactants) in an aqueous basic solution leads to the

formation of these mesophases.” In 1998, G.D. Stucky and co-workers synthesized SBA-

3



15 type mesoporous silica materials having 2D hexagonal arrangement of mesopores from
non-ionic amphiphilic triblock copolymers under acidic conditions.4 These materials had
larger pore sizes (average 15 nm) and thicker walls compared to MCM-41 leading to better
hydrothermal stability. Interestingly, in addition to the mesopores in SBA-15 type
materials, numerous micropores interconnecting the mesopores were also generated during
this synthetic strategy making it suitable to be utilized as a hard template for the synthesis

of other mesoporous nanomaterials.

In 1992, two formation mechanisms were proposed, namely, a) liquid crystal
templating mechanism (LCT) and b) co-operative formation of mesophases on addition of
a silica precursor.® The first mechanism assumes the formation of liquid crystalline
mesophases through the self-assembly of organic surfactant micelles. In this mechanism,
silica precursor does not play any role in the formation of these mesophases. In the
subsequent step, the silicate anion condenses around the mesophase stabilizing the cationic
groups on the micelles. The pathway b assumes that the organic surfactant micelles orient
in a specific mesophase on addition of a silicate anion which is a polymeric species.>*®

Thus, silica precursor plays a significant role in the formation of these mesophases.

In 1994, Stucky and co-workers proposed a co-operative assembly mechanism
which was widely accepted by the researchers in this field.!% In this mechanism, the
silicate anions interact with the cationic surfactant micellar headgroups through coulombic
forces and reduce the overall negative charge density of the solution. During this process,
the surfactant micelles arrange themselves and form mesophases to maintain an overall
neutral charge density.?! The packing parameter ‘g’ was considered to be an important

aspect and is defined as:?2%



compoasite: inorganic mesoporous material
lyatropic liquid-crystalline phase mesostructured solid/surfactant (shown MCM-41)
(shown 2D hexagonal)
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Figure 1.2 Various pathways for the formation of mesoporous silica nanoparticles, namely
through (a) liquid crystal templating and (b) co-operative assembly. Figure adopted from
refeence!’.

removal of
the surfactant

Table 1.1 Various mesophases obtained when the packing parameter ‘g’ is varied.?®?°
Packing parameter ‘g’ Mesophase
1/3 Cubic (Pm3n)
Ya Hexagonal (p6mm)
1/2-2/3 Cubic (la3d)
1 Lamellar

Packing Parameter (g) = v/lcao
v = hydrophobic chain volume
Ic = chain length of fully extended hydrophobic tail

a, = effective optimal surface of polar head group

1.1.2 Functionalization of Mesoporous Silica Nanoparticles (MSN)
In order to utilize MSN for specific applications it is essential to functionalize the

pores and surface of this amorphous inorganic material. The free silanols groups on the



surface of MSN can be covalently functionalized using common silylation reactions. Based
on the type of functionalization method, it can occur either on the pore walls or the pore
channels of MSN. A variety of organic groups such as sulphonic and carboxylic acid,
ketones, alcohols, thiols, amines, C-C multiple bonds can be introduced using
functionalization techniques. In general, there are two main functionalization techniques

commonly employed: (i) co-condensation and (ii) post-synthesis grafting.

1.1.2.1 Co-condensation

This is a direct method to introduce organic groups in the pore walls of MSN. It involves
simultaneous addition of organoalkoxysilane of the type (R’O)3SiR and a silica precursor
of the type (RO)4Si (TEOS or TMOS) in the presence of an organic surfactant template
(structure directing agent).?”?8 This synthesis method leads to homogeneous distribution
of organic moieties throughout the structure.'”2329 |t has been shown that the hydrophobic
part of the organoalkoxysilane intercalates with the hydrophobic part of the surfactant
micelles leading to the projection of the organic functionalities into the pores.?® Also, since
the organic moieties are directly incorporated in the walls of MSN, pore blocking is
avoided. However, this method involves certain limitations. First, increase in concentration
of the organoalkoxysilane above a certain limit leads to irregular morphology and
disordered pore structure. Second, only specific organoalkoxysilanes soluble in water and
those that can withstand the harsh pH conditions required during the silica synthesis can
be used during the co-condensation method. The surfactant removal step is limited to acid
extraction as opposed to calcination after the incorporation of organic moieties in the
structure which may not be a very effective way for the complete removal of the surfactant

template and may lead to cytotoxicity in drug delivery applications.
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Figure 1.3 Co-condensation method for the organic functionalization of mesoporous silica
materials. Figure adopted from reference 17.

1.1.3 Post-synthesis grafting
In this method, the organic functionality is covalently introduced on the surface of

MSN after the synthesis of the silica nanoparticles. Organoalkoxysilane of the type
(R’0)3SiR, silazanes HN(SiR3)2 or CISiR3 can be covalently attached by reacting with the
surface silanols groups in the presence of an inert atmosphere.*® In addition to anchoring
organic groups on the surface, organometallic complexes can also be covalently anchored
using this technique. The major advantage associated with this method is that the

mesostructure of silica remains intact. As this method leads to the introduction of organic



moieties mainly on the external surface and the pore openings, it may lead to pore blocking

issues and inhomogeneous distribution of the organic functionalities on the surface.!’

+([®)—Si(OR);
——

H'm; { OH jsq)

Figure 1.4 Post-synthesis grafting method for the organic modification of mesoporous silica
materials. Figure adopted from reference 17.

1.2 Characterization of Mesoporous Nanomaterials

After the mesoporous silica support has been decorated with organic functional
groups or impregnated with metal nanoparticles for application in catalysis, it is essential
to characterize this mesoporous support in order to gain thorough understanding of the
working mechanism, activity and selectivity. This part of the chapter gives the reader some
guidelines regarding the specific use of each of the technique for evaluation of surface,

structural, pore and functional group properties.

X-ray diffraction (XRD) is the most commonly used technique for obtaining
information regarding the long range order in mesoporous materials. Typically, the

diffraction peaks in the 26 range of 1-10° reveal the mesoporous character of the system



and the arrangement of pores. For example, for MCM-41 and SBA-15 type mesoporous
silica materials, reflections corresponding to [100], [110], [200] and [210] planes are

observed indicating hexagonal arrangement of pores.?

Nitrogen sorption analysis is used to determine the pore size, pore volume and total
surface area of the mesoporous material. Additionally, the isotherms can also be used to
determine the external surface area of the nanoparticles. For mesoporous materials, a

characteristic type IV isotherm is observed with a hysteresis loop.3!

The overall morphology and composition of mesoporous materials can be
visualized using scanning electron microscopy (SEM) and information regarding
uniformity in size and morphology can be obtained using this technique. However, the
inability of this technique to give more detailed structural information necessitates the use

of high resolution transmission electron microscopy.

The two distinct structural features, namely, i) disorder at the atomic scale (short-
range) and ii) definitive order at mesoscopic scale (long-range), which arise due to periodic
arrangement of channels or cages that are separated by amorphous silica walls make
transmission electron microscopy (TEM) a powerful and indispensible tool for structure
elucidation of ordered mesoporous materials surpassing the capabilities of powder XRD
which provides only limited number of reflections and poorly resolved diffraction patterns
that are inadequate to determine the crystal system or the structure.®232 Sufficiently strong
interaction between electrons and atoms or molecules of the specimen allows the use of
very small amounts of sample for imaging and analysis. High resolution transmission

electron microscopy (HRTEM) is helpful for determining the arrangement of pores.



Recently, high resolution scanning transmission electron microscopy (STEM) and high
angle annular dark field (HAADF) has gained more popularity for observing single metal
atoms or clusters dispersed within the mesoporous support because of a better contrast

which strongly depends on the atomic number Z of the observed atom.*

Energy dispersive X-ray spectroscopy (EDS) is a technique which is usually
coupled with scanning or transmission electron microscopy for mapping the chemical
composition of functionalized catalytic support. It provides valuable information regarding
the uniformity of metal distribution throughout the sample. Apart from providing
qualitative data, quantitative data can also be obtained by analyzing at least 5-6 different

sample areas.

Thermogravimetric analysis (TGA) has been traditionally used to quantify the
amount of functional groups present on mesoporous silica by determining the weight loss
from the TGA curve and eventually calculating the amount in mmol g*. Recent advances
has made it possible to couple TGA with other techniques such as mass spectrometry or
temperature programmed desorption for obtaining additional information regarding the

identity of active sites or types of functional groups.

X-ray photoelectron spectroscopy (XPS) has been mainly utilized to determine the
oxidation state of active metallic species. It is also possible to perform quantitative analysis
on the sample to determine the amount of metal species present on the surface by analysing
the peak intensities of the corresponding binding energies and to confirm the anchoring of

an organometallic complex on the support by observing the shifts in the binding energies.
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1.3 Renewable Energy and Biofuels

Currently majority of our energy needs are met by fossil fuels in the form of natural
gas, coal and oil. However, the reserves of fossil fuels are very limited. Further, use of
fossil fuels releases greenhouse gases, which mainly contributes to global warming. Thus,
growing global population, rising energy demands and emerging environmental concerns
necessitated global scientific community to look for long-term alternative renewable
energy resources to replace fossil fuels. Renewable resources currently investigated are
solar, wind, geothermal and biomass. Our research efforts are directed towards production
of biofuels from biomass. Biomass is amply available across the world for production of
renewable energy.®® Use of biomass in mainstream energy applications releases only
negligible amounts of sulphur, nitrogen and ash, hence, combustion of bio-fuels emits less
toxic gases (NOx, SOx and soot) into atmosphere. The net carbon dioxide emission due to
combustion of bio-fuel is zero or negative as they are recycled by plants via

photosynthesis.>®

Biomass can be converted to biofuels through various processes such as thermal,
biological and physical. Pyrolysis is a thermal process, where it decomposes biomass in
the absence of oxygen to convert it to biofuels. Pyrolysis was employed 5500 years ago for
charcoal production in the southern Europe and Middle East.*” Further pyrolysis has been
used in Egyptian culture to produce tar for sealing boats and preserving agents.*® Pyrolysis
has gained more attention than biological or physical process as it yields liquid fuel. The
advantage of producing liquid fuel lies in its convenience to storage, transportation and its
ability to be used in combustion engines, boilers and turbines. Various biomass species

were investigated for production of biofuels are beech wood,*® bagasse,*® pine,** woody
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biomass,*? straws,** and municipal solid waste.** Often times, the choice of biomass for
production of biofuels are determined by demographic abundance. The ultimate goal of
pyrolysis technology is to produce high value bio-oil, which will be an eventual
replacement for fossil fuels. Such produced bio-oil should be directly used as gasoline,
diesel and aviation grade fuels. Advancement of pyrolysis technology is underway in that

direction since the past few decades.

Energy tapped in biomass can be extracted by 1) combustion 2) pyrolysis and 3)
gasification. In combustion, the biomass was converted to carbon dioxide and water along
with energy. This process is exothermic in nature with energy efficiency of only 10%.%°
Gasification is also relatively an oxidizing process that converts a solid fuel to gaseous
fuel, which is also exothermic. Pyrolysis is the first stage of both gasification and
combustion, a thermal degradation process, which converts solid fuel to gas and liquids
without using an oxidizing agent.*® Pyrolysis is a very complex process that involves

several successive reactions and simultaneous reactions.

m Biochar
1] + Biooil

. /—_ \ 4 333
. \\ o Water

Yield [wt)

400 450 S00 550 B0 &50

Temperature [*C)

Figure 1.5 Yields of pyrolysis products of biomass in relation to temperature. Adopted from
reference 48.
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Thermal decomposition of biomass starts 623 K to 773 K and continues up to 993
K to 1073 K in the absence of oxygen or air.*’ Pyrolysis breaks complex biomolecules into
smaller molecules as gases, condensable vapors and solid char. Degree of decomposition
of biomass components and speed at which it decomposes depends on pyrolysis parameters
such as temperature, heating ramp rate, nature of feedstock, reactor design and pressure to
name a few. The end products of pyrolysis and its relative proportions are shown in Figure

1.5 for a range of temperatures.*®

1.3.1 Types of pyrolysis
Pyrolysis is classified into three types (Table 1.2) depending on the operating

parameters such as ramp rate, residence time, biomass particles size, process temperature:
1) slow pyrolysis 2) fast pyrolysis and 3) flash pyrolysis. Product distribution of pyrolysis

products of same feedstock depends the type of pyrolysis.

Slow Pyrolysis

It is carried out at low temperatures, low ramp rates with residences between 5 to
30 min. The pyrolysis will continue to react with products in the vapor phase results in
development of solid char and other liquids. The technological barriers for this process are
requirement of extra energy input due to high residence time and poor heat transfer.
Further, cracking of primary pyrolysis products due to high residence times affects the
yield of bio-oil significantly.*-5

Table 1.2 Types of pyrolysis, operating parameters and product distribution. Adopted from
reference [52, 53]

Pyrolysis Solid Residence Heating Particle Temp. (K) Product Yield (%)
Process Time (s) Rate (K/s)  Size (mm) Oil Char  Gas
Slow 450-550 0.1-1 5-50 550-950 30 35 35
Fast 0.5-10 10-200 <l 850-1250 50 20 30
Flash <0.5 >1000 <0.2 1050-1300 75 12 13
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Fast Pyrolysis

Depending on the nature of feedstock used, fast pyrolysis generates 60% - 75% of
oily products, 15% - 25% biochar and 10% - 20 % gaseous products on weight basis when
biomass was heated rapidly in the absence of oxygen. Fast pyrolysis has high heating rate
and heat transfer rate, and short residence time. The advantage of fast pyrolysis is the liquid
products are easy to store and offers affordable opportunity to transport it.>* Apart from
fuels we derive from biomass through fast pyrolysis, it has huge potential to serve as source

for production of several value added chemicals.>®

Flash pyrolysis

Flash pyrolysis involves rapid heating biomass in inert atmosphere at very high
heating rate and reaction temperatures and the pyrolysis vapors have very short residence
time. This process can produce up to 75% bio-oil yield. The barriers of this process are
increase of viscosity of bio-oil over time due to catalytic action of presence of alkali metals

in char, corrosiveness and presence of solid particles in the bio-oil.>6-%

Catalytic Fast Pyrolysis

The bio-oil produced from pyrolysis has several undesirable properties such as high
water and oxygen content, poor heating value, high viscosity, corrosiveness, high acidity,
immiscibility to name a few. Catalytic fast pyrolysis is one approach to remove the
undesirable properties of the bio-oil to be directly used as liquid fuel or as a feedstock by
deoxygenation.®® In this process the pyrolysis vapors were upgraded (deoxygenated) by
passing it through a heterogeneous catalyst before it was condensed. The ideal catalyst for
this process should produce high quality and good yield of bio-oil that contains negligible

amounts of oxygen and water. Oxygen in the bio-oil is removed as CO, CO; and water.
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The removal of oxygen is preferred in the form of CO or CO> than water. Preserving
hydrogens are critical for hydrocarbon forming reaction; hence elimination of oxygen
through water is not beneficial.®® Between CO and CO2, CO; is preferred because of better
H-C efficiency in the products, which will mitigate coke formation. Numerous
microporous catalysts such as zeolites and mesoporous catalysts and hierarchical
microporous and mesoporous zeolites often doped with several main group and transition
metals have been investigated as candidate for this purpose. Details of the catalysts

explored for fast pyrolysis can be found elsewhere %53
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CHAPTER 2

ENHANCED METAL LOADING IN SBA-15-TYPE CATALYSTS
FACILITATED BY SALT ADDITION: SYNTHESIS,
CHARACTERIZATION AND CATALYTIC
EPOXIDE ALCOHOLYSIS ACTIVITY OF
MOLYBDENUM INCORPORATED
POROUS SILICA

Paper published in Applied Catalysis A: General

Sridhar Budhi,®® Chorthip Peeraphatdit,® Svitlana Pylypenko,® Vy H.T. Nguyen,®? Emily A.
Smith,24 Brian G. Trewyn 2®

2.1 Abstract

We report a novel method to increase the metal loading in SBA-15 silica matrix via direct
synthesis. It was demonstrated through the synthesis and characterization of a series of
molybdenum containing SBA-15 mesoporous silica catalysts prepared with and without
diammonium hydrogen phosphate (DHP) as an additive. Catalysts prepared with DHP show a 2—-3
times increase in incorporation of molybdenum in the silica matrix and pore size enlargement. The
synthesized catalysts were characterized using nitrogen sorption, X-ray diffraction (XRD), Raman
spectroscopy, scanning electron microscopy (SEM), transmission electron microscopy (TEM), X-
ray photoelectron spectroscopy (XPS) and inductively coupled plasma—optical emission
spectroscopy (ICP-OES). The catalytic activity of catalysts prepared with DHP for alcoholysis of

epoxides was superior than the catalyst prepared without DHP. Alcoholysis of epoxides was
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demonstrated for a range of alcohols and epoxides under ambient conditions in as little as 30 min

with high selectivity.

2.2 Introduction

Mesoporous materials have gained momentum after the discovery of ordered mesoporous
silicates (M41S) by scientists at Mobil Corporation! two decades ago. Since then it has gained
global interest by addressing pressing problems of society such as energy and environment. Metal
incorporated porous silica materials have been tested in applications such as catalysis,? hydrogen
energy,® etc. as efficient and reusable catalysts. The most comprehensively studied porous silica
material for various applications (catalysis, host—guest chemistry, chromatographic separation) is
MCM-41 since it has high specific surface area with uniform mesoporous channels.* However,

small pore size and limited hydrothermal stability has limited its applications.

Stucky and coworkers® developed a new class of mesoporous silica called SBA-15
containing uniform cylindrical pores with tunable pore size (5-30 nm) and thick pore walls using
environmentally benign non-ionic block copolymers as structure-forming templates under strong
acidic conditions. However, unlike MCM-41 type synthesis, incorporation of metal ions in the
framework of this mesoporous silica support for downstream applications is challenging because
of strong acidic synthetic conditions. The highly acidic synthetic conditions of SBA-15 are
detrimental for incorporation of metal ions through co-condensation® as it breaks the Si-O-metal
bond. Additionally, under SBA-15 synthetic conditions, highly solubilized metal ions fail to
precipitate and incorporation in the silica framework is not effective. Thus, post-synthetic grafting’
is the widely used technique for doping metal ions in SBA-15 framework. Owing to these
difficulties there have only been a few reports in the literature for direct incorporation of metal ions

in SBA-15 framework. Vinu and coworkers® have optimized the synthetic conditions to synthesize
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SBA-15 under relatively low acidic conditions for improved incorporation of metal ions. It was

later determined that metal incorporation efficiency was better under these less acidic conditions.®

Improvements and tailoring of mesoporous silica for specific applications are often done
by adding additives to the reaction mixture. Hydrocarbons added during the synthesis of
mesoporous materials influences average pore size, crystallinity and pore size distribution.
Addition of inorganic salts is another approach to modify the textural properties of mesoporous
silica. Addition of salts such as MgCl,, Ni(CH;COOQ),, and Mg(CH3COO), increased the
periodicity of mesophase structure as demonstrated by Wang et al.** Enlargement of the average
pore size was observed when NaCl was added to reaction mixture when Krémer et al.? synthesized
cubic la3d mesoporous silica. Tunable morphologies were reported by employment of K,SO. and
Na;SO, by the Stucky and Zhao research groups.*'* Despite these advancements, to the best of
our knowledge, there are no literature reports for the role of salts in dictating the incorporation of

metals in a silica matrix.

Epoxidation, one of the most studied reactions in the literature, is of academic and
industrial importance. It is a valuable intermediate to yield a range of products with applications in
the pharmaceutical, polymer and agrochemical industries through regioselective ring opening.
Nucleophiles such as alcohols, amines, cyanides, hydroxides, halides to name a few, can open
epoxides. Ring opening of epoxides by alcohols (alcoholysis) yields p-alkoxyalcohols, which are
precursors for mandelic acid and antibacterial agents including p-lactam antibiotics. Ring opening
of epoxides are chemically cleaved by acid or base catalysts under elevated temperatures. In
addition to acids and bases, several metal ions such as Al(lll), Sn(ll), Sn(IV), Co(lll), triflates,
Cr(I11), and Lewis acid supported metal—organic frameworks were recently reported as catalysts
for ring opening of epoxides.’™> However, these catalysts are either toxic, less abundant in nature,
involve complex preparatory procedures for synthesis, energy intensive or require prolonged

reaction times.
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Next to titanium, molybdenum is the most studied transition metal through incorporation
into silica matrix due to its wide catalytic applications. Molybdenum is widely studied in oxidation
reactions, petroleum chemistry® and recently in the conversion of biomass into renewable energy.*’
A few examples of reactions catalyzed by molybdenum are epoxidation of olefins,'® decomposition
of NOx,* hydrodeoxygenation, hydrodenitrogenation, hydrodesulfurization, alkane oxidation,?
oxidative dehydrogenation,? metathesis,? and transesterification.? To the best of our knowledge,
there have been only two reports where Mo was used to study the ring opening of epoxides on
alumina support.?#25 However, their studies failed to distinguish whether the catalytic activity was
due to Mo or AI(lII) ions on the support. Graham et al.?® demonstrated ring opening of epoxides
using aluminosilicates where Al(I11) was the active catalyst. Thus, the reports of catalytic activity
by molybdenum on alumina for ring opening of epoxides could potentially be due to the presence
of both molybdenum and alumina. These reports clearly indicate that participation of supports on

catalytic activity cannot be ignored.

Mo incorporated SBA-15 is often prepared by post-synthesis impregnation and grafting
rather than direct synthesis due to poor metal incorporation. Apart from highly acidic conditions,
the oxidation state of molybdenum ions (+6) make isomorphic substitution by Si (+4) challenging.
Thus, we need a comprehensive preparatory procedure for direct synthesis of metal incorporated
SBA-15. Herein, for the first time, we report the synthesis of Mo-SBA-15 through co-condensation
using DHP as an additive added in the reaction mixture. Addition of DHP was found to influence
the incorporation of molybdenum along with other textural properties. These catalysts were

successfully tested for alcoholysis under ambient conditions for a wide range of alcohols.

2.3 Experimental Section

Materials: Ammonium heptamolybdate tetrahydrate [(NH4)sM0704.-4H,O] and

diammonium hydrogen phosphate [(NHs ).HPO4, DHP] were purchased from Fisher Chemicals,
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and were used as the molybdenum precursor and additive, respectively. Triblock copolymer
poly(ethyleneglycol)-block-poly(propyleneglycol)-block-poly(ethyleneglycol)  (Pluronic P123,
MW = 5800, EO2PO7EO4, Aldrich) was used as the structure-directing template.
Tetraethylorthosilicate (Aldrich) was used as the silica source for the synthesis of SBA-15. HCI (2
M) solution was prepared from 37 wt% HCI purchased from Fisher Chemical. All epoxides and
alcohols tested for catalytic activity were purchased from Fisher and Aldrich. All reagents were

used as received without further purification.

2.3.1 Synthesis
Synthesis of molybdenum incorporated SBA-15 catalyst: In a typical synthesis, 4 g of

pluronic P123 was added to 30 mL nanopure water in a polypropylene bottle at 313 K and stirred
at 600 rpm for 3 h. A solution of previously mixed HCI (2 M, 10 mL) in 60 mL of water was also
added to the dissolved template solution and stirred for another 1 h. TEOS (9 g, 4.3 mmol) was
added drop wise to the reaction mixture, followed by quick addition of the required amount of
ammonium heptamolybdate tetrahydrate. The samples were labeled as Xg-Mo-SBA-15-TTT. Xg
denotes amount of molybdenum precursor added and TTT represents the hydrothermal treatment
temperature in degrees Celsius. For the syntheses that involved addition of the additive,
diammonium hydrogen phosphate, labels were Xg-MoP-SBA-15-TTT, where Xg is the amount in
grams of molybdenum and DHP added and TTT as defined above. In cases where different amounts
of molybdenum precursor and DHP were added it was denoted by XgP-YgMo-SBA-15-TTT where
Xg and Yg is amount of DHP and molybdenum precursor in grams, respectively. Whenever the
additive was included, it was added along with the molybdenum precursor. After addition of all
components, the reaction mixture was stirred for another 24 h at 313 K and then subjected to
hydrothermal treatment at the desired temperature for an additional 48 h. The reaction mixture was

cooled, filtered and washed with methanol and water. The resulting sample was oven dried
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overnight at 373 K and then followed by calcination at 550 ‘C for 8 h to remove the template in

presence of flowing air.

2.3.2 Characterization
X-ray diffractograms (XRD) of synthesized samples were recorded utilizing a Rigaku

Ultima (V) diffractometer using Cu Ko radiation source. The diffractograms were recorded from
0.5 to 10" with a step size of 0.02°. Wide angle XRD was recorded for certain samples from 20° to
80" at a rate of 1° min™2. Surface analyses of samples to determine surface area and pore sizes were
measured utilizing nitrogen sorption analysis in a Micromeritics ASAP 2020 analyzer. The samples
were degassed for 6 h at 373 K prior to measurements.

Table 2.1: Textural properties of Mo incorporated SBA-15 samples prepared in presence and
absence of additives

. . Metal |Loading | Surface | Pore | Pore
Sample Name (igggg) (Sélxl\gg loading |Efficienc| Area | Volume |Diamet
(wt %) | y (%) | (m2/g) | (cc/g) |er(nm)
0.25g-M0o-SBA-15-100 36.7 437 1.1 11.9 875 1.3 8.6
0.5g-M0-SBA-15-100 18.3 150 33 17.3 744 1.1 8.8
1g-Mo-SBA-15-100 9.2 107 4.5 12.1 628 1.3 10
1g-Mo-SBA-15-130 9.2 165 4 10.7 480 1.2 10.9
1g-Mo-SBA-15-150 9.2 127 3.8 10.2 367 1.2 11
29-Mo-SBA-15-100 6.1 26 18.8 24.3 234 0.4 7.6
0.25g-MoP-SBA-15-100 36.7 149 33 35 804 1.2 9
0.5g-MoP-SBA-15-100 18.3 81 6.1 323 590 1.3 10.7
19-MoP-SBA-15-100 9.2 38 12.8 33.9 227 0.8 10.2
19-MoP-SBA-15-130 9.2 44 11.1 29.4 246 1 12
19-MoP-SBA-15-150 9.2 57 8.5 22.5 329 1.2 10.7
29-MoP-SBA-15-100 6.1 113 4.4 4.3 694 0.9 9
0.25gP-1gMo-SBA-15-100 9.2 42 114 30.1 441 1 7.4
0.5gP-1gM0-SBA-15-100 9.2 43 11.3 30 408 0.9 9
1.5gP-1gMo-SBA-15-100 9.2 52 9.4 24 552 0.9 9.2
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The Brunauer—-Emmett—Teller (BET) and the Barrett—Joyner Halenda (BJH)
equations were used to calculate specific surface area and pore size distributions,
respectively. Transmission electron microscopy (TEM) imaging was done using a Tecnali
F? microscope. Particle morphology was determined by scanning electron microscopy
(SEM) using a Hitachi S4700 FE- SEM system with 10 kV accelerating voltage. Raman
spectra were collected using a previously described instrument with 785nm excitation and
a 10x, 0.3 numerical aperture objective to collect the Raman scatter.?” The laser power at
the sample was 6 mW. Spectra were collected with a 30-s acquisition, and were back-
ground subtracted using a spectrum collected with no sample in the sample holder. XPS
was used to characterize the oxidation states of Mo in the catalysts on a Kratos Nova X-
ray photoelectron spectrometer supplied with a monochromatic Al Ka source operating at
300 W. Casa XPS was used for analysis and quantification of spectra, sensitivity factors
were supplied by manufacturer. A linear background was applied to C 1s, O 1s, and Si 2p
regions, and a Shirley background was applied to Mo 3d region. Analysis included charge
referencing to the adventitious carbon signal at 285eV. After calibration, Si 2p spectrum is
centered at 103.5eV, binding energy typical for SiO,. Metal loading was quantified on a
Perkin Elmer ICP-OES model Optima 2100DV. Approximately 5 mg of catalyst was
dissolved in 10 mL aliquot of 500 mL solu- tion prepared from mixing 50uL of 36% HF

and 500uL of aqua regia.

2.3.3 Catalytic studies

In a typical experiment, a 20 mL sample vial was charged with a certain amount of desired
catalyst followed by 1.1 mmol of epoxide and 3 mL of alcohol. The reaction was stirred using
magnetic stir bar at ambient temperature (396 K + 2 K). The reaction mixture was withdrawn at

regular intervals and injected into a gas chromatograph (HP 5890, FID detector and DB-5 capillary
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column) to monitor the progress of the reaction. Reactant conversion was calculated with respect

to epoxide since alcohols were used in excess as the solvent and nucleophile.
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Figure 2.1 Powder XRD patterns of SBA-15 samples prepared in the presence and absence of
additives with a) 0.25g b) 0.5g c) 1g d) 2g and e) 1g (wide angle) of molybdenum precursor. The
spectra in e) are offset for clarity.

2.4 Results and discussion

2.4.1 X-ray diffraction measurements
Fig. 1 shows the XRD of Mo incorporated SBA-15 samples containing different amounts

of molybdenum with and without DHP. Samples synthesized with 0.25 g molybdenum precursor
with and without DHP (Fig. 2.1a) show (1 0 0), (1 1 0), and (2 0 0) reflections characteristic of
SBA-15 as described by Zhao et al.’> The sample synthesized with DHP with 0.25 g of molybdenum
precursor shows an additional reflection (2 1 0) indicating higher degree of periodicity. However,
(100),(110),and (2 00) reflections are observed in the sample containing 0.5 g of molybdenum
precursor without DHP, while the corresponding sample with DHP has a broad, unresolved
reflection representing superimposed (1 1 0) and (2 0 0) peaks apart from an intense (1 0 0)
reflection. Samples containing 1 g of molybdenum precursor with and without DHP have a (1 0 0)

reflection while low intense peaks are not clearly observed suggesting a loss in periodicity with
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increased amounts of molybdenum precursor and DHP during synthesis. When 2 g of molybdenum
precursor was added without DHP a complete loss of structure was observed by XRD, while the
XRD of the corresponding sample with DHP suggests that it has undergone a phase transformation
similar to 1a3d structure since it has reflections (2 1 1) and (2 0 0) similar to MCM-48.28 This
supports a report by Flodstrom et al. that suggests the addition of salt to SBA-15 synthesis can
induce phase transformation to 1a3d.? The XRD peak intensity of all samples with DHP was greater

than samples without DHP indicating that the inclusion of salt brings greater pore uniformity.

a' . b - ——0.25g-MoP-SBA-15-100
——0.25g-Mo-SBA-100 i —5-0.5g-MoP-SBA-15-100
—£-0.5g-Mo-SBA-15-100 —*—1g-MoP-SBA-15-100

—+—1g-Mo-SBA-15-100 —<2g-MoP-SBA-15-100
—2g-Mo-SBA-15-100

0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1

Figure 2.2 Nitrogen sorption isotherms of metal incorporated SBA-15 with different amounts of
molybdenum precursor in a) absence of additives b) presence of additives. Spectra are offset on
the y-axis for clarity.

Similar observations were made by Newalkar et al. when they synthesized salt added silica
SBA-15.%° The dioo reflection of samples with DHP appeared at lower 20 than without DHP except
for samples with the greatest amount of added molybdenum (2g-MoP-SBA-15 and 2g-Mo-SBA-
15-100) indicating that adding DHP increases pore size. All the synthesized samples were subjected
to high angle X-ray diffraction analysis between 20° and 80°. All samples prepared without DHP
gave spectra that correspond to the background for amorphous silica irrespective of molybdenum
loading. For the samples prepared with DHP, one sample (1g-MoP-SBA-15-100) gave peaks (20

=23.4, 25.8 and 27.5), which are characteristic for molybdenum trioxide in an orthorhombic phase
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as previously reported in the literature.’! However, the 2g-Mo-SBA-15-100 sample, despite the

increased molybdenum loading lacked the peaks characteristic for molybdenum trioxide.

2.4.2 Textural properties
Nitrogen physisorption isotherms of samples synthesized with and without DHP are seen

in Fig. 2.2. Table 2.1 summarizes textural properties of all synthesized materials along with metal
loading and incorporation efficiency. All synthesized samples except for 2g-Mo-SBA-15 have type
(1V) adsorption isotherm characteristic of mesoporous materials according to IUPAC classification
and H1 type broad hysteresis loop typical for large pore mesoporous solids. The amount of nitrogen
adsorbed for samples prepared without DHP decreased with increasing amount of metal precursor
indicating that the surface area decreased with increasing addition of metal precursor. However,
for the samples prepared with DHP the amount of nitrogen adsorbed decreased until 1g-MoP- SBA-
15 and further increases in metal precursor did not result in increased metal incorporation and led
to increased surface area. Surface area values of samples are the inverse to the amount of
molybdenum incorporated in the final catalyst. The amount of metal incorporated in samples
synthesized with DHP is 2-3 times greater than the corresponding samples synthesized without salt
additive. Hence, surface area of samples prepared with DHP is less than the corresponding samples
synthesized without DHP. Increasing hydrothermal temperature during synthesis decreased the
molybdenum loading, however the surface area was not measurably affected. The metal loading
wt% for samples synthesized under different hydrothermal temperatures with and without DHP
was only marginally affected. In an effort to understand the role of DHP in metal loading, we
synthesized three additional samples varying the added salt amount (0.25g P, 0.5g P and 1.5g P)
while keeping the amount of molybdenum precursor constant. The surface area of 1g-Mo-SBA-15-
100 dropped from 628 m?/g to 441 m?/g when 0.25 g of DHP was added during synthesis, which
led to increased metal loading (Table 2.1). When the DHP amount was increased to 1 g the metal

incorporation reached 12.8 wt% and the surface area decreased to 229 m?/g and further addition of
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DHP led to a drop in metal loading and an increase in surface area. In general, of the samples we

synthesized it was generally observed that increased metal loading led to a decrease in surface area.

Except for 2g-Mo-SBA-15-100, all other samples that we synthesized, we observed a steep
rise in the nitrogen physisorption isotherm at a relative pressure of 0.6 indicating a narrow pore
size distribution. The reported pore sizes in Table 2.1 are based on BJH calculations. Pore diameter
increased with increasing hydrothermal temperature and amount of metal loading except for 2g-
Mo-SBA-15-100 for samples prepared without DHP. The 2g- MoP-SBA-15-100 has very low pore
volume and small pore size, which is different than the trend observed for the rest of the samples,
potentially due to pore blocking caused by excessive metal loading. However, there is no clear
trend in pore sizes between samples synthesized with DHP as we observed with samples prepared
without DHP. Interestingly, the pore sizes for samples containing similar amounts of metal

precursor prepared with DHP are larger than samples prepared without DHP.
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Figure 2.3 Raman spectra of molybdenum incorporated SBA-15 samples with different amounts
of loading without additive. Spectra are offset on the y-axis for clarity.
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2.4.3 Raman studies

Raman studies were performed for samples synthesized with a 373K hydrothermal
treatment with and without DHP. Representative Raman spectra for samples synthesized without
DHP are shown in Fig. 2.3. Samples prepared without addition of DHP and less than 2 g Mo
precursor did not show any discernible Raman peaks, potentially due to a low metal loading that is
below the detection limit or highly dispersed metal species in the silica matrix. The bands
characteristic of a-MoO3 in Raman spectra are 161, 285, 293, 339, 381, 666, 819 and 996 cm ™.
In sample 2g-Mo-SBA-15-100, intense peaks corresponding to o. -MoO; at 996, 819 and 667 cm™*
were observed. The band at 996 cm™ corresponds to terminal v(Mo=0) of MoOs and the band at
819 cm* is assigned to v(OMoy). The band at 667 cm™ corresponds to v(OMos).* Similar bands
were observed for 1g-MoP-SBA-15- 100 (only, since it has highest loading for samples prepared
by adding DHP) with a higher intensity than 2g-Mo-SBA-15-100 (data not shown). In previous
reports, it was observed that bands at 910, 847, and 704 cm™ correspond to the presence of
ammonium heptamolybdate.® The absence of ammonium heptamolybdate bands in any of the
analysed samples (Fig. 2.3) indicates that there is no unreacted metal precursor present and further,
suggests that the polymolybdate ions were completely converted to monomeric molybdenum

species.

2.4.4 XPS analyses and electron microscopy

To support the Raman data, XPS analysis was performed to determine the oxidation state
of molybdenum. Fig. 2.4a shows Mo 3d spectrum typical of samples synthesized without DHP.
The 3ds,, component of Mo species in this sample is located at 232.5 £ 0.1 eV, which is typical for
Mo(V1) oxide.®*3¢ In contrary, spectra acquired from samples synthesized with DHP and shown in
Fig. 2.4b—e are quite wide and indicate presence of more than one type of molybdenum species. In
addition to MoO3; component, these samples demonstrate additional component at BE ~231.4 £0.2

eV. The binding energy is higher than values typically reported for Mo(IV) and therefore this peak
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cannot be assigned to MoO; [35,36]. Most likely, the appearance of this peak in all samples

synthesized with DHP is due to incorporation of Mo into the silica framework.3* Comparing
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Figure 2.4 High resolution XPS of Mo 3d spectra a) 0.25g-Mo-SBA-15-100, b) 0.25g-MoP-
SBA-15-100, c¢) 0.5g-MoP-SBA-15-100, d) 1g-MoP-SBA-15-100 and e) 2g-MoP-SBA-15-100.
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samples with different molybdenum loading, it is clear that the ratio of these species to the
unmodified MoOs is highest in the sample with lowest concentration of molybdenum and lowest
in the sample with highest molybdenum loading. The Mo:Si ratio obtained from XPS can be found
in the supporting information. Scanning electron microscopy (SEM) images of the series of silica
supported Mo catalysts (different Mo loadings and with and without DHP) can be seen in the
supporting information. It appears that the amount of Mo loading and the presence or absence of
DHP does not affect the morphology of the catalysts, all materials appear to have a typical SBA-
15 morphology. The transmission electron microscopy (TEM) images of Mo-SBA-15 and MoP-
SBA-15 catalysts shown in Fig. 2.5 reveal the highly ordered pore structure of each of the catalysts,
regardless of the Mo loading or the presence or absence of DHP. Additionally, energy dispersive
X-ray (EDX) spectroscopy results show the presence of Mo and Si when a single catalyst particle
was analyzed (Supporting information). This suggests a homogeneous mixture of Mo and Si within

individual particles.

2.4.5 Catalytic studies
The catalytic activity of molybdenum incorporated SBA-15 catalysts prepared with and

without DHP was investigated. First, we studied the alcoholysis of cyclohexene oxide with ethanol
using catalysts containing different molybdenum loadings prepared with and without DHP. The
general reaction is shown in Scheme 2.1 and the selectivity and turnover frequency (TOF) are
tabulated in Table 2.2. Initially, we studied activity of catalysts prepared without DHP. It was
observed that the TOF decreased with increasing molybdenum content. The selectivity of the
desired product was above 95% in all cases. The catalyst in entry 4 took two hours to reach 98%
conversion, nearly twice the time the catalyst in entry 3 took, despite the greater molybdenum
loading in the former. The molybdenum loading of 2g-Mo-SBA-15-100 is 18.8wt% by ICP,
however for 1g-Mo-SBA-15-100 the molybdenum loading is 4.5 wt%, a two-fold Mo loading

increase but the measured activity (TOF=10) decreased significantly. We hypothesize that upon
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increasing the amount of molybdenum salt added to the catalyst synthesis the occurrence of
clustering or sintering of the molybdenum increases leading to less catalytically active sites.
Reactions using catalysts prepared with DHP followed the same trend as without DHP of

decreasing TOF (entries 5-7), except for entry 8 where the observed TOF increased. As more

b)

Figure 2.5. Transmission electron micrographs (TEM) of Mo and MoP SBA-15 catalysts, a)
1.0g-MoP-SBA-15-100, b) 0.5g-MoP-SBA-15-100, ¢) 1.0g-Mo-SBA-15-100, and d) 0.5g-Mo-
SBA-15-100. All scale bars represent 200 nm.

OH
Mo-SBA-15
O + ROH >
Room Temperature
OR

Scheme 2.1. General alcoholysis reaction catalyzed by Mo-SBA-15.

molybdenum is loaded in the catalysts, the TOF decreases indicating a reduced quantity of
catalytic active sites. When DHP is added to the catalyst synthesis reaction, a measured

increase in the TOF occurs in the corresponding catalyst (i.e. TOF for 0.25g-Mo-SBA-15-
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100 is 123 h™* and for 0.25g-MoP-SBA-15-100 is 142 h™1). We hypothesize that DHP, while
clearly increasing the metal loading as measured by ICP, also may lead to fewer occurrences of
active metal clustering or aggregation. Clustering of the active species leads to fewer surface

accessible sites and, ultimately, reduced TOF.

The increased TOF of entry 8 was possibly due to decreased molybdenum loading and
more accessible catalytic centers. Reaction times were reduced by more than half using catalysts
prepared with DHP. Other alcoholysis reports®” of cyclohexene oxide under ambient conditions in
30 min are limited. Once we confirmed that the catalysts prepared with DHP have better catalytic
activity than catalysts prepared without DHP, we conducted further experiments using catalysts
prepared with DHP. We investigated the alcoholysis using cata- lysts prepared under different
hydrothermal treatments (entries 7, 9, and 10). Results indicate that with increasing hydrothermal
treatment the TOF increased, however the reaction time and selectivity has typically the same for
these three catalysts. Further catalytic studies were carried out using the catalyst in entry 10 because
of its superior performance. Slightly higher TOF of the catalyst in entry 8 may be due to different
silica phases as is suggested in XRD analysis; more investigation in this is needed. As a control,
we have carried out reactions using just silica (entry 11) without molybdenum and no conversion
of starting material was observed for 2 h. To verify the influence of salt on catalytic activity, we
synthesized a catalyst with only DHP and no molybdenum precursor. These prepared materials
have no effect in catalysis (entries 11 and 12) suggesting that catalytic activity was exclusively due

to molybdenum in the silica support.

Different alcohols were evaluated for alcoholysis with cyclohexene oxide as one substrate
and 1g-MoP-SBA-15-150 as the catalyst under ambient conditions and results are presented in

Table 2.3. Primary alcohols up to five-carbon chain length underwent 100% conversion
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with high selectivity for the expected product in 30 min. With further increase in carbon

chain length (entries 6-10) it took longer reaction times to achieve conversions of less than

Table 2.2 Alcoholysis of cyclohexene oxide with ethanol catalyzed by catalyst synthesized under
different hydrothermal treatments and containing different amounts of molybdenum

Molybden |,...
1 T
Catalyst um mol % 1n_1e Conv| Sel TOF h-
Entry Catalyst amount (min | 0
(mg) by ) (%) | (%) 1a
substrate

1 0.25g-Mo-SBA-15-100 20 0.2 120 | 72 96 123
2 0.5g-Mo-SBA-15-100 20 0.6 120 | 98 95 58
3 1g-Mo-SBA-15-100 20 0.8 60 92 96 45
4 2g-Mo-SBA-15-100 20 3.4 120 | 98 96 10
5 0.25g-MoP-SBA-15-100 20 0.6 45 92 95 142
6 0.5g-MoP-SBA-15-100 20 1.1 45 96 94 82
7 1g-MoP-SBA-15-100 20 2.4 30 | 100 95 60
8 2g-MoP-SBA-15-100 20 1 30 | 100 96 88
9 1g-MoP-SBA-15-130 23 2.4 30 | 100 95 70
10 1g-MoP-SBA-15-150 30 2.4 30 | 100 95 90
11 1g-P-SBA-15-100 20 NA 120 0 0 NA
12 Si-SBA-15-100 20 NA 120 0 0 NA

Reaction condition: 1.1 mmol cyclohexeneoxide, 3 ml ethanol, temperature 396 + 2 K. #Turnover frequency
= Turnover number/Time (h). Turnover number = mmols of reactant converted/mmols of active species in
catalyst.

100%, however; the selectivity remains fairly constant. Unsaturated primary
alcohols such as crotyl alcohol and allyl alcohol had reactivities similar to short chained,
saturated alcohols, however, the selectivity of crotyl alcohol was very low. Aralkyl
alcohols such as benzyl alcohol and 2-phenylethanol had typical activities similar to small

chain, saturated alcohols with high conversion and selectivity. A secondary alcohol, 2-
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propanol, converted completely to the corresponding ether but the bulkier cyclohexanol
took twice the time as 2-propanol for 98% conversion. Tertiary alcohols were found to

have the poorest reactivity of all the alcohols toward the cyclohexene oxide. For example,

Table 2.3 Alcoholysis of cyclohexene oxide with different alcohols catalyzed by 1g-MoP-SBA-
15-150

Entry | Alcohol (Tr::;l‘; C(f/:;’ Sel (%)| TOF/
1 methanol 30 100 97 90
2 ethanol 30 100 95 90
3 1-propanol 30 100 94 90
4 1-butanol 30 100 91 90
5 IS0 -butanol 30 100 93 90
6 1-pentanol 30 100 94 90
7 1-hexanol 60 72 82 32
8 1-octanol 60 81 89 37
9 1-dodecanol 60 86 91 39

10 allyl alcohol 30 99 96 89
11 | crotylalcohol 30 93 77 84
12 | benzyl alcohol 30 100 94 90
13 |2-phenylethanol] 30 97 97 87
14 2-propanol 30 96 90 86
15 cyclohexanol 60 98 90 44
16 |[t-butylalcohol| 60 75 75 34
17 | t-amylalcohol 60 32 65 15

Reaction condition: 1.1 mmol cyclohexene oxide, 2.4 mol % catalyst (1g-MoP-SBA-15-150) by substrate,

3 ml alcohol, temperature 396 + 2 K.

36



only 75% of the t-butyl alcohol converted to the corresponding ether in 1 h with poor
selectivity (75%). The low reactivity for t-butyl alcohol is likely due to the hydroxyl group
being sterically hindered by alkyl groups. This hypothesis was strengthened further when

reactivity was dropped further from 75% to 32% when one of the methyl groups was

Table 2.4 Alcoholysis of different epoxides with ethanol using 1g-MoP-SBA-15-150 as catalyst

Entry Epoxide Time (min)| Conv (%) |Sel (%) | TOF/h
1 Cyclohexene oxide 30 100 95 90
2 Styrene oxide 30 100 96 90
3 Epichlorohydrin 30 100 93 90
4 1,2-epoxyhexane 60 85 95 39
5 1,2-epoxydodecane 60 60 94 27

Reaction condition: 1.1 mmol epoxide, 2.4 mol % catalyst (1g-MoP-SBA-15-150) by substrate, 3 ml

ethanol, temperature 396 + 2K

replaced by an ethyl group (t-amyl alcohol) and selectivity too decreased from 75% to 65%.
The poor reactivity of tertiary alcohols has been observed elsewhere.®® Despite the poor
reactivity of tertiary alcohols, the conversion we observed is better than previous reports

in terms of Kinetics.%®

We extended our catalytic studies further to study ethanol ring opening with
different epoxides as shown in Table 2.4. Styrene oxide, cyclohexene oxide and
epichlorohydrin have gone to 100% completion in just 30 min with selectivity greater than
90%. Except for cyclohexene oxide, the rest of the epoxides tested are asymmetrical with
the possibility of two products. All previous reports in the literature for asymmetrical
epoxide ring opening agree that solid acid catalysts will cleave the epoxide ring in such a
way to yield a more stable carbocation followed by attack of the alcohol to form

alkoxyalcohols. Our selectivity results for different epoxides predominantly give the
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expected alkoxyalcohols consistent with the mechanism of epoxide ring opening solid acid

catalysts at very high ratio.

2.4.6 Recycling studies
Recycling studies are meant for ring opening of epoxide using cyclohexene oxide

as the substrate and ethanol as the nucleophile. The experiment was repeated four times
and the conversions are 100%, 82%, 60% and 30%, respectively. The molybdenum loaded
in the catalyst was reduced from 8.5 wt% to 6 wt% as determined by ICP-AES analysis
after four cycles. The surface area decreased from 329 m2/g to 214 m2/g and pore volume
decreased from 1.2 to 0.716 cm3/g, however, pore diameter remained the same. The
decrease in pore volume can be attributed to clogging of the pore channels by reaction
species in the mixture. It has been reported in literature that metal incorporated on silica
support leaches for a variety of reasons including reaction parameters such as solvent,
temperature, polarity of reactants, etc.39 Alcohols, especially smaller carbon chain ones
that are highly polar in nature, are reported to facilitate leaching of metal ions supported
on silica. In our case, probably alcohols that we use may be a source of metal leaching.
However, a detailed investigation is required to conclude if leaching is substrate specific
or due to polarity of alcohols used as nucleophiles, since we used only ethanol in our

recyclability experiments.

2.5 Conclusions

We have successfully synthesized molybdenum incorporated SBA-15 by direct
synthesis using diammonium hydrogen phosphate as an additive. Addition of diammonium
hydrogen phosphate increased the pore size of the materials. Most importantly, for the first
time, we have observed that the addition of a salt facilitates the incorporation of metal on
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silica support by 2-3 times more than the corresponding catalysts synthesized without
DHP. However, we have limited our investigation to just one additive and its effect on
loading. The catalyst we synthesized was used for effective ring opening of epoxides in a
short amount of time at ambient temperature for a wide range of alcohols and epoxides.
We are currently investigating the applicability of additive enhanced metal loading for

different metal incorporated SBA-15, different pH and range of additives and its influence in metal

loading and catalytic activity.
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2.6 Supporting Information

Figure S1. Scanning electron micrographs (SEM) of Mo and MoP SBA-15 catalysts, a) 1.5 g-
MoP-SBA-15-100, b) 1.0 g-MoP-SBA-15-100, c¢) 0.5 g-MoP-SBA-15-100, d) 1.5 g-Mo-SBA-15-
100, e) 1.0 g-Mo-SBA-15-100, and f) 0.5 g-Mo-SBA-15-100. All scale bars represent 500 nm.
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Figure S2. Energy dispersive X-ray spectrum of a representative Mo-SBA-15 catalyst. Copper
signal originates from the copper grid used for TEM analysis.

Table S1
0.25g-MoP- [0.5g-MoP-SBA-| 1g-MoP-SBA- | 2g-MoP-SBA-
SBA-15-100 15-100 15-100 15-100
Elemental composition, at %
Mo 3d 0.6 1 0.8 0.8
Si2p 32.6 32.4 32.7 32.3
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CHAPTER 3

MOLYBDENUM INCORPORATED MESOPOROUS SILICA
CATALYST FOR PRODUCTION OF BIOFUELS AND
VALUE ADDED CHEMICALS VIA CATALYTIC
FAST PYROLYSIS

Paper published in Green Chemistry

Sridhar Budhi,*® Calvin Mukarakate,® Kristiina lisa,® Svitlana Pylypenko,” Peter N.
Ciesielski,* Matthew M. Yung,? Bryon S. Donohoe,? Rui Katahira,  Mark R. Nimlos? and
Brian G. Trewyn?

3.1 Abstract

Production of value-added furans and phenols from biomass through catalytic fast
pyrolysis of pine using molybdenum supported on KIT-5 mesoporous silica was explored.
Catalysts containing different loadings of molybdenum were synthesized and characterized
by X-ray diffraction, physisorption and chemisorption analysis, various electron
microscopic techniques and X-ray photoelectron spectroscopy. Characterization studies
indicate that molybdenum is homogeneously distributed over the KIT-5 silica support in a
+6 oxidation state. Fast pyrolysis of pine using molecular beam mass spectrometry with
fresh Mo catalyst preferentially produced furans and phenols over conventionally observed
aromatic hydrocarbons. Detailed investigation of model biopolymers indicates that the

furans originated from the carbohydrate portion of the biomass and the phenols emerged

®National Renewable Energy Laboratory, 15523 Denver West Parkway, Golden, CO
80401-3393, USA.

bColorado School of Mines, Department of Chemistry and Geochemistry, 1012 14™ Street,
Golden, CO 80401-3393, USA.
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predominantly from the lignin portion of biomass. Results obtained from MBMS were

complemented using pyrolytic-GCMS.

3.2 Introduction

With the discovery of fossil fuels two centuries ago, biomass has been replaced as
the primary source of energy and chemicals mainly due to low cost and vast abundance of
fossil fuels. However, rapid depletion of these natural resources and growing concerns
about carbon dioxide emissions and national security has necessitated the global scientific
community to turn its attention towards sustainable and renewable energy sources. Humans
are utilizing only a tiny percentage of the 170 billion metric tons of biomass produced
annually in nature through photosynthesis.>> One example of biomass is lignocellulosic
material from terrestrial plants. Lignocellulosic biomass presents an abundant, alternate
resource for the production of fuels and several value-added chemicals. The United States
Department of Energy has released a list of top 10 platform chemicals that can be used to
synthesize many important molecules.® Furans are among the top ten chemicals that have
great potential to meet our goals for renewable production of fuels and chemicals. They
can serve as valuable precursors for production of fuels in the jet and diesel pool range? or
as precursors in the synthesis of specialty polymers, agrochemical and pharmaceutical

intermediates, cross-linking agents, fine chemicals and macrocyclic ligands.>”’

Furans are typically produced by dehydration reactions of carbohydrates. The
conventional pathways used for selective production of furans include: organic solvents,
aqueous phase, multiphase solvent, and ionic liquid systems.81! A wide range of catalytic

based solvent systems were explored for the production of furans. Several homogeneous
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inorganic and organic acidic compounds were reported for selective production of furans
from biomass or its components, typically carbohydrates. The acids that were identified as
catalysts for production of furans were either Lewis acids or protic mineral acids such as
HCI, H2S04, and H3PO4.%? Examples of organic acids found to be active for carbohydrate

dehydration are p-toluenesulfonic acid, oxalic acid and levulinic acid.

In addition to acids in solution, several examples of solid and multiphasic systems
have been reported in the literature for production of furans through dehydration. All
lanthanides were found to be active for production of furans but with different efficacies.’®
Halides of transition metals in 1-ethyl-3-methylimidazolium chloride and main group
elements such as tin and aluminum were also found to be active for synthesis of furans.!
Solid acid catalysts such as H-form zeolites, amberlyst-15, titania, and sulfated zirconia
were investigated and found to be efficient for the production of furans.'*'” Detailed
discussion of the above mentioned catalysts and additional catalytic systems that have been
explored for the production of furans have been reviewed recently.'® Reports published for
furan production from renewable resources are common in solution phase but no selective

gas phase production has been reported to the best of our knowledge.

Growing concern for environmental sustainability has led researchers to find
alternatives for homogeneous, environmentally hazardous catalysts. It is imperative to
discover and employ heterogeneous catalysts for production of furans from biomass. Solid
acids and recyclable ionic liquid containing catalysts have already been investigated for
the synthesis of furans; however, the heterogeneous catalysts reported so far suffer from
low surface areas, small pore diameters, and a lack of hydrothermal stability to tolerate the
harsh pyrolytic reaction conditions. Furthermore, those catalysts offer limited opportunities
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to customize pore size and structure, morphology or hydrothermal stability for specific

applications.

Mesoporous silica (periodic or aperiodic) has been widely investigated for
application as catalyst supports.®22 Methods to tune pore size and structure, morphology,
and the surface chemistry for mesoporous silica are well understood. Mesoporous silica
supports with various pore structures have been widely reported in the literature.?® Of the
several pore morphologies, 3-dimensional pore structures (e.g., SBA-2, -6, -7, -16; KIT-5;
IBN-1; FDU-1, -2, -12)® are of significant interest, as they have better mass transfer
properties than the conventional 2D pore structures such as MCM-41, MCM-50 and SBA-
15.1924-26 Eor the reasons listed above, we chose KIT-5, which has the desired three-

dimensional pore structure for this investigation.

Molybdenum has been extensively studied and is widely used in the petroleum
industry for fuel upgrading reactions such as hydrodeoxygenation, hydrodenitrogenation
and hydrodesulfurization.2 Molybdenum was also investigated for alkane oxidation and
ring opening of epoxides by alcohols and amines.?® Interestingly, molybdenum has many
properties parallel to those of noble metals, but is not as costly or scarce. Despite these
advantages, the catalytic properties of molybdenum have not been explored for the
production of furans or for use in catalytic fast pyrolysis reactions. Herein, we report the
synthesis of molybdenum incorporated KIT-5 mesoporous silica catalysts for production

of value-added furans through catalytic fast pyrolysis of lignocellulosic biomass.
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3.3 Experimental section

3.3.1 Materials
All materials used for the catalyst syntheses were purchased from Sigma-Aldrich

and Fisher Scientific and used without further purification. Avicel cellulose was purchased
from Sigma-Aldrich and lignin was obtained from Asian Lignin Manufacturing.?® ldaho
National Laboratory supplied the southern yellow pine, which has approximately 42%
cellulose, 21% hemicellulose and 30% lignin with the balance attributed to minerals and

inorganic salts.?®

3.3.2 Catalyst synthesis
The synthetic procedure adopted for the catalyst was based on the previously

published report.®® Neutral pluronic polymer surfactant F127 (4 g) was dissolved in 240
mL of nano-pure water, heated to 318 K and charged with 3.4 mL of concentrated
hydrochloric acid. The reaction mixture was stirred for 1 h, and variable amounts of
ammonium heptamolybdate tetrahydrate, the molybdenum precursor, were added to the
solution. Tetraethylorthosilicate (24 g) was immediately added dropwise to the reaction
mixture and allowed to stir continuously for 24 h. After 24 h, the container was transferred
to an oven at 363 K and subjected to static hydrothermal treatment for another 24 h. The
reaction mixture was hot-filtered and washed with 15 ml of nano-pure water. The collected
precipitate was oven dried overnight at 358 K. The as-synthesized catalyst was calcined at
773 K for 8 h to remove the surfactant template. The synthesized catalysts are referred to
as X g-Mo, where X g represents the amount of molybdenum precursor added in grams

during the synthesis.
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3.3.3 Catalyst characterization
X-ray diffraction analysis. The X-ray diffraction patterns were recorded using

Rigaku Ultima IV diffractometer with Cu Ko radiation source with a step size of 0.02° s 2.
Low angle studies were performed to study the pore structure arrangement and wide angle

studies were conducted to investigate the active species in the catalyst.

Textural properties analysis. A Micromeritics Tristar 3020 instrument was used
to investigate the textural properties of the catalyst. The samples were degassed under
flowing helium at 373 K for 5 h to remove impurities adsorbed on the surface of the
catalyst. After degassing, the catalyst was subjected to nitrogen physisorption analysis to
evaluate specific surface area, pore volume, pore size distribution, and pore diameter. The
Brunauer—Emmett—Teller (BET) and Barrett—Joyner—Halenda (BJH) equations were used

to calculate specific surface area and pore size distribution, respectively.

Scanning electron microscopy (SEM). SEM was performed using an FEI Quanta
400 FEG instrument. Samples were mounted on aluminum stubs with conductive carbon

tape adhesive prior to imaging. Images were obtained at an accelerating voltage of 20 keV.

Energy dispersive X-ray spectroscopy (EDS). EDS was performed in the
aforementioned SEM instrument equipped with an EDAX X-ray detector using the same
sample preparation methods used for SEM imaging. For each sample, elemental
composition was obtained from at least 20 different particle agglomerates located at
different regions on the mounting stub using automated particle analysis and spectrum

acquisition. Spectra were quantified using an atomic number (ZAF) correction. EDS
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mapping was performed in Quant mode based on net intensity using a dwell time of 200

ms per pixel, using the same instrument and sample preparation techniques.

Transmission electron microscopy (TEM). Catalyst particles were suspended in
ethanol and drop-cast onto carbon-coated, 200 mesh copper grids (SPI Supplies, West
Chester, PA). Grids were allowed to air dry prior to imaging. Imaging was performed using
an accelerating voltage of 200 keV, and images were captured with a four mega-pixel
Gatan UltraScan 1000 camera (Gatan, Pleasanton, CA) on a FEI Tecnai G2 20 Twin 200

kV LaB6 TEM (FEI, Hilsboro, OR).

X-ray photoelectron spectroscopy (XPS). X-ray photoelectron spectra were
measured on a Kratos Nova X-ray photoelectron spectrometer supplied with a
monochromatic Al Ka source operating at 300 W. Survey and high resolution C 1s, O 1s,
Mo 3d and Si 2p spectra were acquired from at least three areas per sample. Quantification
and processing were performed using Casa XPS software, utilizing manufacturer provided
sensitivity factors. A linear background was applied to C 1s, O 1s, and Si 2p regions, and
a Shirley background was applied to Mo 3d region. Spectra were charge referenced using
Au 4f7, at 84 eV. After calibration, Si 2p spectrum was centered at 104.3 eV, typical

binding energy for SiO> calibrated with gold.

Temperature programmed desorption of ammonia (NHs-TPD). NH3-TPD
measurements were performed using Micromeritics Autochem 2920 instrument to measure
total surface acidity and acid strength of the catalysts. A U-shaped, flow through, micro
quartz reactor containing ~ 100 mg of catalyst was activated at 773 K for 120 min under

flowing He (50 ml mint) and cooled to 393 K before exposure to ammonia. Adsorption of
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ammonia was performed by flowing 10% NHaz/He for 30 min at 393 K followed by flushing
with He to remove physisorbed ammonia. Ammonia desorption was recorded via thermal
conductivity detector (TCD) by ramping the sample temperature from 393 Kto 773 K at a
rate of 30 K min™t. Quantification of the amount of ammonia desorbed from the samples
was done using a sample loop of known volume to calibrate the TCD response for

ammonia.

Pyridine DRIFTS. Pyridine DRIFTS experiments were conducted to determine
the ratio of Lewis and Brgnsted acid sites. In these experiments a Thermo FTIR with an
MCT detector and Praying Mantis DRIFTS attachment were utilized. Catalyst samples
were pretreated by heating in 100 sccm from 25-500 °C at a ramp rate of 20 °C min™t and
held for 15 minutes and then cooled at a ramp rate of 20 °C min! to 150 °C. Pyridine was
adsorbed by flowing 100 sccm through a pyridine bubbler and then over the catalyst for 10
min. The sample was then flushed for at least 10 min prior to acquiring a spectrum at 150
°C. The areas of peaks at 1545 cm™* and 1455 cm™, corresponding to pyridine adsorbed
on Brgnsted and Lewis acid sites, respectively, were used to determine the relative
concentrations of the types of acid sites, which were converted to absolute concentrations
of acid sites by using the total acidity as determined by ammonia TPD. That ratio of the
molar extinction coefficients (units cm umol ) for Bransted to Lewis acid sites was B/L =

0.75.31%

Thermogravimetric analysis (TGA). Coke deposited on catalyst samples was
quantified by TGA. TGA Instruments Q500 analyser was used to oxidize the coke in the
catalyst. The spent catalyst was heated in air at a ramp rate of 20 °C min* from 25 °C to

850 °C. The mass decrease below 250 °C was attributed to the loss of water and weakly
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adsorbed organic species and mass loss at the temperatures between 250 °C and 780 °C

was attributed to carbonaceous coke.

3.3.4 Catalytic fast pyrolysis
Horizontal reactor — MBMS. Fast pyrolysis of pine, lignin and cellulose were

performed in a horizontal quartz annular flow reactor coupled to molecular beam mass
spectrometer (MBMS).2%33-36 Batch-wise pyrolysis and vapor upgrading were performed
using a reactor heated to 500 °C and a five-zone furnace. Quartz pulses containing 50 mg
of biomass or its components were introduced into the inner tube of the reactor maintained
at 500 °C. The pyrolysis vapors were carried by 0.2 standard liters per minute (slm) flow
of helium through a fixed bed of catalyst (500 mg) supported on quartz wool. The flow in
the inner tube was subsequently mixed with a 4 slm helium flow from the outer tube
towards the end of the reactor prior to sampling by MBMS orifice. The MBMS is used for
real-time sampling of pyrolysis products. Dilution of upgraded pyrolysis vapors by outer
flow of helium was necessary to minimize secondary reactions and to meet the flow
demands of the sampling orifice. The upgraded pyrolysis vapors undergo adiabatic
expansion through a 250 pum orifice into a vacuum chamber held at 100 mtorr and skimmed
into a molecular beam, where it is ionized by electron impact ionization source (22.5 eV)
producing positive ions that were measured using a quadrupole mass spectrometer. Mass
spectra were collected every second over the m/z range of 10-450. Argon gas (40 sccm)
mixed with helium carrier gas was used as a tracer gas to correct the drifts in signal due to
changes in flow through the molecular beam inlet. Biomass, or its components, was fed
batch-wise in a quartz pulse as 50 mg samples with a weight hourly space velocity of 3.6

h™* until the catalyst was deactivated.?®3¢
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Tandem micropyrolyzer-GCMS (py-GCMS). The results obtained from py-
MBMS were complemented by py-GCMS for quantification of pyrolysis products. The py-
GCMS was coupled to a tandem micropyrolyzer (Rx-3050TR, Frontier Laboratories,
Japan) equipped with an autosampler (AS-1020E) and a microjet cryo-trap (MJT-
1030Ex).% The micropyrolyzer has two heating zones: one for conducting pyrolysis and
one for upgrading the pyrolysis vapors. Deactivated stainless cups containing 500 pg
biomass (pine) were loaded into an autosampler. The cups were automatically dropped into
the pyrolysis zone maintained at 500 °C and the pyrolyzed vapors pass through the fixed
catalyst bed (at 500 °C) for upgrading. The upgraded vapors were subsequently captured
using a liquid nitrogen trap (—196 °C, housed inside the GC oven) and desorbed into the
inlet of the gas chromatograph (7890B, Agilent Technologies, USA) interfaced with the
MS (5977A, Agilent Technologies, USA). The trapped gases were separated by a capillary
column (Ultra Alloy-5, Frontier Laboratories, Japan) with a 5% diphenyl and 95%
dimethylpolysiloxane stationary phase. The oven was programmed to hold at 40 °C for 3
min followed by heating to 280 °C at the ramp rate of 10 °C min™?. The separated pyrolysis

vapors were identified using standards and NIST GCMS library.

Multivariate analysis of MBMS spectra. Multivariate analysis was utilized to identify
groups of correlated mass spectral peaks in the product vapors and to track patterns of
change as the catalyst deactivated. The multivariate curve resolution optimized by alternate
least squares (MCR-ALS) found in the software package “The Unscrambler” (Camo
Software AS, version 9.7) was used for analyzing complex mass spectra. Multivariate
curve resolution (MCR) resolves the principal component analysis results into

mathematically constructed components, which have mathematically derived sub-spectra
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that are used to partition the original variance of the data set into the estimates of the
concentrations of the components.3” This facilitates the determination of elution profiles of
the components in an unresolved mixture of two or more constituents, assuming the data
has enough degrees of freedom to identify the separate sources of variance. This is
particularly useful because the mixtures encountered in this work are unavailable as pure
components (PCs). The unscrambler MCR algorithm is based on pure-variable selection
from principal component analysis (PCA) loadings to find the initial estimation of spectral
profiles, and then alternating least squares to optimize resolved spectral concentration
profiles. Constraints were introduced for generation of non-negative concentration profiles
and mass spectra. To represent the data accurately, constraints for unimodality and equality in

concentration profiles were not included to account for variation of relative concentrations for pure

components with biomass-to-catalyst ratio.

3.4 Results and discussion

3.4.1 X-ray diffraction analysis
Three catalysts, 0.25 g-Mo, 1 g-Mo and 2 g-Mo, with molybdenum weight loadings

of 1.5, 2.5, and 3.7 wt%, respectively, were synthesized. The molybdenum weight percent
in the catalysts was measured by ICP-AES analysis (Table 3.1). The synthesized catalysts were
subjected to low-angle X-ray diffraction measurements to determine the pore structure of Mo-
modified KIT-5. The most intense (111) peak corresponding to Fm3m symmetry for face-centered
cubic pore structure was observed in all the three catalysts. However, higher order diffractions
such as (200) and (220) were not clearly observed. The absence of higher order peaks is typical for
metal-containing mesoporous silica materials synthesized by the co-condensation

method.?®Representative X-ray diffraction spectra for the catalysts are shown Fig. 3.1(a).
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Figure 3.1 Low angle (a) and wide angle (b) X-ray diffraction patterns for the 0.25g-Mo catalyst,
commercial molybdenum trioxide and the molybdenum precursor (ammonium molybdate).
Spectra are offset for clarity.

Furthermore, the catalysts were subjected to wide-angle X-ray diffraction to
characterize the nature of molybdenum species in the catalyst. X-ray diffraction spectra of
0.25 g-Mo catalyst, pure silica KIT-5, commercially available molybdenum trioxide and
ammonium molybdate are presented in Fig. 3.1(b). Commercial molybdenum trioxide and
ammonium molybdate show characteristic peaks previously reported in the literature; 23

however, sharp diffraction peaks corresponding to commercial molybdenum trioxide and

ammonium molybdate were not observed in spectra for 0.25 g-Mo catalyst. The diffraction
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pattern of this catalyst was very similar to pure silica KIT-5, indicating the molybdenum is
uniformly dispersed in the silica matrix and the Mo loadings were too small for its crystal
patterns to be detected by X-rays. Because the nature of the active catalyst could not be
determined by wide-angle X-ray diffraction, XPS analysis was used to gain information on

the state of the Mo species.

3.4.2 X-ray photoelectron spectroscopy (XPS) analysis
A representative Mo 3d spectrum acquired from 2 g-Mo sample is shown in Fig.

3.2. The 3ds2 component is located at 233.6 eV, at the higher end of the binding energies
reported for Mo(V1) oxides.>**! Comparing Mo 3d spectrum acquired from the 2 g-Mo
sample with that of the reference MoOs located at 232.6 eV*? it becomes evident that the
majority of the molybdenum species in the synthesized material have higher binding
energies (BE) than the molybdenum in the reference MoOs. The spectrum of the 2g-Mo
appears broad (compare 2.3 + 0.2 eV for synthesized materials vs. 0.9 = 0.03 eV for the
reference sample) and the asymmetry suggests the presence of more than one species.
Ozkar et al. reported molybdenum oxides located in the a-cages of sodium zeolite Y to
have spectra broader than those of bulk MoOs, with a shift in BE from 232.7 eV for the
bulk MoOj3 to BE ~233.6 eV for the MoOs encapsulated in sodium zeolite Y.* Therefore,
even though unambiguous assignment of the molybdenum species in the 2 g-Mo sample is
difficult, based on similarity with the n[MoOz3]-NassY system, we propose that the species
at lower binding energy (—232.6 eV) are likely due to pure bulk MoO3z and species located
at higher binding energies (—233.8 eV and 234.6 eV) are due to encapsulated MoO3
(molecular metal oxides). Andersson et al. also reported molybdenum species at 233.7 eV,

attributing them to an oxide layer forming over Mo(0) clusters.** The fact that most of the
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encapsulated MoOs is located at ~~233.8 eV with smaller amount detected at ~~234.6 eV
suggest that there might be more than one site in the SiO structure that anchors MoO3
monomers or clusters. The increased line widths may also indicate different sized

clusters.*
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Figure 3.2 XPS high resolution Mo 3d spectra of 2g-Mo catalyst (a) and reference molybdenum
trioxide (b)
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3.4.3 Physisorption and chemisorption analyses
Textural properties were attained by nitrogen physisorption analyses of the

synthesized catalysts. The isotherms are shown in Fig. 3.3, pore size distributions are
illustrated in Fig. S1,1 and the results are tabulated in 3.1. The specific surface areas of the
0.25 g-Mo, 1 g-Mo and 2 g-Mo catalysts are 732, 690 and 685 m? g2, respectively. The
surface area of the catalyst decreased initially with an increase in molybdenum loading for
0.25 g-Mo and 1 g-Mo. When the molybdenum loading was increased from 2.5 to 3.7 wt%
the decrease in surface area was negligible. The pore volumes of the catalyst decreased
from 0.47 to 0.31 cm?® g * and the pore diameters of catalysts decreased from 6.2 nm to 4.3
nm with increasing molybdenum loading. All three catalysts exhibited type IV isotherms
and type |1 hysteresis loops corresponding to mesoporous materials.?® All three catalysts
showed a steep increase in nitrogen adsorption around the relative pressure (P/P,) of 0.4.
Such a steep increase indicated a narrow and uniform pore size distribution within the
catalyst. Furthermore, the hysteresis loops observed for the catalysts were characteristic of
cage type materials such as KIT-5.26 The amount of acid sites present in the catalyst 0.25
g-Mo, 1 g-Mo and 2 g-Mo were measured using ammonia TPD and total acid sites were
found to be 55, 77, and 98 umol g—1, respectively and the results are summarized in Table
S1.1 The desorption of ammonia molecules were determined to occur at approximately the
same temperature for all three catalysts (Fig. S2t). This indicates that the strength of the
acid sites were similar regardless of molybdenum loading in the catalyst. Furthermore, the
ammonia TPD profile suggests an abundance of a single type of acid strength on each of
the catalysts. The relative quantities of Lewis and Brgnsted acid sites in the catalysts were
measured using pyridine DRIFTS. These measurements suggest that all the three catalysts

have predominantly Lewis type acid sites and nearly negligible amount of Brgnsted acid
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Figure 3.3 Nitrogen physisorption isotherms for the synthesized catalysts. The isotherms were
offset on the y-axis for clarity.

Table 3.1 Textural properties of catalysts containing different molybdenum loadings.

Catalyst Sp::g; c( ,i : rf?)ce Po(::em \;Olli;ne Pore ai:];neter m&bﬁlrgjg
g g AES)
0.25g-Mo 732 0.47 6.2 15
1g-Mo 690 0.47 5.6 25
2g-Mo 685 0.31 43 3.7

sites present in the catalyst. The micro- and nano-scale morphology of the catalyst particles
was investigated by SEM (Fig. 3.4a) and TEM, (Fig. 3.4b). The catalyst microstructure
generally appeared as agglomerates of spherical particles with approximate diameters of
~1-5 um and smaller, non-spherical particulates. The lower Mo loadings produced a
dominant morphology of well-defined spheres, while higher Mo loadings produced
structures that appeared as fusions of the spherical constituents. The characteristic face-
centered cubic mesoporous nanostructure of the silica support fabricated using the

previously mentioned F127 triblock copolymer is clearly evident in
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Figure 3.4 Scanning (a) and transmission (b) electron microscopy images of catalyst particles.

3.4.4 Electron microscopy analysis
' oxygen

Figure 3.5 EDS mapping of 0.25g-Mo catalyst particles used to measure dispersion of active
species within the catalysts.



the mesostructures observed in the TEM micrographs shown in Fig. 4b.26 The porous
network appears highly ordered at the lowest Mo loadings, and becomes increasingly
disordered as the Mo loading increases. Energy dispersive X-ray spectroscopy (EDS) was
employed to investigate the elemental composition of the catalysts containing various Mo
loadings. These results are presented in Table S2.1 The molybdenum loadings predicted
from EDS analysis does not present a clear trend as we observed in ICP analysis (Table
3.1). The EDS analysis is capable of measuring molybdenum present on the surface of the
catalyst support and cannot detect the molybdenum present inside the pores of the catalyst.
The absence of the expected trend as in ICP analysis of the molybdenum loading suggests
that the distribution of molybdenum on the surface and inside the pores varies from catalyst
to catalyst (depending on Mo loading) or that the agglomeration of spherical particles as
seen in Fig. 3.4a impacts the surface oriented detection by EDS. The molybdenum
dispersion was measured by EDS mapping of two catalyst samples (0.25 g-Mo and 1 g-
Mo) (Fig. 3.5 and S3t). These results show that the Mo is homogeneously dispersed
throughout the surface of the silica support, and is not segregated or predominantly located

with either particular morphology observed in the SEM micrographs.

3.4.5 Catalytic fast pyrolysis
The mass spectra obtained from fast pyrolysis of cellulose, lignin and pine without

catalyst are shown in Fig. 3.6. The species in these spectra are composed of oxygenated
products including aldehydes, ketones, carboxylic acids and phenolics along with
hydrocarbons, water, carbon monoxide and carbon dioxide.?® The oxygenated species give

the resulting bio-oil several undesirable characteristics such as acidity, instability, and
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immiscibility with petroleum oil. Therefore, the pyrolysis products need to be upgraded to

produce hydrocarbon intermediates or fuel blendstocks.**°
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Figure 3.6 Mass spectra of pyrolysis products of cellulose (green), pine (blue), and lignin (red) at
500 °C obtained from an uncatalyzed, horizontal reactor-MBMS.
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Figure 3.7 Mass spectra collected for pine pyrolysis vapors at different stages of catalytic
upgrading demonstrating a changing pattern in evolution of compounds as the catalyst ages.

Catalytic fast pyrolysis (CFP) with zeolites upgrades biomass pyrolysis products to
hydrocarbons,29,36,46 however they suffer from low vyields due to high light gas
production and excessive catalyst coking.47 The molybdenum catalyst explored here has
low acidity as determined by ammonia TPD (Table S171) compared to zeolites, thus it will
partially deoxygenate pyrolysis products and can potentially form less coke. This
hypothesis was supported by a recent report from Mukarakate et al. where they found that

catalysts containing high acidity produced completely deoxygenated species.
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Alternatively, catalyst having low acidity produced partially deoxygenated species such as

furans, phenols and cresols.36
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Figure 3.8 a) Reconstructed spectra (unit-vector normalized) from MCR-ALS analysis for each
pure component (PC 1 through PC 3) of CFP of 44 pulses of pine pyrolysis vapors over 500 mg
of catalyst 2g-Mo, enlightening changes in the composition of the product streams as the catalyst
ages. b) Component scores plot from MCR-ALS analysis of CFP experiment illustrating the
dependency of each PC on the biomass-to-catalyst ratio.
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Fig. 3.7 show mass spectra recorded at different points of the CFP experiment using
2 g-Mo catalyst. In this experiment, sample holders containing 50 mg of pine were
pyrolyzed sequentially over a fixed bed of 0.5 g of 2 g-Mo catalyst. The pulses were fed
continuously until the primary vapors of pine pyrolysis began to appear in the spectra. After
the pyrolysis vapors of the first 50 mg of pine passed through the catalyst bed, a spectrum
different from that of uncatalyzed pine pyrolysis (Fig. 3.6) was obtained. As is also shown
in py-GCMS analysis, the upgraded spectrum of pine consists of furan m/z 68, methyl furan
m/z 82, dimethyl furan m/z 96, toluene m/z 92, xylenes m/z 106 and some light gases. The
furan derivatives could be formed from upgrading the pyrolyzed carbohydrate components
of pine while toluene and xylenes are predominantly upgraded vapors from the lignin
component of pine. The spectrum recorded for pulse 44 is similar to uncatalyzed pine
pyrolysis products (Fig. 3.6) implying that the catalyst is completely deactivated at this
point. However, the spectrum recorded for pulse 25 contains new peaks in addition to those
observed for pulse 1, indicating partial deactivation of the catalyst. The new species
included phenol m/z 94, cresols m/z 108, and methyl cresols m/z 122. These species could

be formed primarily from upgrading the lignin component of pine.?

Since we obtained 44 spectra and each spectrum contains tens to hundreds of
species, we used multivariate analysis to find trends in the data. Specifically, we are
interested in exploring product changes as catalyst deactivates during the sequential
pyrolysis of 44 pulses of pine biomass. We used the MCR-ALS approach, which has been
used in previous studies to mathematically extract pure components from data sets with
overlapping mass spectra obtained from catalytic upgrading of pine vapors using HZSM-

5 catalyst.?93>3%
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A data set prepared with dimensions of 44 pulses across the 100 product masses
with largest variance was selected for this analysis. The MCR-ALS analysis was optimized
for three pure components (PCs), which showed different catalyst activity on upgrading
biopolymers. The loadings for the three PCs are presented in Fig. 3.8a. PC1 is
approximately the same as the mass spectra derived for pulse 1. It contains intense furan
and furan derivative peaks including furan m/z 68, methyl furan m/z 82, and dimethyl furan

or furfural m/z 96.
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Figure 3.9 (a) Reconstructed spectra (unit-vector normalized) from MCR-ALS analysis for each
pure component (PC1 & PC2) of CFP of 44 pulses of cellulose over 500 mg of catalyst 2g-Mo,
enlightening changes in the composition of the product streams as the catalyst ages. (b)
Component scores plot from MCR-ALS analysis of CFP experiment illustrating the dependency
of each PC with biomass-to-catalyst ratio.
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We hypothesize that these species are formed from the carbohydrate components
of pine. Additionally, some low intensity peaks for phenol and cresols were also observed.
These products are clearly enhanced in PC2. This PC contains phenol and phenol
derivatives including phenol m/z 94, cresol m/z 108, methyl cresol m/z 122, and dimethyl
cresols m/z 136. PC3 is very similar to the mass spectra obtained for pulse 44, which

contains mostly primary vapors of pine pyrolysis.

The product distribution observed for molybdenum catalyst is different from
observations of HZSM-5 made by Mukarakate et al.?® This work studied the deactivation
of HZSM-5 during fast pyrolysis of pine. For HZSM-5, the PC1 contains completely
deoxygenated aromatic hydrocarbons, PC2 contains partially deoxygenated furans,

phenols and cresols, and PC3 contains pine primary vapors.

The scores plot for the three PCs as a function of biomass-to-catalyst ratio (Fig.
3.8b) exhibits the changing patterns of these molecules during deactivation of the catalyst.
Furans were the major products (PC1), then as more biomass vapors pass through the bed,
phenols and cresols (PC2) evolved as the dominant product over furans, and primary
vapors of pine pyrolysis (PC3) are the major products towards the end due to catalyst
deactivation. Furthermore, it was observed from the scores plot that the catalyst was fully
active until a biomass-to-catalyst ratio of 1.5. Catalyst deactivation is typically attributed
to deposition of carbonaceous species, commonly referred to as coke, on the catalyst. This
coke is physisorbed on the surface and within the pores of the catalyst, covering the active
catalytic sites and inhibiting further interaction of pyrolysis vapors with catalytic active

sites.
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Figure 3.10 (a) Reconstructed spectra (unit-vector normalized) from MCR-ALS analysis for
each pure component (PC1 and PC2) of CFP of 44 pulses of lignin over 500 mg of catalyst 2g-
Mo, enlightening changes in the composition of the product streams as the catalyst ages. (b)
Component scores plot from MCR-ALS analysis of CFP experiment illustrating the dependency
of each PC with biomass-to-catalyst ratio.
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CFP of cellulose. Following the investigation of pine pyrolysis in the presence or
absence of catalyst, we proceeded to investigate the individual biopolymers of pine
(cellulose, hemicellulose and lignin) to explore the relation between the evolved products
and the constituent biopolymers. Of the three biopolymers, we focused our work on
cellulose to represent carbohydrates and lignin. Unlike the component loadings plot for
pine, which has three PCs (PC1, PC2 and PC3) the loadings plot for cellulose contains only
two PCs as shown in Fig. 3.9a. PC1 of cellulose contains predominantly furans (furan m/z
68, methylfuran m/z 82, dimethylfuran m/z 96 and trimethylfuran m/z 110). This agrees
with our hypothesis that the furans were formed from the carbohydrate component of pine.
The scores plot in Fig. 3.9b shows that the catalyst was robust in producing furans until the
biomass-to-catalyst ratio reached 1.8. After this point the catalyst became deactivated,
furan formation dropped rapidly, and primary vapors for cellulose pyrolysis increased
rapidly (PC2). Significant reports in the literature can be found for the production of
furfural and 5-hydroxymethylfurfural (5-HMF) from cellulose or biomass, but no reports
were found for production of furans exclusively from cellulose.®1%124% In our case, 5-HMF
(m/z 126) and furfural (m/z 98) were observed during the fast pyrolysis of cellulose and
pine in the absence of a catalyst along with other primary vapors. Mukarakate et al.
reported the production of furans as intermediate products during the fast pyrolysis of
cellulose using HZSM-5 catalyst.?® During the fast pyrolysis of cellulose with HZSM-5
catalyst, completely deoxygenated aromatic hydrocarbons such as benzene, toluene,
xylenes, indene, and naphthalenes were the major products before the onset of catalyst

deactivation. Only at the onset of HZSM-5 deactivation were intermediate products
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identified including furans, phenols and cresols. However, in the presence of Mo-catalyst,

phenols and cresols were not as predominant as observed in HZSM-5 catalyzed pyrolysis.

CFP of lignin. The component loadings plot for lignin is shown in Fig. 3.10a. PC1
of lignin is composed of phenol and cresols, specifically phenol m/z 94, cresol m/z 108,
methyl cresol m/z 122, and dimethyl cresol m/z 136. PC2 is composed of lignin primary
pyrolysis products as shown in Fig. 3.6. The scores plot shown in Fig. 3.10b reveals that
phenol and cresols (PC1) form until a biomass-to-catalyst ratio of 1.3 was reached. Lignin
primary vapors (PC2) begin to breakthrough at a biomass-to-catalyst ratio of 1.4 indicating
that the catalyst is deactivated. Like cellulose, fast pyrolysis of lignin with HZSM-5
catalyst has produced aromatic hydrocarbons such as benzene, toluene, xylene and
naphthalene as major products when the catalyst is fresh. These products were not observed
with molybdenum catalyst as major products at any stage of catalyst reactivity. Once
catalyst deactivation had started with HZSM-5, partially oxygenated species such as
phenols and cresols evolved as intermediates.?® In summary, fast pyrolysis of cellulose and
lignin using molybdenum catalyst produced primarily partially oxygenated species such as
furans, phenols and cresols as the major products when the catalyst is fully active. These
same products were identified only as intermediates with HZSM-5 catalyst coinciding with

the onset of deactivation.

After the investigation of CFP of biopolymers lignin and cellulose, we concluded
that the catalyst deactivates more slowly with cellulose than with lignin as evidenced by
the biomass-to-catalyst ratios of 1.8 and 1.4, respectively. Even though the difference in
biomass-to-catalyst ratio appears small, when we consider the weight percentage of
primary vapors that pass through the catalyst, they are significantly different. The weight
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percentage of char measured for cellulose and lignin are 3.4 and 33 wt%, respectively.
These values are in agreement with values reported by Mukarakate et al.?® This indicates
that cellulose is producing 30 wt% more primary pyrolysis vapors than lignin, yet despite
this huge difference in primary vapor production, the catalyst deactivates at a higher
biomass-to-catalyst ratio for cellulose than lignin. Thus, the catalyst is losing its activity to
the lignin component of pine faster than cellulose. Interestingly, the biomass-to-catalyst
ratios for catalyst deactivation of pine and cellulose are nearly the same at 1.7 and 1.8,
respectively. This suggests that the lignin component in the pine is not deactivating the
catalyst to the same extent as it does as an independent biopolymer. This can be attributed

to the fact that the majority of pine is carbohydrate (65%) and the balance is lignin.

Effect of molybdenum loading on deactivation. Fig. 3.11, summarizes the
activity of catalysts containing different loadings of molybdenum towards fast pyrolysis of
cellulose, lignin and pine. 0.25 g-Mo, 1 g-Mo and 2 g-Mo catalysts were investigated for
cellulose fast pyrolysis, and their biomass-to-catalyst ratios for deactivation were found to
be 0.55, 1.3 and 1.8, respectively. To appreciate the difference in activity of the catalysts,
and the specific activity of catalysts towards cellulose, lignin and pine, we have replaced
the biomass-to-catalyst ratio term with biomass vapors-to-catalyst ratio. The amount of
primary vapors produced per unit weight for the pine, cellulose and lignin are quite
different and measured based on the char weight percentage (cellulose 3.4 wt%, lignin 33
wt% and pine 17.8 wt%). Thus, we translated the biomass-to-catalyst ratio of 0.55, 1.3, and
1.8 as biomass vapors-to-catalyst ratio 0.53, 1.26 and 1.74, respectively. The biomass
vapors-to-catalyst ratio increased with increasing molybdenum loading in the catalyst.

When normalized for molybdenum loading on each catalyst, the biomass vapors-to-
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catalyst ratios decreased for 0.25 g-Mo, 1 g-Mo and 2 g-Mo catalysts to 0.25, 0.5 and 0.5,
respectively. These values suggest that 0.25 g-Mo is the least efficient at upgrading, while
1 g-Mo and 2 g-Mo were equally efficient. This observation suggests that the active sites
in the 1 g-Mo and 2 g-Mo catalysts were equally accessible to the pyrolysis vapors. This is
also indicative of a lack of molybdenum agglomeration or sintering during the synthesis
and during the reaction progress for 1 g-Mo and 2 g-Mo. The poor efficiency of 0.25 g-Mo
requires further investigation. The biomass vapors-to-catalyst ratio of 2 g-Mo catalyst for
lignin and pine were observed to be 0.88 and 1.4, respectively; indicating that lignin is the
most resistant biopolymer to convert to desired products. The biomass vapors-to-catalyst
ratio for pine (1.4) is lower in comparison to cellulose (1.74), which can be attributed to

the presence of lignin in pine.

Quantification of pyrolysis products. To identify the specific products and
complement the results obtained from MBMS analysis, py-GCMS experiments were
carried out and yields for some of the major products were measured at a biomass-to-
catalyst ratio of 0.1. The list of products identified is presented in Table S3.1 As observed
in py-MBMS, the major products (furans, light gases, phenols and aromatics) were
identified from this experiment. Along with those compounds, olefins such as cyclobutene,
cyclopentenes, cyclopentadienes, and carbonyl compounds such as propenals, and
butenones were also identified. Of the several products that were identified by py-GCMS
we were able to calculate the yields for some furans (furan, 2-methylfuran, 2,5-
dimethylfuran), some phenols (phenol and m-cresol), and some aromatics (benzene,
toluene, and p-xylene) for all three catalysts. In all three catalysts, furans were identified

as the major products (~— 1 wt% of biomass) and molybdenum loading does not influence
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the distribution of products. Phenols and aromatics were found to be 0.1 wt% for all three
catalysts. Aromatics were found to be 0.04 wt% for 0.25 g-Mo and 1 g-Mo while it is 0.08

wt% for 2 g-Mo catalyst. Summary of this findings are presented in Table 3.2.
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Figure 3.11 Summary of biomass-to-catalyst ratios for deactivation of catalysts with different
molybdenum loading reacting with the pyrolysis vapors from biopolymers and pine.
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Table 3.2 Summary of weight percent of major products identified during fast pyrolysis of

pine using different catalysts.

Furansa |Aromatich Phenolsc
Catalyst
Wt%) | (Wm%) (Wt %)
0.25g-Mo 1.05 0.04 0.1
1g-Mo 0.96 0.04 0.1
29-Mo 13 0.08 0.1

*Furan, 2-methylfuran, and 2,5-dimethylfuran; °phenol and m-cresol; ‘benzene, toluene and p-
xylene.
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Figure 3.12 Effect of temperature on combustion of coke deposited on 2g-Mo catalyst retrieved
at the onset of deactivation for fast pyrolysis of pine.

Coke analysis. TGA analysis was performed to evaluate the amount of coke built
up on the catalyst. 2 g-Mo catalyst was subjected to pine fast pyrolysis vapors and removed
from the reactor at the biomass-to-catalyst ratio of 1.4 where the onset of catalyst

deactivation was observed. Similarly, the catalyst samples subjected to fast pyrolysis of
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cellulose and lignin were removed from the reactor at the biomass-to-catalyst ratio of 1.74
and 0.88, respectively. The amount of coke was determined by heating the sample in air to
780 °C and measuring the mass loss as shown in Fig. 3.12. The mass loss below 250 °C
(6.3%) was attributed to moisture and weakly adsorbed organic species, which is in
agreement with previous reports.27 Analysis of a fresh catalyst showed significant mass
loss (13%) below 250 °C and confirmed that the mass loss below 250 °C was not due to
coke. The mass loss for pine, cellulose and lignin are 16.9 wt%, 18.5 wt% and 14.5 wt%
(on a coke and moisture-free basis), respectively. The mass loss that occurred between 250
°C and 650 °C was attributed to coke deposited on the catalyst. From the char wt%
calculated for cellulose (3.4 wt%), lignin (33 wt%) and pine (17.8 wt%), it is evident that
cellulose produced significantly more pyrolysis vapors than lignin or pine and hence more
coke was deposited on the catalyst from fast pyrolysis of cellulose and the least amount of
coke was measured for lignin. Normalization of coke deposited on catalyst to amount of
biomass required for the onset of deactivation of catalyst for fast pyrolysis of pine, cellulose
and lignin was measured as 8.6, 8.9 and 9.9 wt%, respectively. These normalized results
show that lignin forms more coke, which supports the low biomass vapors-to-catalyst ratio

for deactivation in comparison to pine and cellulose.

3.5 Conclusions

Catalysts with different loadings of molybdenum on KIT-5 mesoporous silica
support were synthesized by a co-condensation method. Characterization studies indicated
that the incorporated molybdenum was in a trioxide form and homogeneously distributed
over the catalyst. When the catalyst was subjected to fast pyrolysis vapors from pine or

biopolymer cellulose it was highly selective for the production of furans, a valuable
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jet/diesel fuel precursor. Catalysts 1 g-Mo and 2 g-Mo performed better than 0.25 g-Mo
towards biomass conversion. Lignin formed more coke on the catalyst (g coke/g biomass)
leading to rapid catalyst deactivation. The influence of pore-size and pore structure on
catalytic activity and strategies to improve the yield of furans with this catalyst are

currently under investigation.
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3.6 Supplementary Information

Table S1: Total acidity of catalysts evaluated from NH3-TPD and Bronsted and Lewis
acidity based on pyridine DRIFTS and ammonia chemisorption

Catalyst Total Acidity Bronsted Acidity Lewis Acidity
(pmol g'1) (pmol g'1) (pmol g1)
0.25g-Mo 55 2 53
1g-Mo 77 1 76
20-Mo 98 2 96
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Table S2: Elemental composition of catalyst from EDS Analysis

Catalyst Oxygen (wt %) | Silicon (wt %) | Molybdenum (wt %)
0.25g-Mo 32.7+6.8 61.1+5.7 6.1+1.9
1g-Mo 30.8+8.6 66.1 + 8.6 31+05
2g-Mo 31.8+11.38 63.0+14.7 5.2+8.0

Table S3: List of compounds identified by py-GCMS through fast pyrolysis of pine using

2g-Mo catalyst at biomass to catalyst ratio of 1:10

m/z Compound Structure
16 methane CH,

18 Water H,O\H
40 Propyne _
42 Propene XN

44 Acetaldehyde -0

44 Carbon dioxide o—c—o
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Table S3 continued.

54 Cyclobutene g
56 2-propenal O~
58 Acetone )?\
60 Acetic acid O
)I\OH
66 1,3-cyclopentadiene @
66 1-Buten-3-yne, 2-methyl- )\
)
68 Furan o
\/
70 2,3-dihydrofuran o
\
70 3-buten-2-one o
\)]\
70 2-butenal 07 F >~
72 2-butanone \)0]\
74 Propanoic acid O

-

OH
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Table S3 continued.

78 Benzene O
78 Cyclopenetene, 1-methyl- @/
80 1,3-cyclopentadiene,  1- @/
methyl-
82 Furan, 2-methyl- C7/
\_/
84 3-buten-2-one, 3-methyl- > fO
84 3-penten-2-one o
/\)I\
86 Butyrolactone @éo
94 Phenol ©/0H
96 Furan, 2,5-dimethyl- \G/
"
96 Furfural o /0
\ /
96 2-cyclopentene-1,4-dione ¢}

s




Table S3 continued.

methylethyl)-

96 2-cyclopenten-1-one,  2- o
methyl- é/
106 p- xylene /@/
108 Phenol, 3-methyl- HO\©/
116 Indene
118 Benzofuran O
/
130 1H-Indene, 1-methyl- ;
134 Benzene, 1-methyl-4-(1-
methylethyl)-
134 Benzene, 1-methyl-2-(1- ©i(




Table S3 continued.

170 Naphthalene, 1,4,6,-
trimethyl- OO
234 Phenanthrene, 1-methyl-7-

(1-methylethyl)- C

—+— 2g-Mo
—=— 1g-Mo
—— 0.25g-Mo
® AA A A A A A A A A A
g
2
<)
=
=2
3
Z
R = =as e s S & = = S
\ \ \ | | \ \ \
5 10 15 20 25 30 35 40

Pore Diameter (nm)

Figure S1. Pore size distribution profiles of all three catalysts calculated by the
BJH method.
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/ \ —0.25g-Mo
/ == 1 g-Mo
/ ,/”\‘\\\ — - 2g-Mo

200 300 400 500
Temperature (°C)
Figure S2. Temperature programmed desorption profile of ammonia for

the catalysts investigated for fast pyrolysis of biomass and its biopolymers
cellulose and lignin. Profiles are offset for clarity

silicon molybdenum

Figure S3. EDS mapping of 1g-Mo catalyst particles used to measure dispersion of active
species within the catalysts.
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Figure S4. Nitrogen adsorption and desorption isotherm of KIT-5 mesoporous
silica support.
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CHAPTER 4

UPGRADING BIOMASS PYROLYSIS VAPORS OVER -
ZEOLITES: ROLE OF SILICA-TO-ALUMINA RATIO

Paper published in Green Chemistry

Calvin Mukarakate,® Michael J. Watson,” Jeroen ten Dam,? Xavier Baucherel,? Sridhar
Budbhi, ¢ Matthew M. Yung,? Haoxi Ben,? Kristiina lisa,* Robert M. Baldwin,? and Mark
R. Nimlos.?

4.1 Abstract

The conversion of biomass primary pyrolysis vapors over several -zeolites with
silica-to-alumina ratios (SAR) varying from 21 to 250 was carried out in a flow
microreactor to investigate the effect of number of acid sites on product speciation and
deactivation of the catalyst. Experiments were conducted using a horizontal fixed bed semi-
batch reactor in which up to 40 discrete 50 mg boats of biomass were pyrolyzed and the
vapors upgraded over 0.5 g of the catalyst. Products were measured with a molecular beam
mass spectrometer (MBMS). These studies were complemented using a tandem
micropyrolyzer connected to a GCMS (py-GCMS) for speciation and quantifying the
products. In the py-GCMS experiments, several 0.5 mg loads of pine were pyrolyzed
sequentially and the vapors upgraded over 4 mg of catalyst. In all of these experiments,
real-time measurements of the products formed were conducted as the catalyst aged and

deactivated during upgrading. The results from these experiments showed that: (1) fresh
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catalyst for B-zeolites with lower SAR (more acid sites) produced primarily aromatic
hydrocarbons and olefins with no detectable oxygen-containing species; (2) a suite of
oxygenated products was observed from fresh catalysts with high SAR (few acid sites),
indicating that 0.5 g of these catalyst materials did not have sufficient acid sites to
deoxygenate vapors produced from pyrolysis of 50 mg of pine. This suite of oxygen
containing products consisted of furans, phenol and cresols. The amount of coke deposited*
on each catalyst and the yield of aromatic hydrocarbons increased with the number of acid
sites. However, while the catalysts were active, the biomass selectivity towards coke and

hydrocarbons remained essentially constant on the catalysts of varying SAR.

4.2 Introduction

The conversion of biomass into liquid transportation fuels has attracted significant
attention because of depleting fossil fuel reserves and environmental concerns resulting
from the use of fossil fuels. Biomass is a renewable resource, which is abundant worldwide
and can potentially be exploited to produce transportation fuels that are less damaging to
the environment. This renewable resource consists of cellulose (40-50%), hemicellulose
(25-35%), and lignin (16—-33%) biopolymers in addition to smaller quantities of inorganic
materials such as silica and alkali and alkaline earth metals (calcium and potassium). Fast
pyrolysis is an attractive thermochemical tech nology for converting biomass into
precursors for hydrocarbon fuels because it produces up to 75 wt% bio-oil* which can be
upgraded to feedstocks and/or blendstocks for further refining to finished fuels. Bio-oil that
has not been upgraded has limited applications because of the presence of oxygen-con-

taining functional groups, derived from cellulose, hemicellu- lose and lignin, which gives
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rise to high acidity, high viscosity, low heating value, immiscibility with hydrocarbons and
aging during storage.’® Ex situ catalytic vapor phase upgrading is a promising approach
for improving the properties of bio-oil. This process occurs when the primary pyrolysis
vapors are passed over catalysts at elevated temperature and near-ambient pressure before
condensation. The goal of this process is to reject oxygen and produce a bio-oil with

improved properties for subsequent downstream conversion to hydrocarbons.

Several forms of zeolites (ZSM-5, Y-zeolite, mordenite, ferrierite and f-zeolite)
have been investigated previously for upgrading of biomass pyrolysis vapors to produce
aromatic hydrocarbons.” These studies reported low yields of hydrocarbons, high light
gas production, and high coking rates resulting in rapid deactivation of the catalyst, all of
which represent significant technical and economic barriers towards commercial

deployment of bio-oil in the transportation fuels industry.

In order to improve the yield of upgraded products and reduce coke formation
previous researchers investigated the effect of zeolite structure and properties on upgrading
of bio- oils and vapors from biomass pyrolysis. For example, zeolites with different pore
sizes and pore structures were investigated by Vitolo et al.3%3! who proposed that the active
sites were Brgnsted acid sites, with the upgrading chemistry acting through a carbonium
ion mechanism to promote deoxygenation of the bio-oil as well as cracking,
oligomerization, alkylation, isomerization, cyclization and aromatization. Carlson et al.3®
tested five catalysts for upgrading biomass pyrolysis products and reported that Brgnsted
acid sites were necessary for production of aromatics. They also reported that Y-zeolite, -
zeolite and silica-alumina catalysts were best for producing small aromatics, such as

benzene and toluene, whereas HZSM-5 and silicalite catalysts were optimal for producing
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larger aromatics such as naphthalene and indane. Piitiin et al.25 upgraded biomass vapors
using natural zeolite, ZSM-5 and HY zeolites. They found that zeolites with larger pore
sizes and lower silica-to-alumina ratios (SAR) had higher activities, which caused coking,

tar formation and low oil yields.

Ben et al.>” examined the influence of SAR of the ZSM-5 on the properties of lignin
pyrolysis products. They found that HZSM-5 zeolites with a relatively higher SAR were
more effective at the elimination of methoxyl groups, cleaving ether and aliphatic C-C
bonds, and dehydration of aliphatic hydroxyl groups during pyrolysis. Ben et al.38 also
tested five different zeolites (HZSM-5, faujasite, B-zeolite, ferrierite, and mordenite) and
found that the bio-oil obtained using B-zeolite contained 80% less methoxyl groups, and
the average molecular weight of upgraded pyrolysis oil decreased by more than 60%
compared to non-catalytic pyrolysis. The final product had a molecular weight that was

close to the gasoline range (80-120 g mol ™).

Aho et al.*® investigated the influence of different structures of acidic zeolites (-
zeolite, Y-zeolite, HZSM-5 and mordenite) during vapor phase upgrading of pine pyrolysis
products. Their results showed that the chemical composition of the resulting oil depended
on the structure of the acidic zeolite; however, the yield of oil was only slightly dependent
on the structure. In another study, Aho et al.** investigated the influence of acidity for B-
zeolites on the yield and the chemical composition of upgraded bio-oils by changing the
silica-to- alumina ratio (SAR 25, 150 and 300). They found that higher acidity (low SAR)
B-zeolites produced less organic oil, and more water and polyaromatic hydrocarbons
(PAHS). The organic oils produced from upgrading pine pyrolysis vapors using these three

B-zeolite catalysts were composed of aldehydes, acids, alcohols, ketones, phenols, and
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PAHSs. These same compounds (with the exception of the PAHS) were also found in the
organic oil produced from passing pine vapors over quartz sand. Levoglucosan was also
found in the organic oil for B-zeolite with a SAR of 300. In their study the biomass-to-
catalyst ratio was high, 2.5, which could be high enough to cause breakthrough of some of

the primary pyrolysis products.

The objective of this work is to determine the effect of acid sites on product
distribution, yields and coking during vapor phase upgrading of pine pyrolysis products.
This was achieved by testing a suite of 3-zeolites with widely varying silica-to- alumina
ratios (SAR = 21, 25, 38, 75, 250) using real-time measurement of the composition of the
upgraded pyrolysis vapors to track product composition and catalyst deactivation. In an
earlier study*! it was demonstrated that the different levels for deactivation of HZSM-5
catalyst, which is related to the biomass-to-catalyst ratio, impacts product distribution
during upgrading of biomass pyrolysis vapors. This catalyst completely deoxygenates
biomass vapors to form olefins and aromatic hydrocarbons until a biomass-to-catalyst ratio
of approximately 0.2 (w/w). At a biomass-to-catalyst ratio of 0.3 a suite of products
comprising furans, phenol and cresols were observed. Finally, the primary vapors started
to breakthrough at a biomass-to-catalyst ratio of 0.6. HZSM-5 has a three dimensional pore
system consisting of straight 10 member ring 5 x 5 A2 channels linked by sinusoidal
channels.®**2 Due to differences in pore structure and other morphological features, we
hypothesized that B-zeolites would give different products with respect to the level of
deactivation. In order to investigate the effect of pore structure on product distribution and
coking, in this study we investigated the effect of B-zeolites on upgrading of pine pyrolysis

vapors. B-zeolites have a three dimensional pore structure comprising a 12 ring channel
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with 7.5 x 6.5 A2 pores plus two perpendicular 12 ring channels with 7.5 x 6.5 A% and 5 x
5 A? pores.®*“? These characteristics represent a different channel structure plus larger

pores than HZSM-5.

4.3 Experimental Section

Materials: Southern yellow pine supplied by Idaho National Laboratory (INL) and
ground to fine powder (120 um) was used as biomass in the experiments. The elemental
analysis of this feedstock shows that it contains 52% carbon, 41% oxygen, 6% hydrogen

and less than 1% nitrogen. The water content was 2.9%.

The B-zeolites used in this study were in powder form (sieved to 38—150 pum) and
supplied by Johnson Matthey PLC and are commercially available in the ammonium form.
The acid form was obtained by calcination in flowing air (3 I min?) before use with heating
at 1 °C min™ to 70 °C and holding for 4 hours. The catalyst was then heated at 1 °C min!
to 110 °C and held at this temperature for 4 hours. Finally the catalyst was heated at 1 °C

min~1 to 500 °C and held for 4 hours before cooling to room temperature.

Characterization of catalysts

Nitrogen physisorption. The samples were analyzed on a Micromeritics 2420
physisorption analyzer using nitrogen gas at 77 K to measure an adsorption—desorption
isotherm comprising approximately 63 adsorption and 40 desorption data points. The
adsorption isotherm covered the relative pressure range of 0.003 to 0.995 and the final
desorption point was taken at approximately 0.005P/Po. The samples were pre-treated
under vacuum at 350 °C for 16 hours on the instrument degas stations prior to analysis

before transferring to the analysis ports. Non return seal frits were used to stopper the tubes
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to prevent the ingress of air during re-weighing and transfer. Approximately 63 adsorption
and 40 desorption data points were taken. The Rouquerol method was used to determine

the best range of linearity for the BET equation to yield the apparent BET surface area.

X-ray diffraction (XRD). The B-zeolite phases were confirmed using XRD on a

Bruker D8 spectrometer. The spectra were recorded with a Cu Ko emission wavelength of

1.5406 A at 0.02 20 s,

NHs temperature-programmed desorption (TPD). In order to quantify the
number of acid sites on the catalyst materials, NHs TPD was conducted with the assumed
stoichiometry of one NH3 molecule adsorbed per acid site. Catalyst samples (200 mg) were
loaded in a quartz U-tube and evaluated on a micro-flow reactor system (AMI-390)
equipped with a thermal conductivity detector. Catalysts were pretreated by heating in 10%
O2/Ar to 500 °C and held for 60 min, and then cooled to 120 °C in He flow following which
the adsorption step was performed. This consisted of flowing 10% NHs/He for 30 min at
120 °C, followed by flushing with He. The TPD was performed by heating at 30 °C min!
from 120-500 °C, with a 30 min hold at 500 °C. The gas flow rate in all steps was 25 sccm.
A sample loop of known volume was used to calibrate the thermal conductivity detector

(TCD) response for NHs, and quantify the amount of NH3 desorbed from the samples.

Pyridine-IR. Comparative characterization of the Brgnsted and Lewis acid sites in
the B-zeolites was carried out using transmittance FTIR measurements in the 4000-1200
cm—1 spectral range. FTIR transmittance measurements were performed at ~30 °C using
self-supported disks activated at 450 °C for 6 hours in vacuum (with a temperature ramp

of 1 °C min—1). FTIR spectra were collected using a Nicolet Protege 460 spectrometer at
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a 2 cm—1 resolution (0.96 cm—1 data spacing). The spectra were analyzed using the Omnic
software from Nicolet. Accuracy of the maximum positions was estimated to be +1 cm—1
for vO—1 lines. Acidic properties of the samples were evaluated using temperature
programmed desorption of pyridine monitored spectroscopically. An excess of pyridine
was admitted into the transmittance cell at a specified temperature, 150 °C in this work, in
a stepwise manner until no changes were observed in the spectra. The saturated sample was
then evacuated for 5 min at 150 °C to remove physically adsorbed pyridine and the FTIR
spectrum collected. The intensity of the Lewis and Brgnsted acid peaks at approximately
1455 and 1545 cm?, respectively, were obtained at 150 °C, and the ratio of Brgnsted to
Lewis acid sites was used in conjunction with the total acidity obtained via NH3 TPD to

generatethe reported Brgnsted and Lewis acidities for the catalysts.

Horizontal reactor-MBMS

A semi-batch reactor system was used to study deactivation of the suite of [3-
zeolites; a detailed description of this system has been reported previously.*! This reactor
is a horizontal quartz annular flow tube in which boats of biomass are pyrolyzed and the
vapors flow through a fixed catalyst bed. The products are measured with a molecular beam
mass spectrometer (py- MBMS).° Pyrolysis and vapor upgrading takes place in the inner
tube where the vapors were entrained in a 0.4 sIm flow of helium. The flow in the inner
tube is diluted with a 4 sim helium stream from the outer tube in order to dilute the products
and minimize secondary reactions before the vapor stream is sampled by the MBMS

orifice. The reactor is heated to the desired temperature using a five-zone furnace.
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The catalyst bed was prepared by suspending the catalyst on quartz wool. The
integrity of the bed was checked by measuring the pressure drop across the bed both at
room temperature (~9 torr) and at 500 °C (~31 torr). During the experiment, quartz boats
containing 50 mg of pine were introduced at a rate of approximately one every 120 seconds
into the pyrolysis zone of the inner tube which was maintained at 500 °C. Approximately
40 boats were consecutively pyrolyzed during a typical experiment using a fixed bed of 0.5
g B-zeolite catalyst. Each pulse of pyrolysis vapor lasted for about 60 seconds, and
assuming a 60% pyrolysis vapor yield, the weight hourly space velocity is estimated to be
about 3.6 h™™. The catalytically upgraded vapors resulting from each periodic addition of

biomass were then sampled by the MBMS orifice.

The MBMS!7- 19414344 has heen shown to be effective for direct, real-time analysis
of biomass pyrolysis and vapor phase upgrading. The universal detection afforded by mass
spectrometry allows measurement of the entire complex suite of molecules produced
during pyrolysis and upgrading. Molecular beam sampling enables direct measurements
from hot, dirty environments with better than 1 second time resolution. With this time
resolution, transient catalyst behavior and deactivation can be directly monitored. The
adiabatic cooling in the molecular beam and the low ionization energy (22.5 eV) greatly
reduces fragmentation, which simplifies the spectra of the products. The disadvantages of
the MBMS are: (1) it collects very complex product spectra that are often best analyzed
using multivariate analysis techniques as described below and; (2) it is difficult to
distinguish different ions with the same nominal mass. As discussed below, in this study
we used complementary GCMS data to identify some of the products in order to resolve

this ambiguity.
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In the MBMS the upgraded vapors and gases undergo adiabatic expansion through
an orifice (250 um) into a vacuum chamber (~100 mtorr). This expansion cools the gas
and the cooled gas is skimmed into a molecular beam, which is ionized by 22.5 eV electron
impact. The positive ions are then measured using a quadrupole mass spectrometer. A mass
spectrum with an m/z range of 10-500 is collected every second. A small, precisely

controlled flow of argon (40 sccm) mixed with He carrier gas is used as a tracer gas.

Multivariate analysis of MBMS spectra. Multivariate analysis was used to
identify groups of mass spectral peaks that were correlated in the product vapors and to
track their trends as the catalyst deactivated. We used the multivariate curve resolution
optimized by alternating least squares (MCR-ALS) routine available in the statistical
analysis software package The Unscrambler (Camo Software AS, version 9.7). In our
analysis, we included constraints for producing non-negative concentration profiles and
non-negative mass spectra. We did not apply constraints for unimodality and equality in
concentration profiles so that the variation of relative concentrations for pure components
(PCs) with biomass-to-catalyst ratio represents the data accurately. Further details on the
application of multivariate analysis on biomass pyrolysis and gasification can be found

elsewhere,17:41:44:45

Tandem micropyrolyzer-GCMS

A tandem micropyrolyzer (Rx-3050TR, Frontier Laboratories, Japan) equipped
with an autosampler (AS-1020E) and a micro- jet cryo-trap (MJT-1030EX) coupled to a
GCMS was used to complement the py-MBMS vapor phase upgrading experiments. The

micropyrolyzer consists of two heating zones, one for pyrolysis and another for catalytic
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vapor phase upgrading of the pyrolysis products. Pine samples loaded in deactivated
stainless steel cups were automatically dropped in the pyrolysis zone using the
autosampler. A fixed bed of the catalyst was placed in the vapor phase upgrading zone. A
liquid nitrogen trap was placed after the upgrading zone to adsorb the product vapors which
were subsequently desorbed into the inlet of the GC (7890B, Agilent Technologies, USA)
interfaced with the MS (5977A, Agilent Technologies, USA). To monitor deactivation of
the B-zeolites, several 0.5 mg samples were pyrolyzed consecutively and the vapors were
passed through a fixed bed containing 4 mg catalyst until the total biomass-to-catalyst ratio
was ~2 (w/w). During the experiment, products from the pyrolysis zone (500 °C) entrained
in He carrier gas flowed through the upgrading zone (500 °C) and then through the liquid
nitrogen trap (—196 °C). Some non-condensable light gases passed through the trap, but
condensable gases and all condensable vapors were adsorbed. The trapped gases and
vapors were separated in a capillary column (Ultra Alloy-5, Frontier Laboratories, Japan)
with a 5% diphenyl and 95% dimethylpolysiloxane stationary phase. The liquid nitrogen
trap was housed inside the GC oven, which was programmed as follows: hold at 40 °C for
2min then ramp to 325 °C at a rate of 10 °C min™L. The separated upgraded species were
identified using the NIST GCMS library. Some products were identified by comparing the
retention times and mass spectral fragmentation patterns to standards that were injected
separately. A smaller set of 9 compounds was used to calibrate the instrument to allow for

quantification.

Coke analysis

The amount of coke deposited on the catalyst was measured by thermogravimetric
analysis in a TGA Instruments Q500 analyzer. The spent catalysts were heated in air at 20
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°C min* from 25 °C to 850 °C. The mass loss from 250 to 850 °C was attributed to coke
and that below 250 °C was due to water and weakly adsorbed organic species. Extraction
of coke from spent catalysts using CH2Cl> was attempted, but did not yield detectable

quantities of soluble material.

4.4 Results and discussion

4.4.1 Catalyst characterization
The results for characterization of each of the five -zeolites (SAR 21, 25, 38, 75

and 250) are shown in Table 4.1. The pore volumes, pore size distributions and BET surface
area were determined from nitrogen physisorption. The crystallite sizes were calculated
using the Scherrer equation. These data confirmed that all five zeolites were of the f-zeolite
phase and had similar crystallite sizes. The total acid sites were measured using NHz TPD.
As expected, the number of total acid sites was found to increase with decreasing SAR.
The Brgnsted and Lewis acid sites were determined from pyridine IR. Table 4.1 shows the

results from pyridine-IR.

4.4.2 Py-MBMS
Pine VPU using zeolites. Upgrading of pine pyrolysis vapor over zeolites can lead

to significant simplification of the vapor product suite and oxygen rejection. Fig. 4.1
compares mass spectra obtained from raw pyrolysis vapors and from a single boat of
biomass run through the horizontal reactor containing fresh 0.5 g of SAR 25 beta zeolite.
The molecular species in the raw pyrolysis vapor mass spectrum in Fig. 4.1A have been
identified in numerous previous publications, and include organic acids, esters, aldehydes,
alcohols, furans, sugars and anhydrosugars, phenolics and substituted aromatics.!’-28:4647

Nearly all of the molecules in the pyrolysis vapors contain at least one oxygen atom and
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Table 4.1 The characterization of physical adsorption, acidity and crystallinity of five B-zeolites
and the effect of acid sites of B-zeolites on de- activation, coke and aromatic yields

@-zeolite SAR 21 SAR 25 SAR 38 SAR 75 SAR 250
BET (m2/g) 657.2 619.6 671.6 615.1 598.9
Vpore (mL/g) 0.87 1.04 0.35 1.01 0.44
Dpore (A) 53 67 21 66 30
Crystallite size (nm) 7.3 6.9 8.2 7 7.9
Acid sites by NH3 TPD (mmol/g) 1.7 1.24 0.98 0.53 0.2
Biomass-to-catalyst ratio Intermediates 0.5 0.6 0.4 0.2 0.1
breakthrough
Primary vapors 1.1 1.1 0.8 0.6 0.5
breakthrough
Complete deactivation 2 2 1.6 1.4 1.2
Coke formed at the end of the experiment (g) 0.14 0.13 0.11 0.10 0.08
Coke formed before primary breakthrough (g) 0.11 0.09 0.07 0.06 0.04
Yield of coke at breakthrough of primary vapors (g 0.20 0.17 0.18 0.20 0.16
coke/g biomass)
Integration of one-ring aromatics before 13.7 119 8 7.7 3.8
breakthrough of primary vapors (x 1010 counts)
Yield of one-ring aromatics when primary vapors 1.5 1.2 1.1 1.9 0.9
appear (x 1010 counts/g-pine)
Coke formed per acid site before breakthrough of
primary vapor (g coke/mmol) 0.13 0.15 0.15 0.23 0.40
Yields of aromatics per site before breakthrough of
primary vapor (x 1010 counts/mmol) 16 19 16 29 38
Yield of aromatics per gram of coke formed (x 1010
counts/g coke) 125 127 111 128 95

there are hundreds of individual species. In the mass spectrum of the upgraded vapors shown
in Fig. 4.1B, the number of products is greatly reduced and, as shown below, none of the
organic species identified contain oxygen. The organic molecules in this spectrum are
primarily small olefins, benzene, alkylated benzenes, naphthalene, alkylated naphthalenes,
anthracene and alkylated anthracenes. The identities of these products were confirmed with

the GCMS system. The mass-to-charge ratios (m/z) of some of the more intense peaks in the
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mass spectra have been identified and the number of observed peaks indicates the total
number of products. For the spectrum of the raw vapors, 186 mass spectral peaks between

m/z 10 and 210 have intensity greater than 1% of the maximum while for the

Xloj 43 Pine Pyrolysis Products
137
5_
28 126 180
124 150
55 og 110 164
18 69 31 114

el ‘I bl bkl
FEUI TP |11 T
7]
= 91
@]

Boat 1 (upgraded)

44 106

18 128 142
156

28 -3
120

| 170178 192

I 1 L .

42
I ..|||| ||5|6|| dl_ i .‘l I|| I 1
0 e e e e B E— o —

20 40 60 80 100 120 140 160 180 200
m/z

Figure 4.1 A) Mass spectrum of raw pine pyrolysis vapors and B) the products from upgrading
these vapors over a fresh B-zeolite (SAR 25) using the horizontal reactor-MBMS system at
500°C.

upgraded spectrum there are only 54 peaks above this threshold. This shows how the
complexity and number of products are greatly reduced by upgrading as is consistent with

observed experimental results.”>4! Though vapor phase upgrading using a fresh catalyst
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can significantly reduce the complexity and the amount of oxygen in the pyrolysis
products, the yields of observed oils are typically low. Experimental yields of oil from
upgrading using fresh catalyst are normally about 10—15%.14324147 This is a result of the
buildup of carbon on the catalyst, generally referred to as coke, and losses due to light gas
formation. In order to optimize the oil yields and minimize the formation of oxygenated
products, it is necessary to understand the deactivation process. Thus, we investigated the
mass spectra of vapor phase products during sequential introduction of pyrolysis vapors

over a fixed bed of the SAR 25 catalyst.

x10° m/z = 126, 137, 164 ¢
LUUUULUULUUUUUUUUR

lon Signal
<

m/z=178,92, 106
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Figure 4.2 lon signals for mass spectral peaks from Fig. 4.1 during the vapor phase upgrading of
pyrolysis of 40 boats, each containing 50 mg of pine, and the vapors passed over a fixed bed
containing 0.5 g B-zeolite (SAR 25). The pulses in (A) are from the raw pyrolysis spectrum, while
the pulses in (B) are from the upgraded products.
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Fig. 4.2 shows the variation of selected mass spectral peaks from Fig. 4.1 with each
subsequent sample boat pyrolyzed. The sums of peaks at m/z 78, 92 and 106, likely
benzene, toluene and xylenes, represent the upgraded products as shown in Fig. 4.1B, while
the peaks at m/z 126, 137 and 164 (5-hydroxymethylfurfural, 4-methylguaiacol and
isoeugenol17) are peaks from the raw pyrolysis vapor spectrum, Fig. 4.1A. Each 50 mg

boat resulted in a pulse of ion signal for these different species.
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Figure 4.3 Averaged mass spectra for pyrolysis and upgrading of pine vapors recorded from
boats 5, 11 and 40 (B-zeolite with SAR 25).
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The intensities of the selected upgraded products (Fig. 4.2B) remain constant with each
subsequent boat until boat 5 (biomass-to-catalyst ratio of 0.5), and then start to decrease.
The two- and three-ring aromatic products, m/z 128, 142, 156, 170 (naphthalene, methyl
naphthalene, dimethyl and tri- methyl naphthalenes) and m/z 178, 192 and 206 (anthracene
and methyl- and dimethyl anthracenes) shown in Fig. 4.1B increase from boat 1 to boat 5,
then decrease. This is shown in Fig. S1 in the ESI.¥ Note that the species m/z 170, 178,

192 and 206 are negligible in the first pulse as shown in Fig. 4.1B. These species are more
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Figure 4.4 Reconstructed spectra for each pure component (PC 1 to PC 3) from MCR-
ALS analysis of upgrading pine vapors over B-zeolite (SAR 25) revealing changes in the
composition of the product stream as the catalyst deactivates. Note: the reconstructed
spectra are unit-vector normalized.

prominent than was seen in studies using HZSM-5,41 which is likely a result of the larger

pore sizes of the P-zeolite compared to HZSM-5 (5.95 A vs. 4.7 A).*? The multi-ring
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compounds are also likely precursors to the for- mation of graphitic coke on the catalyst.
After boat 5, oxygenated molecules start to breakthrough and the activity decreases. The
peaks for the raw pyrolysis pro- ducts were nearly absent during boat 1, and then gradually
increased until about boat 30, where the signal leveled off indicating that the catalyst is
fully deactivated due to the buildup of carbon on the catalyst as more biomass vapors pass
through the bed. After about 30 boats, the catalyst is completely deactivated and the
products mass spectrum is very similar to that obtained for raw pyrolysis vapors, Fig. 4.1A.
In effect, these experiments illustrate the changes in products during deactivation of the

upgrading catalyst.

Fig. 4.3 shows additional mass spectra averaged at different points of the
experiment, revealing the chemical changes in the products as the catalyst ages. The vapor
composition for boat 1 in Fig. 4.1B and boat 5 in Fig. 4.3 consist of mostly deoxygenated
hydrocarbons (olefins and aromatics). Inspection of the peaks seen in Fig. 4.1B (boat 1)
and 3C (boat 5) show that as the catalyst ages, more 2- and 3-ring aromatic species are
present in the product vapors. For instance methyl naphthalenes (m/z 142), dimethyl
naphthalenes (m/z 156), anthracene and alkyl anthracenes (m/z 178, 192, 206) are all more
intense in Fig. 4.3C than Fig. 4.1B. The increased presence of these compounds in the
products could be due to a change in catalyst selectivity by deactivation, or simply
expulsion of these compounds from the catalyst due to a buildup of material in the catalyst
pores such that larger molecules can no longer be accommodated. Other researchers have
suggested that B-zeolites are the best catalysts for upgrading biomass to form small
aromatics, such as benzene and toluene.® The data in Fig. 4.1 and 4.3 show that this is true

when the biomass-to-catalyst ratio is low. The mass spectrum that results from boat 40
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(biomass-to-catalyst ratio of 4) consists of peaks that are similar to those in the pine primary
vapors, suggesting complete deactivation. As can be seen in Fig. 4.3A, many of the
prominent peaks in this spec- trum are also seen in Fig. 4.1A for the raw pyrolysis vapors.
There are a few notable exceptions such as m/z 180, which is likely coniferyl alcohol and
m/z 60, which is acetic acid or hydroxyacetaldehyde. These compounds could react with

the carbonized, deactivated catalyst and be removed from the product stream.

—3- Pine primary vapors
—A— Furans, phenol, cresol and lignin vapors
—&— Hydrocarbons (aromatics and olefins) A Bg

6 . L &
10 Component scores (relative signal)

0.5 1.0 1.5 2.0 25 30 35 4.0

Biomass-to-catalyst ratio

Figure 4.5 The component scores from MCR-ALS analysis of vapor phase upgrading experiment
showing the dependency of each PC with biomass-to-catalyst ratio for B-zeolite with SAR 25.
The loadings spectra are shown in Fig. 4.3.
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The spectrum collected during the introduction of boat 11 shows that the products
observed during partial deactivation are not a simple combination of the products measured
when the catalyst is fully active and when it is deactivated. The spectrum for boat 11
(biomass-to-catalyst ratio of 1.1) consists of products with peaks found in spectra for both
boats 1 and 40, plus additional new peaks. Note the prominence of the peaks in Fig. 4.3B
at m/z 94, 108 and 122 (phenol, methyl phenols and dimethyl phenols) and at m/z 68, 82
and 96 (furan, methyl furans and dimethyl furans). The trends of these species along with
aromatics, and the raw pyrolysis products are shown in Fig. S2, in ESL.{ The mass spectral
peaks for the phenols and furans grow faster with added biomass than the peaks for the raw
pyrolysis products. We hypothesize that these species are intermediates in the
deoxygenation process and that they desorb without further deoxygenation as the

micropores of the catalyst start to become filled with coke and coke precursors.

In order to more accurately identify product trends occur- ring during catalyst
deactivation, we employed multivariate analysis (MCR-ALS) for a dataset containing all
of the mass spectra over an 80 min window for each of the 40 pulses shown in Fig. 4.2.
MCR-ALS has been applied to mathematically decompose data with overlapping mass
spectra during vapor phase upgrading of biomass pyrolysis products using HZSM-5,* and
the theory of MCR-ALS analysis can be found elsewhere.l’*> The MCR-ALS analysis
produces two outputs: (1) a loadings plot, which groups products (mass spectral peaks) that
are correlated, and; (2) a scores plot, which shows how the grouped mass spectra (loadings
plot) changes during the course of the experiment. The top 130 out of 500 masses with the
largest variances were selected for this analysis, resulting in a data set with dimensions of

40 boats x 130 masses. The MCR-ALS analysis was optimized to produce three pure
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components (PCs). Increasing the PCs beyond three did not cause a significant change in
the residual error. Fig. 4.4 shows the loadings plots for these three PCs. As can be seen, PC
1 contains deoxygenated hydrocarbons similar to the mass spectrum recorded for boat 5.
This is the mass spectrum obtained when pine pyrolysis vapors were passed over fully

active catalyst.

PC 3 contains pine primary vapors similar to the spectrum for boat 40. This is the
mass spectrum obtained when pine primary vapors were passed over a deactivated catalyst.
PC 2 contains mass spectral peaks for furan, phenol, methylated furans and phenols
discussed above as well as benzofuran m/z 132, catechol m/z 110, methoxyphenol m/z 124
and methyl methoxyphenol m/z 138. Phenols and furans arise from reactive intermediates
formed during upgrading of pine vapors with the catalyst.** Thus, PC 1 contains products
formed from a fully active B-zeolite, PC 2 contains oxygenated intermediates and PC 3

contains oxygenated pine primary pyrolysis vapor.

The plots for the scores of these three PCs as a function of biomass-to-catalyst ratio
are shown in Fig. 4.5. Initially, only olefins and aromatic molecules (PC 1) are observed
because the catalyst is still fully active and able to completely deoxygenate pine pyrolysis
vapors. The signal for this component increases until a biomass-to-catalyst ratio of 0.5.
This increase is due to increases in naphthalenes and anthracenes as discussed above and

shown in Fig. S1 in ESI.

After a biomass-to-catalyst ratio of about 0.5 (Fig. 4.5), PC 1 decreases sharply

until a biomass-to-catalyst ratio of 1.5, and stays constant throughout the remainder of the
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Figure 4.6 Comparison of MBMS and GCMS results from upgrading pine pyrolysis products
using fresh -zeolites (SAR 25). Pyrolysis and upgrading temperatures were set at 500 °C.
Correlations between products identified using GCMS and m/z peaks in MBMS are shown with
blue lines.

experiment indicating that the catalyst’s selectivity for production of hydrocarbons has
declined to nearly zero.The concentration of oxygenated intermediates in the product
vapors (PC 2) begins to increase starting at a biomass-to-catalyst ratio of 0.6, reaches a
maximum at approximately 1.2, and then decreases slowly throughout the remainder of the
experiment. This could be due to a build-up of methylated aromatics in the catalyst pores.
Previous methanol-to-olefin (MTO) studies have shown that increasing the methyl-
substituted aromatics inside zeolite pores greatly influenced the selectivity and activity of

the catalysts.*®*® The observation of phenol and cresols in PC 2 could be due to these
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compounds being held tightly inside the catalyst pores because they are polar as opposed

to the non-polar aromatic hydrocarbons. In addition, coke precursors such as methylated

multi-ring aromatics will continue to grow inside the pores, which can prevent some

biomass vapors from getting into the catalyst pores and hence unreacted vapors will pass

through the bed as is seen in Fig. 4.5 starting at a biomass-to-catalyst ratio of 1.1 (PC 3).

PC 3 grows continuously throughout the experiment until the catalyst is completely

deactivated. PC 3 starts to dominate at a ratio of 2.0 indicating that the majority of the

catalyst is deactivated.?>4!

Table 4.2 Analysis of products identified during vapor phase upgrading of pine pyrolysis products
using SAR 25 B-zeolite with different biomass-to-catalyst ratios

MBMS GCMS
m/z | B:C B:C Compound | B:C B:.C B:.C
0.5 1.1 Compound Name 0.125 1.1 2
Structure

18 water T - - -

28 carbon monoxide C=0 - - -

42 propene o~ X X X

44 carbon dioxide oo X X X
acetaldehyde e~ - X X

56 2-butene g - X -
2-methylpropene J\ X X -
2-propenal AN - - X

58 - o - X X
acetone P

60 ) ) acetic acid )OL ) ) X

OH
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Table 4.2 continued.

catechol

o
T

66 ) 1,3-cyclopentadiene @ ) ) X
68 furan Q } X X
70 - 2-propenal, 2-methyl o - - X
8 benzene O X X X
82 furan, 2-methyl @\ B X X
- X X
furan, 3-methyl (—g
o)
92 toluene © X X X
94 QH - X X
phenol
96 furan, 2,5-dimethyl /@\ ) X X
furfural [ Y 0 - - X
98 - - X
1,2-cyclopentanedione Q
o o
106 X X -
ethyl benzene é
p-xylene Q/ X X X
o-xylene Oi X X )
108 OH - X X
phenol, 2-methyl ©/
OH _ X X
phenol, 3-methyl @\
110 OoH - - X
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Table 4.2 continued.

116 indene . X X
118 | - indane @ ) X )
benzofuran @f/ - X X
120 ] Xa X2 @
benzene, 1,3,5-trimethyl-
Xa xa -
benzene, 1,2,3-trimethyl- b/
benzene, 1-ethyl-3-methyl /\©/ X X )
benzene, 1-ethyl-4-methyl \O\/ X X )
benzene, 1-ethyl-2-methyl C(/ X X )
122 | - phenol, 2,5-dimethyl OH - - X
phenol, 2,4-dimethyl - - X
124 | - OH - - X
phenol, 2-methoxy @0\
128 naphthalene X X X
182 | - benzofuran, 2-methyl @[Oﬁ ) X X
134 | - 1,2,4,5- - X -
tetramethylbenzene j©(
138 | - phenol, 2-methoxy-4- g o. - - X
methyl-
142 naphthalene, 2-methyl- X X -

110




Table 4.2 continued.

naphthalene, 1-methyl- X2 X2 -
150 | - OH o - - X
2-methoxy-4-vinylphenol gj )
7
152 | - OH - - X
phenol, 4-ethyl-2- N
methoxy-
156 naphthalene, 1,3-dimethyl- X S X
naphthalene, 1,4-dimethyl- C O x? X2 -
G xa -
naphthalene, 1,7-dimethyl-
naphthalene, 2,6-dimethyl- xa X -
164 | - - phenol, 2-methoxy-5-(1- | -° - - X
propenyl)-, (E)- “OJQ\/\
OH _ _ X
phenol, 2-methoxy-4-(1- SN
propenyl)-
A
phenol, 2-methoxy-3-(2- T o - - X
propenyl)- P
170 ) naphthalene, 1,4,6- OO ) X )
trimethyl-
naphthalene, 2,3,6- - X -
trimethyl-
naphthalene, 1,4,5- QO B X B
trimethyl-
178 ) anthracene OOO ) X )
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Table 4.2 continued...

192 anthracene, 2-methyl- ] *

206 )
anthracene, 1,3-dimethyl-

VPeaks observed on the MBMS. X Assignments from NIST library. X*Assignments from standards.

443 Py-GCMS
Product identification. The MBMS provides a real- time snapshot of the products

formed during vapor phase upgrading. Py-GCMS complements this technique by allowing
identification of structural isomers. Fig. 4.6 compares MBMS and GCMS results for
upgrading over fresh catalyst. The chromatogram in the lower panel of Fig. 4.6 was
recorded from the first pulse of pyrolysis vapors and the mass spectrum in the upper panel
was recorded from boat 1 (biomass-to-catalyst ratio of 0.125). Both figures show that a
fresh B-zeolite comple- tely deoxygenates pyrolysis products to form mostly aromatic
hydrocarbons. Fig. 4.6 shows that the MBMS is very good at separating light gases (H-O

m/z 18, CO m/z 28, CO, m/z 44, and C2—C4 olefins m/z 28, 42 and 56).

The MBMS is also a high throughput technique as shown in Fig. 4.2 (40 samples
in 90 minutes) as compared to two samples in 90 minutes for the GCMS. In the
chromatograph at the bottom, the GCMS readily distinguishes structural isomers, for
example; species labelled m/z 106 on the MBMS are clearly speciated into ethyl benzene,
p-xylene and o-xylene by GCMS. However, the py-GCMS system used for this work, with
a liquid nitrogen trap, is not ideal for separating light gases, especially those with boiling

points below —196 °C.
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The mass spectrum and chromatogram both contain intense peaks for one- and two-
ring aromatics, as discussed above. Smaller peaks are observed for the 3-ring aromatic
compounds. Complete results from the py-GCMS study using the SAR 25 catalyst are
shown in Table 4.2, which lists the structures and compounds identified for chromatograms
recorded when the cumulative biomass-to-catalyst ratios were 0.125, 1.1 and 2. An
interesting trend observed from the GCMS data is that molecules with smaller kinetic
diameters appear to be present in larger amounts. For instance, the peak for p-xylene is
almost twice that of o-xylene and m-xylene is not observed. Likewise, the peak for 2-
methylnaphthalene is twice as large as 1-methylnaphthalene and anthracene is observed
while phenanthrene is not. This is likely due to greater mobility of the more compact

molecules relative to their less compact and more bulky structural isomers.

GCMS has also been used to confirm the structures of some of the oxygenated
compounds that appear during partial deactivation. The chromatogram recorded at a
biomass-to-catalyst ratio of 1.1 contains hydrocarbons plus some oxygenated species,
which agrees well with the results from py-MBMS (Fig. 4.5). The oxygenated species
observed at this ratio include furan, 2-methyl furan, 3-methyl furan, 2,5-dimethyl furan,
benzofuran, and 2-methyl benzofuran; this is in good agreement with species identified in
PC 2 of Fig. 4.4. Phenol, 2-methyl phenol and 3-methyl phenol (cresols) are also observed.
Acetaldehyde m/z 44 and acetone m/z 58 are the only primary vapor molecules observed
at this ratio. These molecules could be part of PC 2 above since their m/z overlaps with
species observed in this PC. The hydrocarbons observed at this ratio include olefins

(propene and 2-butene) and aromatics (benzene, toluene, ethyl benzene, p-xylene, o-
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xylene, 1-ethyl-3-methyl benzene, 1,3,5-trimethyl benzene, indene, indane, naphthalene,

2-methyl naphthalene and 1,3-dimethyl naphthalene).

Highly methylated naphthalenes, trimethyl and tetra- methyl, which were very
weak at a biomass-to-catalyst ratio of 0.125 are also observed at the biomass-to-catalyst
ratio of 1.1, in agreement with the results for the horizontal reactor (boat 1 and boat 5 in
the discussion above). The chromatogram recorded at a ratio of 2 contains mainly primary

vapors and furans, phenol and cresols and a few aromatic compounds.

Product trends. The GCMS data also confirms the trends in product formation
measured with the MBMS. Standards were prepared to identify and quantify some
compounds observed during the vapor phase upgrading experiment. Fig. 4.7 shows the
variation of yields for representative compounds of the three groups of products observed
in Fig. 4.4 and 5, that is, aromatic hydrocarbons, furans and phenols, and primary vapors.
The results in Fig. 4.7 show similar trends to the py- MBMS figs; hydrocarbons are formed
at low biomass-to-catalyst ratios, the furans and phenols breakthrough at about 0.5
compared to 0.5 in Fig. 4.5 and the primary vapors (guaiacol) breakthrough at 1.3

compared to 1.0 in Fig. 4.5.

Fig. 4.5 and 4.7 can be used to tune the products from the upgrading experiment.
For example, a bio-oil with low oxygen content can be prepared if the biomass-to-catalyst
ratio is less than 0.5. However, this results in low oil yields. A higher oil yield can be
obtained if the ratio is between 0.8 and 1.2. This is, however, accompanied by higher
oxygen content because in addition to aromatics, the oil will also contain furans, phenol

and cresols (Fig. 4.5 and 4.7). QOil collected at a biomass-to-catalyst ratio greater than 1.2
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will contain organic oxygenates that are characteristic of primary vapors. We believe that
the product distributions observed in these micro-scale systems should be similar to the
composition of oil obtained from large-scale VPU of pine using (3-zeolites. This is because
we demonstrated that results obtained from these microreactors were in very good

agreement with results from a bench-scale fluid bed reactor.*

Effects of number of acid sites. Similar py-MBMS experiments conducted with
the other four B-zeolites, SAR 21, 38, 75 and 250 showed as expected that de- activation
occurred at a smaller biomass-to-catalyst ratio with decreasing number of acid sites. As
with the SAR 25 catalyst, 40 boats containing 50 mg of pine were pyrolyzed sequentially
and the vapors were fed through the catalyst beds for the other B-zeolites. For each
experiment we used MCR-ALS to analyze the resulting 40 x 130 data sets and extracted
three pure components. As an example, Fig. 4.8 shows the resulting loadings spectra
obtained for the SAR 250 B-zeolite. Because of the small number of acid sites in this
catalyst, PC 1 consists of a mixture of deoxygenated and oxygenated products. The
oxygenated products observed include furan m/z 68, methyl furan m/z 82, methyl
benzofuran m/z 132, dimethyl benzofurans m/z 146, phenol m/z 94, cresols m/z 108,
methyl cresols m/z 122 and naphthalenol m/z 144. The deoxygenated products in this PC
are propylene m/z 42, butenes m/z 56, butane m/z 58, benzene m/z 78, toluene m/z 92,
xylenes or ethyl benzene m/z 106, trimethyl benzenes or ethyl toluenes m/z 120,
naphthalene m/z 128, methyl naphthalenes m/z 142, dimethyl naphthalenes m/z 156,
trimethyl naphthalenes m/z 170 and tetramethyl naphthalenes m/z 184 (Table 4.2). This is
different from the data of the SAR 25 B-zeolite where PC 1 consisted of only olefins and

aromatic hydrocarbons (including anthracenes m/z 178, 192 and 206).
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Figure 4.7 The effect of biomass-to-catalyst ratio on vapor phase upgrading of pine pyrolysis
products. Pyrolysis and vapor phase upgrading experiments were done using the tandem py-
GCMS system with temperatures set at 500 °C. Right axis: guaiacol yield. Left axis: yields for
aromatics, furans, phenol and cresols.

Further evidence of these differences can be found in the spectrum recorded from
upgrading pine vapors from the first boat (Fig. S3 in ESIf), which show peaks for furan
m/z 68, phenol m/z 94, olefins and aromatic hydrocarbons. This indicates that 0.5 g of the

B-zeolite with SAR 250 does not have sufficient number of acid sites to completely
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Figure 4.8 The reconstructed spectra for each pure component (PC 1 to PC3) from MCR-ALS
analysis of upgrading pine vapors over [3-zeolite (SAR 250) revealing changes in the composition
of the product stream as the catalyst deactivates. Note that the reconstructed spectra are unit-
vector normalized.

deoxygenate pyrolysis vapors produced from 50 mg of pine (1.24 mmol g* acid sites for

SAR 25 compared to only 0.20 mmol g~ acid sites for SAR 250). PC 2 and PC 3 for SAR

250 contain the same compounds as PC 2 and PC 3 for SAR 25 (Fig. 4.4). This is also true

for PC 2 and PC 3 of the SAR 21, 38 and 75 B-zeolites (see Fig. S4—S6 in ESIY).

A plot of the pure component scores as a function of biomass-to-catalyst ratio for

the SAR 250 B-zeolite is presented in Fig. 4.9, which shows more rapid deactivation of this

catalyst relative to the SAR 25 catalyst. The figure shows that PC 1 is observed initially
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and decreases rapidly until a biomass-to-catalyst ratio of 0.5. PC 2 appears immediately
increases rapidly to a maximum at a ratio of 0.6 and then decreases gradually throughout
the remainder of the experiment. As stated above the selectivity of the catalyst is influenced
by the presence of highly methylated aromatics, which are already observed in the spectra

for boat 1 (Fig. S37). This results in immediate appearance of PC 2. PC 3 starts to

—8~ Pine primary vapors
—A— Intermediates (furans, phenol, cresols and catechols)
—&— Hydrocarbons, furans, phenols, cresols, naphthols

6 .
10" Component scores (relative signal)

o

.............
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0.5 1.0 1.5 2.0 25 3.0 35

Biomass-to-catalyst ratio

Figure 4.9 The component scores from MCR-ALS analysis of vapor phase upgrading experiment
show the dependency of each PC with pine-to-catalyst ratio over 3-zeolite (SAR 250). The
loadings spectra are shown in Fig. 4.8.

at a biomass-to-catalyst ratio of 0.5 and continues to grow throughout the experiment. Even
though both PC 2 and PC 3 for the SAR 250 catalyst have the same composition as that of
SAR 25 catalyst, they start to appear at lower biomass-to-catalyst ratios than for the SAR
25 catalyst. PC 3 starts to dominate at a biomass-to-catalyst ratio of 1.2 compared to 2.0

for the SAR 25 B-zeolite. The results from the multivariate analysis of deactivation
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experiments with SAR 21, 38 and 75 are shown in Fig. S4-S6.7 It is clearly seen from
these plots that deactivation occurs more quickly for zeolites with larger SAR (lower

numbers of acid sites).
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Figure 4.10 Total aromatic production and amount of coke deposited on catalysts at the point of
primary vapor breakthrough on B-zeolites of varying SAR.

Quantitative comparisons of coke and hydrocarbon yields were made for the
catalysts studied during the deactivation process shown in Fig. 4.5, 4.9 and S4-S6.} Data
taken from three points on these deactivation plots; (1) when intermediates (PC 2) begin to
appear; (2) when the primary vapors (PC 3) begin breaking through, and; (3) when the
primary vapors dominate (complete deactivation) as indicated by circles in Fig. 4.9 were
used as the basis for these comparisons. Table 4.1 lists the biomass-to-catalyst ratios of
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these three points for each catalyst. The data show that there is a roughly linear increase in
the amount of biomass fed until deactivation with respect to total acid sites, which levels
off, presumably because of interaction of neighboring acid sites for the SAR 21 and SAR

25 catalysts.

Coke yields were also measured using TGA for each catalyst when the primary
vapors began breaking through and at the end of the experiment (a biomass-to-catalyst ratio
of 4). During the TGA experiments spent catalysts were heated from 25 °C to 850 °C in
air. The mass loss from 250 to 850 °C was attributed to coke and that below 250 °C was
due to water and weakly adsorbed organic species. As can be seen in Table 4.1 the yield of
coke increased with decreasing SAR or increasing number of acid sites. However, since
deactivation is dependent upon the number of active sites, the deactivated catalysts were
exposed to different amounts of pyrolysis vapors. It is more relevant to consider the amount
of coke at a given level of deactivation. Thus, coke measurements were also made when
the catalyst started to show breakthrough of primary pyrolysis vapors. Experiments were
conducted in which the products were monitored as boats of biomass were added to the
horizontal reactor. When primary vapors started to appear, the experiment was stopped and
the catalyst was cooled in flowing helium. Coke on the catalyst was measured using TGA

and the values are shown in Table 4.1.

Fig. 4.10 shows the amount of coke that has been deposited on the catalysts of
varying SAR at the point where primary vapors were observed, as well as the total amount
of aromatic species that were produced prior to the breakthrough of primary vapors. The
coke and aromatic production are plotted as a function of the total acid sites, as determined

by NHs TPD, with the highest SAR catalyst corresponding to the lowest total acid sites. As
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expected, an increase in total acid sites led to an increase in the amount of coke that was
deposited. Similarly, the increase in the number of acid sites results in a higher yield of
aromatics being produced prior to the breakthrough of primary vapors. The linear fit of the
increase in coke deposition and aromatics formation with increasing number of acid sites
suggests that the chemistry involved in these reactions is relatively unaltered by the local
concentration of acid sites, and is more dependent upon the total quantity of acid sites. The
extrapolation to zero acidity for the coke and aromatics yields does not go through the
origin of the plot, which indicates that some coke and aromatics production could occur in
the absence of acid sites, by passing pine pyrolysis vapors over a hot, microporous non-
catalytic material .>*°! Additionally, it is interesting to note that the ratio of coke-deposition
to aromatics production remains essentially constant over the range of acid sites

concentrations tested on the catalysts of varying SAR.

Table 4.1 shows that all five catalysts produced similar coke yields (g coke g% biomass)
of approximately 20 wt% of biomass fed. This is consistent with the observation of a constant ratio
of coke and aromatic formation (Fig. 4.10). This means that changing the number of acid sites on

[-zeolites does not affect the fraction of biomass that is converted to coke as long as the catalyst is
active and no primary vapors are breaking through. This coke yield is higher than what was

measured for HZSM-5 collected under the same conditions.10143241

We also estimated the yields of selected hydrocarbon products, benzene, toluene,
ethyl benzene and xylenes. These measurements were made by integrating the ion signals
for the MBMS peaks for these species (m/z =78, 92, 106) up to the point when the primary
vapors started to appear. Table 4.1 and Fig. 4.10 show that the integrated signal of these

hydrocarbons increased with number of acid sites. The relative yields of hydrocarbons can
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be determined by dividing these values by the amount of biomass fed and as shown in

Table 4.1, this yield is roughly constant for all catalysts.

Another interesting comparison can be made by determining the coke yield and
hydrocarbon yield at breakthrough as a function of the number of acid sites of the catalyst;
these values are shown in 4.1. Both coke yield and hydrocarbon yield increase with
increasing SAR or decreasing number of acid sites. It appears that greater separation of the
acid sites makes them more efficient at converting the pyrolysis vapors. This could be
because on the more acidic zeolites with lower SARs, acid sites have an average physical
spacing that is closer than for the higher SAR zeolites. The closer spacing of acid sites
increases the likelihood that a reactant molecule interacting with an acid site could block a
nearby acid site, rendering it inaccessible to other molecules during the experiment. For
the less acidic, higher SAR zeolites, the blocking of active sites by a reactant is less likely
because the acid sites are separated by a larger average distance. This could translate to the
observed increase in the aromatic production rate per acid site as the SAR is increased.
Additionally, there is evidence in the literature that in addition to acidity, catalyst pore
structure is important for aromatic production, which was demonstrated on non-acidic
materials (e.g. dealuminated zeolites, SBA-15).°°%! This contribution to aromatic
production that results from the B-zeolites structure, which is identical amongst the [3-
zeolites of varying SAR, could also contribute to a higher observed aromatic production
rate per acid site on the higher SAR materials. Finally, a ratio of the yield of hydrocarbons
to the yield of coke can provide an indication of the ability of the catalyst to direct products

towards hydrocarbons instead of coke. As can be seen in Table 4.1, this ratio of yields is

122



approximately constant for all catalysts. Thus, the number of acid sites did not impact the

hydrocarbon/coke branching.

Comparison with HZSM-5. The results above show that a fresh B-zeolite with
enough acid sites will upgrade pine pyrolysis vapors to form olefins and aromatic
hydrocarbons. The composition of the upgraded pro- ducts changes from hydrocarbons to
intermediates (e.g. furans, phenols, etc.) and then primary vapors as more pyrolysis vapors
are passed through the catalyst bed. A similar product trend was also observed from
HZSM-5 with SAR 30. Fig. S71 shows results from the multivariate analysis of similar
deactivation experiments using HZSM-5. Olefins and aromatics are formed initially,
intermediates are then observed starting at a biomass-to-catalyst ratio of 0.4, and the
primary vapors start to breakthrough at a ratio of 1.1. The primary vapors start to
breakthrough at the same biomass-to-catalyst ratio as the SAR 25 B-zeolite, however
HZSM-5 appears to form more hydrocarbons from the intensities of the scores plots. To
test this we also estimated the yields of selected hydrocarbon products, benzene, toluene,
ethyl benzene and xylenes from the HZSM-5 study. These measurements were made before
breakthrough of primary vapors and the results reveal that HZSM-5 produces four times
more hydrocarbons compared to SAR 25 B-zeolite. This agrees with what has been reported
in literature.36 Coked HZSM-5 was also collected before primary vapors were observed
and the measured coke yield (g coke g~* biomass) was 10 wt% compared to 20 wt% for the
B-zeolites. It is clear from these results that HZSM-5 performs better than -zeolites in
terms of hydrocarbon and coke yields. We are not sure at the moment how the acidity and
structure of each catalyst influence the results. HZSM-5 has ~5 A three dimensional pores

with 10 silicon atom rings.*? The three dimensional pores are straight in one direction and
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sinusoidal in the other. On other hand -zeolite has larger three dimensional straight pores

(~6 A) with 12 silicon atom rings.*

4.5 Conclusions

The following summarizes important results from this study: 1) A fully active -
zeolite effectively upgrades oxygenated pine vapor phase pyrolysis products to form
olefins and aromatic hydrocarbons. Fresh B-zeolites initially form one- and two-ring
aromatics. When more pyrolysis vapors are introduced, other highly methylated two-ring
and alkylated three ring hydrocarbons begin to appear in the spectrum. The intensity of
these species increases as the catalyst ages and then decreases to zero as more biomass
pyrolysis vapors are processed through the catalyst bed. 2) Between stages of fully active
and deactivated catalyst, a suite of oxygenated products comprising furans, benzofurans,
phenol, cresols and naphthalenols is observed. This suite of products was observed for all
five B-zeolites used in this study. These species were formed immediately in catalysts with
few acid sites (SAR 75 and 250). 3) p-zeolites with more acid sites (low SAR) deactivated
at a slower rate and retained their activity for formation of hydro- carbons at high biomass-
to-catalyst ratios. 4) However, the cumulative biomass selectivity towards coke and
hydrocarbons, measured until primary vapor break- through, is approximately the same for
all five catalysts. The yields of aromatics per measured acid site increase as the silica-to-
alumina ratio decreases indicating that a greater separation of the acid sites makes them
more efficient at converting the pyrolysis vapors. Further, all catalyst had a similar

hydrocarbon/coke branching ratio.
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Upgrading biomass pyrolysis vapors over f3-zeolites: role of silica-to-alumina ratiot
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Figure S1. Trends of upgraded vapors during pyrolysis of 40 boats of pine and the vapors passed
through 0.5 g fixed bed of B-zeolite (SAR 25).
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Figure S2. Trends of upgraded products, intermediates and primary vapors during pyrolysis of 40
boats of pine and the vapors passed through a fixed bed of 0.5 g -zeolite (SAR 25).
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Figure S3. Averaged mass spectra for pyrolysis and upgrading of pine vapors recorded from boat

1 (B-zeolite with SAR 250).
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Figure S4. Multivariate analysis of a deactivation study of SAR 21 -zeolite during upgrading of
pine pyrolysis vapors. The top plot shows the component scores as a function of biomass-to-
catalyst ratio. The reconstructed spectra for each pure component (PC 1 to PC 3) are shown in the
lower plot.
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Figure S5. Multivariate analysis of a deactivation study of SAR 38 (3-zeolite during upgrading of
pine pyrolysis vapors. The top plot shows the component scores as a function of biomass-to-
catalyst ratio. The reconstructed spectra for each pure component (PC 1 to PC 3) are shown in the

lower plot.
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Figure S6. Multivariate analysis of a deactivation study of SAR 75 []-zeolite during upgrading of
pine pyrolysis vapors. The top plot shows the component scores as a function of biomass-to-

catalyst ratio. The reconstructed spectra for each pure component (PC 1 to PC 3) are shown in the
lower plot.
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Figure S7. Multivariate analysis of a deactivation study of HZSM-5 during upgrading of pine
pyrolysis vapors. The plot shows the component scores as a function of biomass-to-catalyst ratio.
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CHAPTER 5

GENERAL CONCLUSIONS

Porous silica nanomaterials have gained great attention from scientific community
for the past two decades because of its unique structural and textural properties of the
materials. Further, they provide ample opportunities to modify its surface and tailor it for
applications in catalysis, separations, energy storage etc; further, they are very robust to
harsh reaction conditions. We have provided the advancements in the synthesis and
characterization of these materials in chapter 1 as brief literature survey. Further, | have
presented a brief literature survey on renewable energy derived from biomass and pathways

to produce it by employing porous silica materials.

In chapter 2, we have presented the details on improving the metal incorporation
efficiency in porous silica materials synthesized by co-condensation process through acidic
route. When addition of DHP was added along with metal precursor during the synthesis
molybdenum incorporated SBA-15, has increased the metal loading 2-3 times than
catalysts synthesized without it. The catalytic activity of catalysts prepared with and
without DHP was investigated for ring opening of epoxides by alcohols. The catalyst

prepared with DHP has better turnover frequency.

In chapter 2, we extended the synthetic approach presented in chapter 2 for
synthesis of molybdenum incorporated mesoporous KIT-5 and investigated as catalyst for
fast pyrolysis of pine. Interestingly, Mo-KIT-5 catalysts were selective in production of
furans and phenols from biomass. Furans are considered as important value added chemical

for the production of industrially important several other chemicals and it serves as

135



blendstock for production of jet/diesel range fuel. Analysis of individual biopolymers of
biomass suggested that furans were obtained cellulosic component of biomass and phenols
were obtained from lignin part of the biomass. Further, the catalyst had significantly long
lifetime and less amount of coke were produced in comparison to ZSM-5. Selective

production of furans was due to low acidity of catalysts.

In chapter 4, we continued to investigate the role of acidity in product distribution
and deactivation of catalyst. Here we investigated p-zeolites with various amounts of acid
sites. The catalyst with highest amount of acid sites produced completely deoxygenated
aromatic hydrocarbons such as benzene, toluene, xylenes, naphthalenes and indenes when
they are fresh and active. When the catalyst started to deactivate, partially deoxygenated
species such as furan, phenol and cresols were emerged and upon complete deactivation
primary vapors of pine were observed. However, for catalyst with low acidity only furans,
phenols and cresols were observed when catalyst was fresh and active. This observation
supports the hypothesis we made in chapter 3. Yields were calculated for selected upgraded

pyrolysis products for catalysts used in chapter 3 and chapter 4 using Py-GCMS.
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