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ABSTRACT

Furfural derived from lignocellulosic biomass is a valuable platform molecule in
the production of renewable liquid fuels and chemicals. With ever-increasing emphasis
on reducing dependence on traditional petroleum-derived fuels and chemicals, the
production of value-added chemicals from biomass has the potential to have a major
global economic and environmental impact. To do so efficiently and sustainably requires
the development and evaluation of new catalysts for these applications. These catalysts
must not only be effective at catalyzing the conversion of sugars to furfural, but also must
be easily separated, regenerated, and reused following each reaction.

In this study, several small pore zeolites and metal-organic frameworks (MOFs)
were evaluated for use in the dehydration of xylose, glucose, and switchgrass to furfural
in a monophasic system of 90/10 y-valerolactone (GVL)/water. Based on results of initial
experiments, three small pore zeolites, SAPO-34, SAPO-56, and DNL-6, became the
major focus of these studies. The pore sizes of these molecules are significantly smaller
than the kinetic diameters of xylose and glucose, which would lead one to predict
minimal furfural production over these catalysts due to limited acid site access. In spite of
that, moderate furfural yields of approximately 40% were achieved over SAPO-34 and
SAPO-56 from xylose. Moderate furfural yields were also achieved from non-pretreated
switchgrass over the SAPO catalysts in the GVL/water system, with strong evidence that
both xylose and glucose were converting to furfural. Furfural degradation in GV L/water
was minimal compared to degradation in a purely aqueous solvent. No leaching of acid
sites occurred with the SAPO-34 catalyst, and it was recycled multiple times with only a
5% drop in furfural yield from first to final reaction. Most previous research using zeolite
catalysts to upgrade biomass has focused on medium and large pore zeolites, as their pore
apertures more closely match the kinetic diameters of the relevant component sugars of
biomass. The results presented in this study suggest that small pore zeolites are also
worthy of ongoing research.
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1.0 INTRODUCTION

1.1 Background

Petroleum-derived energy, fuels, chemicals, and materials are a ubiquitous part of
modern society. On top of providing the primary source of liquid fuel for most of today’s
vehicles and electricity for many residences and businesses, other petroleum-derived
products are also pervasive across all areas of our lives. A significant amount of the
clothing we wear, the products we use around the home or office, the streets we drive our
vehicles and ride our bicycles upon, and our homes themselves are comprised of
substantial quantities of products derived from crude oil.

While current domestic production of crude oil and natural gas are both at all-time
highs,* disasters like BP’s 2010 Deepwater Horizon oil spill in the Gulf of Mexico? and
recent reports linking wastewater injection from hydraulic fracturing (“fracking”) to an
increase in localized earthquakes in historically inactive seismic regions®= are motivating
tighter regulations and policy changes within the industry. Recent incidents like these
seem to also be causing a slow paradigm shift within the general public, leading to a
growing acceptance of anthropogenic climate change® and the urgent need to look toward
alternative sources of energy and raw materials for manufacturing industries. This trend,
coupled with a growing demand for crude oil in rapidly developing nations like India and
China, highlights an increasingly urgent need for innovation and advancement in this

space.
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1.2 Biomass Overview

The amount of plant biomass harvested annually worldwide is estimated to
exceed 1.8 trillion tons, of which almost 95% is lignocellulosic biomass.”® In the United
States alone, 1.4 billion tons of biomass can be produced sustainably every year.®
Lignocellulosic biomass is generally inedible for humans, making it an excellent
candidate from which to derive important chemicals and fuels. With recent estimates by
the United Nations of over 805 million undernourished people (11% of the global
population) throughout the world,° the importance of developing processes to produce
renewable chemicals and fuels from inedible lignocellulosic biomass, rather than from
edible plants and plant components, has never been more imperative. While
lignocellulosic biomass is an attractive source of renewable material, its implementation
and use in chemical processes is complicated because of its complex and varying

composition.!

1.2.1 Components of Biomass

Biomass is primarily made up of three primary components: cellulose (38-50%),
hemicellulose (23-32%), and lignin (15-25%).12 Cellulose (Figure 1) is a rigid polymer
typically composed of 7,000 to 15,000 individual glucose units.*® It is difficult to
hydrolyze due to significant hydrogen bonding, but it has seen a substantial increase in
interdisciplinary research over the past 20 years, and already sees significant use in

industry as a polymeric raw material source for many different products.'*
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Hemicellulose (Figure 2) is typically a branched polymer, consisting of 500 to 3,000
monomer units.® It is easily hydrolyzed to xylose and other Cs sugars, but is more
complex than cellulose in that it contains many different sugar monomers, whereas
cellulose typically only contains glucose.'® Xylose is commonly the most abundant sugar
monomer, but hemicellulose also typically contains smaller amounts of mannose,

arabinose, galactose, rhamnose, glucose, and others.
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Figure 2: Typical structure of hemicellulose.

Lignin (Figure 3) is a highly variable aromatic polymer and is the second most abundant
polymer found in nature.® The precise composition of lignin varies tremendously from
species to species, but currently sees industrial use as a good raw material for some
applications, such as production of polyurethane, polycarbonates, and asphalt, and a

source of energy in the pulp and paper industry.
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Figure 3: Typical structure of lignin.

1.2.2 Furfural: An Important Platform
Chemical Derived from Biomass

Among the chemicals that can be produced from lignocellulosic biomass, furfural,
is of particular interest. Furfural (Figure 4) has the potential to replace petroleum-based
organics in the production of lubricants, adhesives, and plastics as well as act as a direct

additive to fuel blends.11°

o |

W/

Figure 4: Structure of furfural.
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It is most easily produced via a simple dehydration reaction from xylose (Figure 5),% the
primary monomeric component of hemicellulose. Glucose also is capable of converting

to furfural, but must do so via a less favorable reaction mechanism (Figure 5).%°

4]
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Figure 5: Proposed reaction pathways for dehydration of xylose and glucose to furfural.

Furfural is a renewable chemical feedstock that is important in many processes
today. As early as 1939, furfural saw significant use as a preservative, fungicide,
herbicide, disinfectant, and production of phenolic resins, maleic acid, and many other

chemicals.?! Today, most furfural is converted via hydrogenation to furfuryl alcohol,
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which is an important chemical used in the manufacture of many polymers and plastics.??
Other compounds derived from furfural include methylfuran and tetrahydrofuran, which
are also important platform chemicals in the production of many other polymeric
chemicals and products. Furfural and its derivatives are also used today as a replacement
for petroleum-derived organics in the production of various lubricants and adhesives.?
Furfural can also serve as a building block for potential transportation fuels and fuel
additives, such as dimethylfuran and ethyl levulinate. Lange et al,'® among others,
provide excellent reviews of the many proven catalytic processes to synthesize furfural,
as well as the many uses of furfural as a fuel additive and as a platform chemical for other

value-added chemicals.

Furfural was initially isolated in 1821 by a German chemist, Johann Wolfgang
Dobereiner, as a byproduct from the synthesis of formic acid.?? Furfural was not
produced industrially until 100 years later, when in 1921, the Quaker Oats Company
began producing furfural from leftover oat hulls using abandoned 8 by 12 foot iron
pressure cookers in their Cedar Rapids, lowa, USA facility.?® Today, furfural is still
produced via the batch process first developed by Quaker Oats in 1921. A similar batch
process is used throughout China, which achieves a furfural yield of approximately
50%.2° Continuous processes have also been developed and used by Quaker Oats (now
abandoned), Escher Wyss (also now abandoned), and Rosenlew.? Several modern day
process are currently in the pilot plant stage, and show major potential to enhance and

improve the way that furfural is produced. Table 1 below gives a brief overview of some
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common furfural production process, both past and present. Some data and operating

conditions for these process are still proprietary and not available to the public.

Over the first decade of the 21% century, furfural prices have ranged from
$650/ton to $1200/ton. China currently houses approximately 80% of the world’s furfural
production capacity, and consumes approximately 75% of what is produced globally.
Because of this, global furfural prices are determined largely by domestic issues in China,
making prices difficult to predict. Prices are expected to remain in the $1400/ton to
$1500/ton in the immediate future.?® As such, the development of more efficient and
sustainable furfural production processes has been and will continue to be an important
area of academic and industrial research.

Table 1: Current industrial scale furfural production processes
(adapted from Montastruc et al?’).

Batch Process | Quaker Oats Supratherm | Vedernikov
Temperature 140-180 -- 200-240 -
C)
Pressure (atm) 6 10 20-30 -
Residence Time 5 1 <<1 -
(hrs)
Yield (%) 50 55 70 75
Status Commercialized | Commercialized | Pilot Plant Pilot Plant

1.2.3 Switchgrass as a Source of Biomass

Nearly 35 years ago, it was recognized that dedicated bioenergy feedstock crops
would become an important part of the United States’ renewable energy strategy, which
led to the initiation of the Bioenergy Feedstock Development Program (BFDP) at Oak

Ridge National Laboratory in 1978 by the US Department of Energy.® In the early
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1990s, the “BFDP recognized that expanded emphasis was needed on the development of
herbaceous bioenergy crops that could combine close compatibility of crop management
strategies with existing farming practices, generate cash flow from annual returns from
harvested biomass, and have positive environmental impacts on American farmlands.”?®
This led to a major effort to evaluate and develop Switchgrass as a potential bioenergy

feedstock crop.

Switchgrass (Panicum virgatum) is an extremely hardy and adaptable plant that
grows well in many diverse climates, including the dry prairies of Montana. Switchgrass
has been shown to be a highly productive crop across a wide geographic range and in
areas of marginal quality land, with limited nutrients and low water.* It has also been
shown to possess positive environmental attributes.3! Due to its deep fibrous root system
and high growth heights, it acts as a good preventative measure against soil erosion from

wind and water, and has been used as such throughout the United States.3?

While switchgrass is an intriguing feedstock crop due to its growth attributes and
tangential environmental benefits, its chemical composition also makes it an ideal
feedstock crop for sustainable production of biofuels and chemicals. On a dry matter
basis, switchgrass contains approximately 37% cellulose, 29% hemicellulose, and 19%
lignin, although this can vary based on specific growing conditions, geography, and other
factors.®® Switchgrass was chosen to be the focus of these studies due to the reasons
outlined above, and also due its already common growth in this region (Northern Rocky

Mountains & Plains) and easy access to uniform and representative samples from Dr.
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Brett Allen at the US Department of Agriculture’s Northern Plains Agricultural Research

Laboratory in nearby Sidney, Montana, USA.

1.3 Current State of Research on Biomass Upgrading

Research into the transformation of various plant species and components of
biomass into renewable fuels and chemicals is currently a major interest area across
academia, industry, and government research labs. In order to make better sense out of
the many different directions this research can take, many people often discuss renewable

fuels and chemicals in terms of generations.

1.3.1 First Generation Biofuels & Chemicals

First generation biofuels utilize various vegetable oils and corn to produce
biodiesel and bio-ethanol. Biodiesel is produced commercially via a fairly simple
transesterification reaction, typically using waste vegetable oil from restaurants as a
feedstock. Biodiesel offers several advantages over petroleum-based diesel fuel in terms
of common issues with the lubricity and cetane index of petro-diesel, but production cost
is a major obstacle to a massive scale-up and adaptation of biodiesel in place of petro-
diesel.3* It is currently most often used in the US in blends between 1% and 20% with
petro-diesel, and is limited in part by its compatibility with modern diesel engines. Bio-
ethanol is most often produced from corn in the US. Studies have shown that while corn-
based bio-ethanol is less petroleum-intensive than gasoline, it has greenhouse gas
emissions similar to those produced from gasoline.®® Corn-based ethanol also relies

heavily on government subsidy in the US to remain economically viable. Ethanol
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produced from sugarcane, though not a reasonable feedstock alternative in most US, has
been shown to achieve double the greenhouse gas emissions reduction per unit of
harvested land versus that of corn ethanol and is much more economically feasible due to
sugarcane’s higher energy content.>® While there is currently a significant amount of
production capacity throughout the US of these first generation biofuels, there are also
many concerns about impacts of first generation feedstock crops on biodiversity and
competition with food crops.®” That, coupled with their dubious environmental benefits
and marginal profitability, have led to exploration of many other options for renewably

produced biofuels and chemicals.

1.3.2 Second Generation Biofuels & Chemicals

This research focused on second generation feedstocks since they are produced
from lignocellulosic biomass, non-edible plants and the non-edible parts of food crops,
which circumvents the competition first generation biofuels face with food crops.
Biorefineries attempt to utilize biomass for production of fuels and other chemicals, but
significant innovation and advancement is needed before these biorefineries can operate
profitably and in a way that provides major environmental advantages over other existing

bio-products and petroleum products.?’-#

1.3.3 Next Generation Biofuels & Chemicals

Many other approaches to biofuels and bio-products also exist today.>**° Among
the most well-known are algal biofuels,** which are receiving a tremendous amount of

research worldwide due largely to their non-competition with other crops and practically
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limitless growth potential in the world’s oceans. Other current approaches are more
focused on better utilizing existing biomass feedstocks or engineering new next-
generation biomass feedstocks.*? Other researchers are currently working to develop
ways to produce biomethane from waste and synthetic biofuels from the gasification of
biomass.*® All of these emerging technologies require substantial work before they are
feasible on an industrial scale. One of the primary goals for all of these newer
technologies is to avoid some of the environmental issues and eventually, the economic

issues facing currently available technologies.*

1.4 Lignocellulosic Biomass Conversion Strategies

A significant body of research investigating the conversion of cellulose and
hemicellulose into chemicals has focused primarily on either enzymatic**" or mineral
acid catalysis.*®*° While both of these methods are able to achieve some level of success,
they also present a major issue for scale-up and commercialization: namely, separation of
the catalyst from the reaction mixture and its subsequent reuse or recycling. Recently, it
was found that using y-valerolactone (GVL) as a solvent stabilizes furfural, which
decreases degradation reactions,*®*° and also solubilizes corn stover and other
lignocellulosic biomass,*® °* which allows for a simple filtration step to separate
heterogeneous catalysts from the solution.” 1% 5254

Possible heterogeneous catalysts for the conversion of sugars to platform
chemicals include micro- and mesoporous solid acid materials, such as ion-exchange

resins and zeolites. Researchers have demonstrated that porous acid catalysts have the
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potential to fill an interesting niche in sugar dehydration chemistry if their catalytically
active sites can be stabilized. The potential shape selectivity of zeolites could lead to
tailored, highly specific reactions. The three main types of porous catalysts studied for
sugar dehydration reactions are: mesoporous silica, ion exchange resins, and medium

pore size zeolites.

1.4.1 Mesoporous Silica Catalysts and Biomass

Mesoporous silica nanoparticles, such as MCM-41 and SBA-15 (Figure 6), are a
class of molecules that have garnered significant attention since the mid-1990s due to
their potential use in catalysis, separations, drug delivery, optical devices, and others.>
Mesoporous silica was originally produced and patented in 1971,° but remained
reasonably unknown and unpopular until it was produced via the same procedure again in
1997.5" Various synthesis methods®¢° and many applications and research interests with

mesoporous silicas exist today.®6?

Figure 6: Representative image of SBA-15, a common mesoporous silica nanoparticle.
(Adapted from Kleitz et al®®)
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In biomass upgrading applications (specifically dehydration of xylose to furfural),
mesoporous silicas have shown 40-70% furfural yield,'* % minimum diffusion
limitations, and the potential to tune acid sites (surface functionalization). Many of these
catalysts undergo deactivation due to leaching and surface passivation, and are difficult to
regenerate due their hydrothermal instability, making them less than ideal catalysts for

xylose dehydration at present.®>¢’

1.4.2 lon-Exchange Resin Catalysts and Biomass

lon-exchange resins are a broad class of insoluble matrices created from an
organic polymer substrate. They are most often found in the form of small porous beads,
which means they have an extremely high surface area and are able to selectively trap
some ions while simultaneously releasing other ions.®® They have a high degree of
structural variability and can be highly customized, leading to a variety of important uses
such as: water softening and purification,® metal separation and purification,’®"*
catalysis,’>"® and many other industries.

lon-exchange resins have shown the highest yields to date along with minimum
diffusion limitations, but their hydrothermal stability is limited, and leaching of acid sites

into the solution can occur.”#"®

1.4.3 Medium Pore Zeolite Catalysts and Biomass

Medium pore size zeolites with pore apertures in the 5-8 A range are appealing
candidates as they demonstrate a molecular sieving effect since sugar molecules have

kinetic diameters in the range of ~6-9 A with xylose being 6.8 A7®"" and glucose being
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8.6 A.”® ZSM-5, one of the most studied and widely used medium pore zeolites today,
has a uniform framework and pore apertures of 5.5 A, as shown in Figure 7. Medium
pore size zeolites have shown medium-to-high hydrothermal stability, are easy to
regenerate, and can contain a high amount of Brensted acid sites, which promote the

conversion of xylose into furfural.”®8°

macroscopic shape of a
crystal of Z5M-5

m'cﬁﬁﬂgtgliﬂn%fﬂ”_gam external surface of Z5M-5

Figure 7: Structural framework details of ZSM-5, a common medium pore zeolite.
(Adapted from Lei et al®t)

Due to all of the positive attributes of medium pore zeolites mentioned above, a
variety of them have been studied as catalysts for the conversion of xylose to furfural.
The highest reported yields were from mordenite, which resulted in a furfural yield of
nearly 80% at 448 K in a 90/10 wt% GVL/water solvent.'® In aqueous environments,
however, mordenite and faujasite both resulted in high furfural selectivities (80—90%) at

443 K, but low yields (approximately 25%) due to decreased selectivity as the reactions
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progressed.®? Other zeolites, including H-beta,'*%% Y 84 ZSM-5,1%8 and H-zeolites,®
have been used for xylose dehydration with varying yields (40-70%) of furfural and its
derivatives, and silicoaluminophosphates (SAPO-11, SAPO-40, and SAPO-5) resulted in
furfural yields of only 20-40%.8% A significant amount of other data has been published
relating to medium pore zeolites and xylose dehydration, but these examples give a pretty
complete overview of the benefits, yields, and limitations associated with this class of

catalyst.

1.5 Zeolites: A Deeper Look

Zeolites are microporous minerals composed of aluminum, silicon, and oxygen
(“aluminosilicate”) that have a wide range of commercial uses. They are used
commercially as catalysts by the petrochemical industry, as adsorbents in laundry
detergent and cat litter, and for various applications in the medical industry, among many
other uses. They occur naturally in many conformations (Figure 8 and Figure 9), but
these naturally occurring forms are not of much value industrially. This is because their
chemical composition is non-uniform, they often contain impurities, and they are not
naturally optimized for catalytic applications.®” A turning point in the history of zeolites
was the introduction of synthetic faujasites to the process of fluid catalytic cracking of
heavy petroleum products by Milton et al in 1962.87-88 Fluid catalytic cracking remains an
enormously important and profitable aspect of the oil refining process to this day. This
spurred a period of rapid development in the area of zeolite-catalyzed industrial

processes, today accounting for the single largest application of zeolites in a financial
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sense.®® In order to be used industrially, synthetic zeolites are typically either formed into
a uniform and useable shape (such as the pellets shown in Figure 10) or are crushed into a

fine white powder.*

Figure 9: Chabazite is another example of a naturally occurring zeolite.%293



Figure 10: Synthetic zeolite pressed into pellets for industrial use.®*

1.5.1 Structure and Function of Zeolites as Catalysts

The framework of a typical zeolite molecule is highly uniform and rigid, and
contains many pores and channels of identical size. Zeolites are typically solid acids, and
the density, strength, type, and location of acid sites of a zeolite varies widely from one
type to another. Most zeolites are also highly stable under high temperatures, pressures,
and extreme chemical environments. These properties, among others, make them
exceptional catalysts across an enormous range of applications.

Most relevant to their catalytic capabilities is a discussion of the acidic properties
of zeolites. In analyzing acidic properties of zeolites, several distinctions must be made,
including: the nature of the acid sites (Brgnsted vs. Lewis acidity), the density of the acid
sites, the strength of the acid sites, and the precise location of the acid sites.®’

The distinction between Brgnsted (proton donor) and Lewis (electron pair

acceptor) sites is an important one because these two types of acid sites are known to
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affect the kinetics of a given reaction in completely different ways, and even to catalyze
different reactions entirely under the same initial conditions.?% %= In the reaction of
highest interest in this project, the dehydration of xylose to furfural, the varying roles of

Bransted and Lewis sites are summarized nicely by Choudhary et al?® in Figure 11 below.

Xylose - - Xylulose - - Furfural

' Lyxose °
Figure 11: Competing roles of Brgnsted and Lewis acid sites in the dehydration of
xylose.?
A catalyst with a significant concentration of accessible Lewis and Brgnsted acid sites
would catalyze a xylose to xylulose conversion (Lewis sites) followed by a xylulose to
furfural conversion (Brensted sites), whereas a zeolite catalyst with primarily Brgnsted
sites would be more likely to catalyze a direct dehydration of xylose to furfural. It is
important to note that both occur naturally in zeolites, and a thorough understanding of
their respective functionalities is crucial in developing zeolites as catalysts. The nature of
a zeolite’s acid sites can be measured via temperature programmed desorption (TPD)
experiments using various probe molecules, as discussed in Appendix B.
Acid site densities are related to the aluminum content of the zeolitic framework,

where aluminum-rich species are highly acidic.®” As more aluminum atoms are
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substituted into a zeolite’s framework for silicon atoms (that is, the Si/Al ratio decreases),
acidity increases for two reasons. Lewis acidity increases due to incorporation and
subsequent dehydroxylation of alumina, which creates coordinately unsaturated sites
(CUS) capable of accepting electron pairs.®” Bransted acidity increases when the cation
required to satisfy a newly substituted alumina tetrahedron happens to be a proton. These
Brensted acid sites consist of hydroxyl protons covalently bonded to oxygen atoms
bridging silicon and aluminum atoms in the zeolite framework.%-%°

Acid site densities are typically measured via FT-IR spectroscopy, as reported
elsewhere!®11 and as discussed in Appendix B. Also important to any discussion about
zeolite acidity is the location of the acid sites; namely, sites on the molecule’s external
surface vs. sites within its pores. This has important implications for catalysis if there is
significant acidity within the pores and the target molecules are either too large to access
them (poor catalysis) or just small enough to fit in the pores and access the acid sites
while excluding larger non-target molecules (potentially great catalysis).

Shape selectivity and pore dimensions are one final consideration in this
discussion of zeolite catalysts. The highly specific pores and channels of a given zeolite
species should be one of its primary factors for its selection for a specific catalytic goal.
By matching as closely as possible the size (kinetic diameter) and shape of a reactant
molecule to the pores and/or channels of its zeolite catalyst, one can vastly increase the
effectiveness of the catalyst if this excludes competing non-target reactant molecules in
the system. By preferentially exposing the target reactant to the acid sites within a pore or

channel, the desired conversion can be achieved with high selectivity. By the same logic,
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it is also important to consider the size and shape of the target product molecule in
relation to the zeolite catalyst’s pores and channels. If the target molecule is too large to
occupy the zeolite’s pore, or if it is too large to leave the pore following the reaction, this
will lead to low selectivity and/or rapid deactivation of the catalyst due to full or partial
blockage of the pores and their active sites. The same thought process must also be
applied to any potential transition states that may occur during the reaction pathway of

interest.

1.5.2 Small Pore Zeolite Catalysts

Small pore zeolites have received less attention than medium pore zeolites for
converting xylose and biomass to furfural because their pore apertures (3 to 5 A’8) are
generally too small to allow entry of xylose (6.8 A"®7") or glucose (8.6 A.7®). Small pore
zeolites have been successfully used as catalysts for the conversion of methanol to
olefin, %2 but Jae et al and others’® 1% report no formation of aromatics from glucose
using several different small pore zeolites. Others cite small pore zeolites as generally
unsuitable catalysts for the conversion of xylose to furfural.%4

Despite little promise of excellent furfural production with small pore zeolites
based on their pore sizes alone, others have reported a surprising amount of flexibility
within the zeolitic frameworks, %11 allowing pore sizes to stretch by 2 A or more. Due
to their uniform networks of pores and channels, zeolites are also known for having large
surface areas relative to their weight.!'* If the external surface has a sufficient density of
acid sites, reactions will occur without requiring diffusion of reactants into the pores at

all. In order to further analyze potential catalytic ability of small pore zeolites for biomass
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upgrading, three small pore zeolites were selected to be used in this project: SAPO-34,
SAPO-56, and DNL-6.

Silicoaluminophosphates, or SAPOs, are a class of molecular sieves first studied
and officially classified in the 1980s. As initially reported by Lok et al of the Union
Carbide Corporation, “The silicoaluminophosphates encompass a wide compositional
range of O-0.3R~(Si,Al,P,)O2 in the anhydrous form, where X, y, and z represent the
mole fractions of silicon, aluminum, and phosphorus and range from 0.01 to 0.98, 0.01 to
0.60, and 0.01 to 0.52, respectively, with x + y + z = 1.”11? They also reported that most
silicoaluminophosphates show exceptional thermal and hydrothermal stabilities, and that
their pore apertures range from 3 A to 8 A. No universal naming system is used for
SAPOs, meaning that the numbers in their names do not necessarily have a systematic
meaning.*® DNL-6 is a silicoaluminophosphate molecular sieve with the RHO
framework, named after Dalian National Laboratory where it was first synthesized in
2011.1%* Details about the syntheses of all three small pore zeolites are given in Appendix

A.

1.6 High-Performance Liguid Chromatography

High-performance liquid chromatography (HPLC) is a powerful analytical
method that uses high pressure to force solvent through a column containing fine
particles that enable high-resolution separations.*®> Common components of an HPLC
system, like the one used for analysis in this project, include: buffer reservoirs, a

degassing unit, a pump unit, an autosampler and injector unit, a chromatography column,



22

and various detectors. For this project, a diode array detector (DAD) and a refractive
index detector (RID) were used. Gas chromatography is often chosen over liquid
chromatography because it is generally less expensive and generates less waste, but
liquid chromatography is often required when the compounds of interest are not volatile
enough for gas chromatography or degrade at high temperatures.*®

HPLC chromatographic columns are expensive and are available in an enormous
variety of sizes and configurations, each designed with specific separation goals in mind.
In order to preserve their expensive and delicate columns from degradation, most users
attempt to remove any particulate matter by passing all samples and solvents through a
0.2 uM filter prior to introducing them to the system. Users will typically also use a short
guard column just before the chromatography column itself as a last attempt to remove
fine particulate matter. Chromatography columns are typically packed with a solid
stationary phase consisting of spherical microporous silica particles, each with a surface
area on the order of several hundred square meters per gram.*® Most HPLC buffers must

be at least mildly acidic, as the silica typically becomes unstable at a pH > 8.

1.6.1 Theory behind HPLC

Two basic separation modes, normal-phase and reversed-phase, are used in HPLC
along with one of two basic elution methods: gradient elution and isocratic elution. A
basic knowledge of these four terms is essential to understanding the full capabilities of
separation by HPLC.

In normal-phase separations, a polar stationary phase is used along with a less

polar mobile phase, meaning that a more polar solvent has a higher eluent strength.*®
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Normal-phase separations work on the principle of a solute’s ability to engage in polar
interactions with the polar stationary phase. The more polar the solute, the more strongly
it will bind to the stationary phase, leading to a longer retention times. More nonpolar
solutes will bind weakly to the stationary phase or stay soluble in the relatively nonpolar
buffer, leading to shorter retention times. Normal-phase separations are relatively
unpopular today, due largely to inconsistent retention times caused by an inevitable
presence of moisture in the buffer.

Replacing normal-phase HPLC in most applications today is reversed-phase
HPLC, which uses a nonpolar stationary phase with an aqueous or polar mobile phase.
Reversed-phase HPLC is insensitive to small amounts of moisture in the mobile phase,
thereby circumventing one of the primary issues faced by normal-phase separations. By
the same principles dictating retention times in normal-phase separations, more nonpolar
analytes bond more strongly to the nonpolar stationary phase in reversed-phase HPLC
and therefore have longer retention times. More polar solutes bind less strongly to the
stationary phase or remain soluble in the mobile phase, and have shorter retention times.
These basic separation principles can be manipulated further based on which elution
method is chosen, gradient or isocratic.

Isocratic elution is used when a single mobile phase is capable of separating all
solutes of interest. This requires that the solutes be of sufficiently unique polar character
such that they can be fully resolved without altering the polarity of the solvent. Reversed-

phase HPLC with isocratic elution was the separation technique used in this project.
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Gradient elution is a more powerful technique that is most often used when
isocratic separation is not capable of fully resolving multiple solutes. In gradient elution,
two solvents of different polarity are typically used, with their ratio changing as the
HPLC run continues, which effectively produces a polarity gradient throughout the
run.!*® In a typical reversed-phase gradient separation, the ratio of solvent A to solvent B
will be adjusted so as to gradually transition from being highly polar (causing polar
solutes to elute fairly quickly) to being highly nonpolar (flushing nonpolar solutes from
the stationary phase and causing them to elute). An example of this gradient elution is
given by Harris!*® below in (Figure 12), showing increasing volume percentages of one
solvent (acetonitrile) as a function of HPLC run time. Changing the solvent ratio in this
way changes the polarity of the mobile phase as a whole, enabling more selective
desorption of solutes from the stationary phase and elution from the column. Method
development for this type of separation is a systematic process, but often must be

optimized via trial and error.
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Figure 12: Example of solvent ratio changes in a typical HPLC separation with gradient
elution.
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Beyond these basic separation and elution modes, there are many different ways
to separate components of a mixture. Harris provides an excellent decision tree designed
to simplify method development (Figure 13). The precise details of each of these

separation modes and the many factors governing separation are beyond the scope of this

paper.
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1.6.2 Application of HPLC to this Project

For this project, two different HPLC columns were used for different aspects of

the project. These are summarized below in Table 2.

Table 2: Summary of HPLC Columns Used.

Column Part # Manufacturer | 1D Length Particle Use
(mm) (mm) Size (uM)

Zorbax 8433000-908 | Agilent 4.6 150 5 Biomass
Carbohydrate Technologies Composition
Analysis Experiments
Aminex HPX-87H Bio-Rad 7.8 300 9 Catalysis
Carbohydrate Experiments
Analysis

The Zorbax column and its accompanying guard column (Agilent Technologies, 820950-
908) were used in the biomass composition experiments since the HPX-87H is unable to
separate xylose and glucose. The Aminex column, with its accompanying guard column
(Bio-Rad, 125-0129), separates compounds based on a combination of several different
mechanisms, including ion exclusion, ion exchange, and size exclusion. lon exclusion is
based on the principle that solute ions in the mobile phase will not penetrate a resin bead
with a similar charge, and therefore will elute from the column more quickly than a solute
ion with a dissimilar charge to the fixed charge of the resin bead. Similarly, size
exclusion operates on the idea that solute molecules that are too large to penetrate the
interior pores of the resin beads will travel through the column more quickly than smaller
solute molecules, which physically enter the beads and elute more slowly due to a more
tortuous path through the column. lon exchange binds solute molecules to the stationary
phase based on ionic interactions. Thus ions that bind more strongly to the column are

retained longer than ions that only bind to the column weakly or not at all. With each of
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these separation methods making up a portion of the overall separation capabilities of the
Aminex column (in a proprietary way), it is able to achieve excellent separation of many

different types of compounds.

1.7 Calculations

Results were quantified via HPLC, with these peak areas being calculated by the
software using the manual integration functionality. Using that tool, no calculation was
required to achieve peak area values for each compound of interest in any given spectra.
In order to quantify these peak areas in terms of molarities, standard curves consisting of
at least four data points were prepared. From these standard curves, kinetics calculations

for yield, selectivity, and conversion were completed for each reaction.

1.7.1 HPLC Standard Curves

For any given compound of interest, a standard curve consisting of a minimum of
four data points was generated in order to provide a means of quantifying the results of
reactions. Based on estimated target molarities of each compound, standards were
prepared consisting of an appropriate weight of each compound. These standards were
then analyzed in triplicate via HPLC, and the average peak areas were divided by 1*10°
(in order to normalize the standard curves to more reasonable numbers) and plotted
against the molarity of each compound in the standard. As a result, many figures in the
form of Figure 14 below were generated, giving an equation for a line of best fit. Using

the equation of the linear fit, the molarity of any given reaction sample could be



calculated based off of its observed peak areas. These standards were updated
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approximately monthly to account for any shifting of HPLC performance.
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Figure 14: Example standard curve generated for analysis of furfural content following

reactions.

1.7.2 Conversion Calculations

Conversion of the feed sugar is an important metric of these reactions, as it

provides a quantitative measure of how far a reaction has progressed. For example, a

glucose reaction that has reached a conversion of 75% tells us that 75% of the glucose

that was initially present has converted to something else, whether that be target products,

non-target products, or other degradation products. Monitoring conversion levels is an

important way to optimize reaction conditions, primarily the lengths of reactions. Once

100% conversion is achieved, the yields of the target products are often at or near their

maxima as well, and will only degrade if the reaction is continued.
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To calculate conversion, one must look at the molarity of a reactant present at the
start of the reaction, and the molarity of that reactant present at the end of the reaction,
which is calculated from the standard curve data. For example, a reaction starting with a
glucose molarity of 1.0 mol/L and ending with a glucose molarity of 0.25 mol/L would

result in a conversion of 75%, and is calculated as follows:

1 - (Final Molarity/Initial Molarity)]*100% = % Conversion
y y

[1-(0.25 M/1.0 M)]*100% = 75% Conversion

1.7.3 Selectivity Calculations

Selectivity is a metric used to quantify how much of the target product is being
produced in relation to other non-target products. It is calculated by taking the final moles
of the target product, and dividing that number by the total number of moles of reactant
that actually reacted (in other words, starting moles of reactant minus final moles of

reactant).

[(Final Moles Furfural)/(Initial Moles Gluc — Final Moles Gluc)]*100% = % Selectivity

[(0.45 Moles Furfural)/(1 Mole Gluc — 0.25 Moles Gluc)]*100% = 60% Selectivity

Selectivity is a way to gauge how effective a given catalyst is for the desired reaction.
Decent yields can still be achieved with low selectivities, but by knowing an exact value
for selectivity, the researcher can pinpoint exactly how well his/her catalyst is aiding the

desired reaction.
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1.7.4 Yield Calculations

As discussed above, final molarities of each compound of interest were calculated
based on peak areas in the HPLC spectra. Yield is calculated by multiplying the

calculated values of conversion and selectivity as follows:

(% Conversion) * (% Selectivity) = % Yield

(75% Conversion) * (60% Selectivity) = 45% Yield

Calculating yield in this manner enables a comparison across multiple types of reactions
and initial conditions, versus using absolute yield values. In this way, one can still
directly compare percent yield values for a reaction starting with different reactant

loading amounts.
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2.0 MATERIALS AND METHODS

In this study, several types of zeolite and metal-organic framework (MOF)
molecules were evaluated for use in the conversion of xylose and switchgrass to furfural.
The catalyst reacted in glass vials with xylose and switchgrass in a solvent system
consisting of 90/10 y-valerolactone (GVL)/water. Studies to characterize the recyclability
of these zeolites and whether or not acid sites leach into solution were also carried out.

All results were quantified via HPLC and GC/MS, among other techniques.

2.1 Catalyst Synthesis

All zeolites and MOFs were synthesized by a collaborating research group led by
Dr. Moises A. Carreon at the Colorado School of Mines (CSM) in Golden, CO. The
SAPO-34 that was obtained commercially (ACS Material, LLC) is referred to henceforth
as SAPO-34C. Zeolite Rho,'*® ZIF-8,'" ZIF-67,'Y" Cu-MOF,*” SAPO-34,118 SAPO-
56,11° and DNL-61° were all synthesized according to previous literature. Specific details

of the syntheses carried out by Dr. Carreon’s group are provided in Appendix A.

2.2 Catalyst Preparation

In order to remove any residual water or contaminants and achieve an accurate
weight measurement, all zeolites were baked overnight prior to use at 573 K (Thermo
Scientific Thermolyne Furnace Model F47925-80 and Fisher Scientific Isotemp Muffle
Furnace Model 182). The 0.02 M sulfuric acid (SA) and Amberlyst-70 (A70; Dow

Chemical) catalysts provided benchmarks to previously published studies. The 0.02 M
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SA was prepared from 18 M SA (Fisher Scientific, A300-212) and stored at 275 K
(Fisher Scientific refrigerator). A stock solution of 0.2 M SA was first made by adding
2.00 mg (0.2 mol) of pure sulfuric acid to 1 L of water. This stock solution was then
diluted 10x when preparing reaction vials, to achieve a concentration of 0.02 M for all
reactions using SA as catalyst. The A70 was crushed into a fine powder using a mortar
and pestle and rinsed with water until the wash water had a pH of ~7 (Fisher Scientific
Accumet AB15 pH meter). The crushed and washed A70 was baked at 378 K overnight

prior to use (Thermo Scientific Thermolyne Furnace, Model F47925-80).

2.3 Catalyst Characterization

The small pore zeolites were characterized at the Colorado School of Mines and
Syracuse University by collaborators using x-ray diffraction (XRD), scanning electron
microscopy (SEM), Brunauer-Emmet-Teller (BET) theory surface area analysis, and
temperature programmed desorption.

All materials were characterized by physisorption of N2 at 77 K (Micromeritics
ASAP 2020). Prior to N2 dosing, samples were evacuated at 363 K and subsequently
outgassed under vacuum (623 K, 4 h). This enabled calculations of surface area for each
small pore zeolite via BET theory, which was carried out by a collaborating research
group led by Dr. Jesse Q. Bond at Syracuse University. Brgnsted and total acid site
densities were also determined by Dr. Bond’s group; their procedures are given in greater

detail in Appendix B.
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2.4 Xylose and Switchgrass Conversion Reactions

Experiments were carried out in 10 mL glass reactors (Kimble-Chase, 60702-10)
sealed with a Teflon septum (Kimble-Chase, 73818-24) and polypropylene cap (Kimble-
Chase, 75201G-24400) at 448 K or 463 K in a heated oil bath (Fisher Scientific, 5159-
500) with magnetic stirring (Fisher Scientific Isotemp) (Figure 15). Temperature of the

oil bath was monitored with two additional reference probes to verify consistent bath

temperature.
o . @ \
Figure 15: Oil bath setup with magnetic stirring and three independent temperature
probes.

Dehydration of xylose (Sigma-Aldrich, X1500-500) to furfural was carried out in
4.0 g of 90 wt% y-valerolactone (GVL; Acros Organics, 140795000)/10 wt% water (18.2
milliQ) solvent with 2 wt% (0.082 g) xylose or switchgrass (obtained through Brett Allen

at the Sidney, MT USDA) added to the reactor. Then, catalyst was added in the amount



35
of 0.02 M sulfuric acid or 0.048 g of solid acid catalyst. The reactors contained triangular
stir bars (Fisherbrand, 1451371), were placed in a heated oil bath, and stirred at 600 rpm
for the reaction time.

Likewise, 2 wt% glucose (Fisher Scientific, D16-500) and 2 wt% switchgrass
reactions were prepared in the same way. These vials were sealed as previously
mentioned and placed back into the 463 K oil bath and stirred for the stated reaction time.
All results were analyzed via HPLC (Agilent 1100, BioRad Aminex HPX-87H column,
RI and DA detectors; see section 2.8) and quantified via analysis of standards consisting
of various concentrations of xylose and furfural (Sigma-Aldrich, 185914-100) in 90/10

GVL/water.

2.5 Catalyst Leaching Studies

In glass vial reactors, 0.048 g of catalyst in a 90/10 GVL/H20 solvent system
(consists of approximately 4.50 g of GVL and 0.50 g of H20) was added to the vial and
sealed with a septum and polypropylene cap and then placed in a 463 K oil bath and
stirred for a set amount of time based on the time required to achieve approximately 50%
conversion in xylose conversion reactions (Section 2.8; 1 h for blank and SAPO-34C and
for 0.25 h A70) on a hot/stir plate. The catalyst was separated from the solvent by
centrifugation (Thermo Scientific Sorvall ST 8) at 8000 rpm for 10 minutes (Figure 16),
and 4.00 g of the solvent was decanted into a new vial containing approximately 0.082 g
of xylose to make a 2 wt% xylose solution. Then the reaction was run as stated in section

2.4.
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Figure 16: Centrifuge used to separate solid catalyst from solvent following reaction.

2.6 Catalyst Recyclability Studies

Recyclability studies were carried out as a proof of concept with SAPO-34C to
determine the reusability of these small pore zeolites. Three rounds of reactions were run
with both SAPO-34C (1 h at 463 K) and with A70 (5 min at 463 K). These reaction
lengths were chosen as past experiments with both catalysts have produced moderate
conversions at these respective time points. A first round of reactions consisted of six
reaction vials for both catalysts, each consisting of 0.048g catalyst and 2 wt% xylose in a
90/10 GVL/water solvent system. Following the reactions, the catalyst was separated via

centrifuge as described in section 2.5, recovered from each vial, combined, and washed
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with 5 x 25 mL portions of acetone. SAPO-34C was then baked overnight at 573 K and
A70 at 378 K. A second round of reactions consisted of four reaction vials for each
catalyst, with reactions occurring under the same conditions as before. Once again, the
catalysts was recovered, combined, washed, and baked prior to running a third round of
reactions, this time with two reaction vials for each catalyst. Data was analyzed via
HPLC (Agilent 1100, BioRad Aminex HPX-87H column, Rl and DA detectors; see

section 2.8) for each individual reaction vial.

2.7 Biomass Composition Analysis

Switchgrass was obtained through Brett Allen from the Northern Plains
Agricultural Research Laboratory in Sidney, MT. Biomass composition analysis was
completed following the National Renewable Energy Laboratory’s Laboratory Analytical
Procedure (NREL LAP) TP-510-42618. Using a water bath, the switchgrass was
hydrolyzed in a 120 mL pressure tube (Ace Glass, 8648-30) with plug (Ace Glass, 5845-
47) with 72% sulfuric acid prepared from 18 M sulfuric acid (Fisher Scientific, A300-
212) at 303 K in an oil bath for 1 h while stirring every 10 min using a triangular Teflon
coated stir bar on a combination stirring and heating plate. After 1 h, the solution was
diluted with deionized water to an acid concentration of 4% and placed in an autoclave
(Market Forge Industries, STM-E; located in the Center for Biofilms EPS325) for 1 h at
394 K. Liquid samples were neutralized to a pH of approximately 6 and filtered using 0.2
um filters (Agilent, 5190-5265) for HPLC analysis. Results were quantified using an

Agilent Zorbax Carbohydrate column (Agilent 1100; 75:25 (by volume)
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acetonitrile:water mobile phase) with a refractive index detector for xylose and glucose
(see section 2.8) analysis. These data were compared to sugar recovery standards made as

stated in the NREL LAP.

2.8 Analysis

2.8.1 High Performance Liguid Chromatography

All results were analyzed via HPLC (Agilent 1100, BioRad Aminex HPX-87H
column, RI and DA detectors, Figure 17 below) and quantified via analysis of standards
consisting of various concentrations of xylose (retention time of 9.8 min with RID),
glucose (retention time of 9.2 minutes with RID), furfural (retention time of 52 min with
DAD at a wavelength of 286 nm), HMF (retention time of 33 minutes with DAD at a
wavelength of 286 nm) in 90/10 GVL/water. A GVL peak is not detectable via DAD with
the wavelength set to 286 nm. Two different columns were used: an Agilent Zorbax
column (part number 843300-908) for xylose and glucose analysis in the biomass
composition experiments and a BioRad Aminex HPX-87H column for xylose, glucose,
HMF, and furfural analysis of all xylose, glucose, and switchgrass conversion

experiments.
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Figure 17: HPLC with RID and DAD used for‘analysis of all experiments.

The Zorbax column used a mobile phase buffer solution consisting of 75/25
acetonitrile (Fisher Scientific, A955-4)/water by volume. The Aminex column used both
5 mM sulfuric acid for early experiments and 10 mM trifluoroacetic acid (TFA, Acros
Organics, 13972-5000) for later experiments as mobile phase buffer. All buffers were

passed through 0.2 um filters prior to use (Figure 18).
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Figure 18: All HPLC buffers were passed through a 0.2 uM vacuum filtration system.

The 5 mM sulfuric acid (pH ~2) was made with 10 mL 0.5 M sulfuric acid (Acros
Organics, AC124240025) made up to 1 L with 18.2 milliQ H2O (Barnstead Smart2Pure
3). The solvent flow rate was 0.6 mL/min, and the system pressure and temperature were
72 bar and 323 K, respectively. For the later experiments, the 10 mM TFA solvent was
used and made with 1.50 mL of TFA in 2 L (total) of 18.2 milliQ water.

Both columns utilized the same HPLC settings, which consisted of the following:
0.6 mL/min flow rate of solvent, 323 K RID temperature, 323 K column compartment
temperature, and an approximately 1 h run time due the produce retention times (Table
3). Data was analyzed and peaks were integrated manually via Chemstation software. An

overview of the Chemstation (Rev A.10.02) is shown below in Figure 19.
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Figure 19: Overview of Chemstation run control software. Injection volume, flow rate,
column temperature, and DAD & RID settings are controlled from here.

Table 3: Approximate HPLC retention times of chemicals analyzed.

Chemical Column Detector Approx. retention time
(min)
Xylose Zorbax RID 7.9
Aminex RID 9.8
Glucose Zorbax RID 8.5
Aminex RID 9.2
GVL Aminex DAD (286 nm) Not Detectable at this
Wavelength
Furfural Aminex DAD (286 nm) 52
HMF Aminex DAD (286 nm) 33
Levulinic Acid | Aminex RID 17

All samples and standards were passed through 0.2 um filters (Agilent, 5190-
5265) attached to Luer-Lok style syringes (BD, 309657) prior to being injected, as seen

in Figure 20 below.



When not in active use, the HPLC was set to a standby mode that consisted of the
following: 0.1 mL/min flow rate, 323 K RID temperature, 323 K column compartment
temperature, and the UV bulb turned off. This was done in order to minimize unnecessary
resource use. All acidic effluent waste was neutralized to a pH of 7 and flushed down the
sink with at least 10:1 water:waste. Organic effluent waste was saved in 4 L amber glass
jars to be picked up by MSU’s Safety & Risk Management department for proper
disopsal.

Significant maintenance was required by the HPLC throughout the course of this
project; more details of the issues, troubleshooting, and maintenance that took place are

given in Appendix C.

2.8.2 Karl Fischer Titration

In order to determine the water content of the solvent, a Karl Fischer Titration
system was used (Denver Instruments Model 275KF titration module connected to a

Denver Instruments Model 260 titration controller, Figure 21 below).
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Figure 21: Karl Fisher titration instrumentation.

HYDRANAL-Coulomat AG (Fluka Analytical, 34836-500) was used as the
anolyte reagent and HYDRANAL-Coulomat CG (Fluka Analytical, 34840-50) was used
as the catholyte. 5 mL of catholyte was added to the small cathodic compartment and
anolyte was added to the large anodic compartment to the same level as the catholyte
(approx. 100 mL). Three replicate injections of 2 g of solvent were made through a
septum into the titration cell using a 3 mL syringe with a luer lok needle. Three replicate
injections of 1.5 g of a 1 wt% water standard (Fluka Analytical, 34849-80) were made to
verify instrument performance. The weight of the syringe when full and when empty are
input into the titration controller, and a solvent injection amount in grams is calculated
automatically. The system then automatically performs a titration and calculates the water
content of the solvent, displayed in wt% water. Anywhere between 1 g and 3 g of solvent

are sufficient injection amounts, and make no difference in the result
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3.0 RESULTS

The potential for the catalytic conversion of xylose, glucose, and switchgrass to
furfural was studied in detail with several small-pore zeolites and MOFs using pure
xylose, glucose, and switchgrass in 90/10 wt% GVL/water solvent systems. More
specific details about the SAPOs used in this study are given below in Table 4, where
“SAPO-34C” denotes commercially purchased SAPO-34 and “SAPO-34" and “SAPO-
56 denote catalysts synthesized by Dr. Moises A. Carreon’s collaborating research
group at the Colorado School of Mines in Golden, Colorado, USA.

Table 4: Chemical and structural properties of the small pore zeolites and ZSM-5, as
determined experimentally (acid site and surface area data) and as found in the literature

(pore size).
Total acid | Bragnsted | Surface | Poresize | Framework
sites acid sites area (A) Type
(umOV/geat) |(umol/gear)|  (MP/g)

SAPO-34C| 980 1100 510 3.8°8 CHA'%
SAPO-34 370 400 520 3.878 CHA0
SAPO-56 590 240 360 3.61% AFX122

DNL-6 270 220 140 3.61% RHO24
ZSM-5 31 425 5.581 MF112°

3.1 Catalysts

3.1.1 MOFs
All of the MOFs and zeolite Rho studied resulted in less than 2% furfural yield
from xylose. Due to the higher yields from small pore zeolites, the zeolites became the

focus of this study.
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3.1.2 Small Pore Zeolites

Of the four small pore zeolites used in this study, three were synthesized: SAPO-
34, SAPO-56 and DNL-6. These had XRD patterns consistent with CHA, AFX, and
RHO, respectively (Appendix B). Both the XRD patterns (Figure 28) and SEM images
(Figure 29) of the synthesized zeolite crystals are shown in Appendix B. SAPO-34 and
SAPO-56 showed cubic-like morphology with average sizes in the 1-5 um range and 0.5
um, respectively. DNL-6 has a hexagonal-like morphology with an average size of 4 um.
One commercial catalyst was also obtained: SAPO-34 (ACS Materials; referred to as
SAPO-34C). For all reactions, 0.048 g of catalyst and a solvent blend of 90/10 wt%

GV L/water was used unless otherwise noted.

3.2 Reactions

In order to probe the capabilities of these small pore zeolites as catalysts for the
deconstruction of switchgrass and the dehydration of glucose and xylose to furfural,
many individual reactions were executed, ranging in length from 5 minutes to 24 hours.
A preliminary reaction temperature study was carried out prior to the other experiments.
By increasing the reaction temperature from 448 K to 463 K, higher furfural yields were
achieved in shorter amounts of time. These results using SAPO-34C are summarized in

Figure 22.
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Figure 22: Results of reaction temperature study with SAPO-34C, showing furfural yields
at 448 K (circles) and 463 K (triangles).

3.2.1 Reactions with Xylose

After 0.25 h, both the 0.02 M sulfuric acid (SA) and Amberlyst-70 (A70) had
high furfural yields (63% and 67%, respectively; Figure 23), which is similar to previous
results.’® Analogously, the ZSM-5 produced a furfural yield of 70% after a 6 h reaction,
which is also similar to previous results.*® The SAPO catalysts produced moderate
furfural yields, in the range of 30% to 40%. While these yields are lower than those
achieved with A70 and SA, they are substantially higher than that which was achieved in
a blank reaction containing no catalyst. With the DNL-6 catalyst, furfural yields were no
higher than achieved in the blank reaction, indicating that DNL-6 does not provide any
notable benefit over no catalyst in reactions starting from pure xylose. Representative
error bars are included on just one data point in Figure 23 and in all subsequent figures.

In these reactions, the major source of error is derived from fluctuations in the
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temperature of the oil bath (thereby affecting the reaction temperature). Each time a vial
is added to or removed from the bath, slight temperature fluctuations occur, which are
then typically exacerbated as the system overcorrects before settling back to the desired

temperature.
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Figure 23: Furfural yields from 2 wt% xylose in 90/10 GVL/water at 463 K for 0.25 h for
A70 (Amberlyst-70) & 0.02 M sulfuric acid (SA) and 6 h for all others. Blank = no
catalyst; 56, 34C, and 34 = SAPO-XX.

3.2.2 Reactions with Glucose

Other researchers!® 126127 have shown that furfural can be produced from glucose
via the following mechanism: glucose reacts to form formaldehyde and furfural®?® by the
keto-enol tautomerization of glucose, followed by the formation of a pentose through a
retro-aldol reaction, which finally undergoes dehydration to form furfural.?” The

conversion of glucose in 90/10 GVL/H20 resulted in maximum furfural yields of 25%
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(0.5h), 14% (0.25 h), and 9% (11 h) from SA, A70, and SAPO-34C, respectively, along
with production of levulinic acid and 5-hydroxymethylfurfural (HMF). Blank reactions
with glucose in 90/10 GVL/H.0 showed furfural yields of up to 7%, but only after
exceedingly long reaction times (24 h and longer). Formaldehyde was detected in low
amounts (less than 5% yield) in the reactions, and although formaldehyde is formed in a
1:1 molar ratio with furfural, acidic conditions and high temperature cause degradation
and side reactions leading to decreased formaldehyde concentration.!?® Despite this lack
of a 1:1 ratio of furfural:formaldehyde, the presence of formaldehyde at all does lend

support to the reaction mechanism of glucose to furfural mentioned above.

3.2.3 Reactions with Switchgrass

For the switchgrass experiments, 1 and 2 wt% switchgrass feeds both resulted in
almost complete biomass solubilization and yields of furfural were greater than with
higher loading weights of switchgrass (Figure 24). Because there appeared to be
diminishing returns when starting with a switchgrass amount greater than 2 wt%, a
loading of 2 wt% was chosen to be used for all switchgrass reactions. At the higher
amounts of switchgrass, complete solubilization of the biomass was challenging. When
solids remained in the vial following a reaction, separation and reclamation of the used
catalyst were much more difficult than in reactions with complete solubilization of the
biomass. With a primary goal of these studies being to develop solid catalysts that are

easily recycled, easy separation of spent catalyst is a critically important attribute.
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Figure 24: Furfural yields after 8 h of reaction with SAPO-34 at 463 K are compared for
various starting amounts of switchgrass in 90/10 GVL/water.

Since the switchgrass contains both xylose (18 wt%) and glucose (31 wt%),
furfural yields for the switchgrass reactions were calculated based on the reaction
mechanisms that each mole of xylose and of glucose initially present can convert to
furfural in a 1:1 ratio. Therefore, the molar yield of furfural from the experiment divided
by the initial molar quantity of xylose and glucose equaled the calculated furfural yield.
Just as with xylose and glucose as the starting material, reactions were performed using 2

wt% switchgrass with the small pore zeolites, SA, and A70 (Figure 25).
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Figure 25: Furfural yields (actual furfural moles / (initial xylose + glucose moles)) from 2
wit% switchgrass in 90/10 GVL/water at 463 K after 0.5 h for A70 (Amberlyst-70) &
0.02 M sulfuric acid (SA) and 24 h for all others. Blank = no catalyst; 56, 34C, and 34 =
SAPO-XX.

Once again, note that the SA and A70 achieved high yields of furfural after a
relatively short reaction time. Similar to the xylose reactions, the SAPQOs again achieved
moderate yields of furfural in the 30% range. Most importantly, the blank reactions (no
catalyst) starting from 2 wt% switchgrass achieved zero furfural yield. Thus, in this case,
even though the DNL-6 achieved a fairly low furfural yield, it is still markedly higher
than that achieved by the blank. This indicates that an acid catalyst is essential for the
deconstruction and conversion of biomass, whereas previously, the blank reaction was

capable of converting pure sugars.
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3.2.4 Blank Reactions and Solvent Effects

Mellmer et al. showed that using GVL as a solvent for xylose dehydration
changes the activation energy of the reaction, resulting in increased reaction rates and
enhanced product selectivity.'?® Although the 90/10 GVL/water solvent system catalyzed
the xylose dehydration reaction without additional catalyst present, the reaction time
required to reach the maximum furfural yields was shorter with the zeolite catalysts. With
no catalyst, 24 h was required to reach a maximum furfural yield of 30%, while SAPO-
34C, SAPO-56, and SAPO-34 all surpassed 30% yield within 4 h. Blank reactions with
and without catalyst (SA) but with no sugars in 90/10 GVL/water showed zero furfural
yield, which confirmed that GVL was not converting into furfural or had furfural initially
present. This was considered because GVL is itself also derived from biomass and has a
similar chemical structure to furfural, so there is possibility of contamination of the GVL

with furfural or even conversion of GVL to furfural.

3.2.5 Leaching and Water Dissociation

Because of the moderate yields achieved in the blank reactions, water dissociation
was considered since it becomes increasingly favorable at high temperatures where the
intermediate protons could potentially catalyze xylose dehydration.t3%13! To test this,
xylose dehydration was carried out with no catalyst for 24 h in pure GVL, which
contained 0.11 wt% water (as determined by Karl Fischer Titration), and a 28% furfural
yield was achieved. To verify the performance of the Karl Fischer Titrator, three replicate
injections of a 1 wt% water solution were also made, with an average water content

calculated to be 0.94 wt% £ 0.02 wt%. An analogous reaction was performed, using
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90/10 GVL/water as the solvent, and a nearly equivalent furfural yield of 30% was
achieved. This supports the hypothesis that the zeolites, rather than water dissociation,
provide the acidity necessary to catalyze xylose dehydration within shorter reaction
times.

Gurbuz et al. found that the A70 acts as a homogeneous catalyst in GVL/water
systems,*® which was confirmed in this project with a leaching study using A70 that
resulted in a furfural yield of 57% when a solvent previously exposed to A70 was used

(Figure 26).
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Figure 26: Furfural yields from leaching reactions with A70, blank (no catalyst), and
SAPO-34C in 90/10 GVL/water.

A significant amount of acid sites leached from the A70, allowing the reaction to likely
be catalyzed homogeneously. Carrying out the same leaching study procedure for SAPO-
34C resulted in low furfural yields that were equivalent to a blank solvent (Figure 26),

which confirms that the reaction occurred heterogeneously on the zeolite catalysts. This
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has implications in the reusability of these catalysts, with the non-leaching SAPO-34C
likely able to be reused multiple times while the A70 loses activity due to loss of acid

sites over multiple rounds of reaction.

3.3 Recyclability Studies

Catalyst recyclability experiments showed that SAPO-34C can be recycled and
still maintain high catalytic effectiveness. The furfural yield only decreased 5% from the

first reaction to the second, and then the yield held constant for the third reaction (Figure

27).
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Figure 27: Recyclability experiment results showing furfural yields A70 (black) and S-
34C (gray) through three sets of experiments (i.e. “RD 17, “RD 2”, and “RD 3”).

The decrease in furfural yield from the first to the second reaction may be related
to the surface deposition of carbonaceous species leading to the blockage of some active

sites, causing a slight decrease in catalyst activity. This behavior has been previously
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observed and reported for SAPO-34 by Suprun et. al.132 They hypothesized that the
relatively high acidity and small pores of SAPO-34 are both factors that lead to
accumulation of carbonaceous deposits blocking its surface, which could be partially
avoided with a lower reaction temperature.'®2 Between each round of reaction, the spent
catalyst was washed and then baked at 573 K, which may be sufficient to remove most

carbonaceous deposits in or on the catalyst.

3.4 Potential Reaction Mechanism Discussion

Although the zeolites contain a significant number of internal acid sites, the pore
sizes of the zeolites (3.6 - 3.8 A) should hinder xylose diffusion because of the size of the
molecule (~6.8 A7877). Reactions performed with the SAPO-34 and SAPO-56 templates
in place (that is, prior to calcination) resulted in furfural yields equivalent to those
obtained in blank reactions under the same conditions. (For these reactions, 0.050 g of
catalyst was used instead of 0.048 g because the weight of the template was about 4
wt%.) This may indicate that the reaction does not take place on the surface of the zeolite,
but that the sugar molecules are somehow gaining access to the interior acid sites. Many
groups have reported that zeolites have flexible frameworks, %119 and thus the reaction
conditions used may have allowed the SAPO framework to flex, thereby dynamically
exposing the internal acid sites to xylose and/or glucose. To measure this more
definitively, in-situ pore size measurements would have to be made while accounting for
the temperature, pressure, and other conditions observed during a typical reaction. The

total acid site concentrations, determined experimentally via ammonia and ethylamine
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temperature-programmed desorption in combination with surface area, do correlate with
observed furfural yields, indicating that Brgnsted acid sites are a critical component for

the reaction, which is frequently confirmed in the literature, 2 50 7985133
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4.0 CONCLUSIONS

Moderate furfural yields were achieved from both xylose and switchgrass with
small pore zeolites SAPO-34 and SAPO-56 in 90/10 GVL/water. These catalyzed
reactions produced substantially higher yields than blank reactions containing no catalyst
starting from xylose, glucose, and switchgrass.

While higher furfural yields were achieved with SA and A70, there is strong
potential for small pore zeolites as catalysts for biomass upgrading. The results of the
leaching experiments performed in this study indicated significant acid site leaching and
therefore, homogeneous catalysis with A70. On the other hand, SAPO-34C showed
insignificant leaching and likely, heterogeneous catalysis. Unlike with A70, SA, and
other homogeneous catalysts, these small pore zeolites are easy to separate and reuse
following a reaction. More generally, heterogeneous catalysis is advantageous over
homogenous catalysis because solids are typically much easier to separate and reuse.
Using heterogeneous catalysts also eliminates the need for neutralization of mineral acids
before disposing of them as waste. In addition to being easily separable following a
reaction, the SAPO-34C catalyst recycles multiple times with only a slight drop in
furfural yield.

Although blank reactions (containing no catalyst) were able to achieve low-to-
moderate furfural yields when starting from pure xylose or glucose, zero furfural yield
was attained in blank reactions from switchgrass. This indicates that an acid catalyst is

critical to deconstruct actual biomass and upgrade it to platform chemicals like furfural.
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Other classes of molecules, such as medium pore zeolites, have garnered
significantly more attention in the upgrading of biomass to furfural. At the time of
completion of this study, this is the first known demonstration of any furfural yields from
biomass with small pore zeolites. Although others have achieved higher furfural yields
with medium pore zeolites, small pore zeolites could still see critical use in situations
requiring higher hydrothermal stability than is achievable with most medium pore
zeolites. ZSM-5, one of the most ubiquitous medium pore zeolites in use today, shows
fairly substantial deactivation at high temperatures in the presence of steam, 134135
Conversely, small pore zeolites often show high hydrothermal stability,'36-13” with SAPO-
34 in particular exhibiting exceptional hydrothermal stability.**® This enhanced stability
could enable small pore zeolites to be used under more extreme reaction conditions
where medium pore zeolites and other common catalysts may show considerable
degradation.

Additionally, these small pore zeolites may be synthesized under conditions that
allow their structures to be optimize the strength, location, and nature of their acid sites
for the upgrading of biomass to furfural.*3*-14! Hypothetically, a reaction could be
designed to take advantage of the surface acidity of a small pore zeolite for the
dehydration of sugar molecules to furan compounds. A reaction within the pores by the
smaller furan compounds to further upgrade them to even more useful platform chemicals
would facilitate using a single catalyst. This “tuneability”, coupled with excellent
hydrothermal stability, should keep small pore zeolites firmly implanted in the

continuous innovation of biomass upgrading technologies.
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These results also raise several questions to be addressed in future studies as to
the mechanism by which these catalysts actually convert xylose and glucose to furfural.
Based on their small pore sizes and relatively low surface acidity, one would not
necessarily expect significant furfural production with these small pore zeolites, if any at
all. Medium pore zeolites are typically thought to be better suited to biomass upgrading
due to pore apertures that are closer in size to the component sugar molecules of biomass.
Despite these challenges, moderate furfural yields were repeatedly achieved with the
small pore SAPO zeolites used in this study. Further studies will be required at the
fundamental level to analyze exactly where on these zeolites the conversions of interest
are taking place. With that knowledge, there could be a major increase in use of these

small pore zeolites for biomass upgrading in innovative ways.
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APPENDIX A

SYNTHESIS OF CATALYSTS
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All catalysts used in these studies were synthesized by a collaborating research
group led by Dr. Moises A. Carreon at the Colorado School of Mines in Golden, CO. As
SAPO-34, SAPO-56, and DNL-6 showed vastly more potential in this application than
zeolite Rho and the various MOFs also analyzed in these experiments, their precise

synthesis details are given below.

SAPO-34

SAPO-34 was synthesized employing a procedure reported elsewhere.!!8 In a
typical synthesis, the Al source (99.9% Al(i-C3H-0)3), HsPOs and deionized water were
stirred for 3 h to form a homogenous solution. Then, Ludox AS-40 colloidal silica (40
wit% suspension in water Sigma-Aldrich) was added and the resulting solution was stirred
for 3 h. Tetraethyl ammonium hydroxide (TEAOH, 35 wt% solution in water Sigma-
Aldrich), dipropylamine (99%, Aldrich) and cyclohexylamine (99% Sigma-Aldrich) were
added and the solution was stirred for 4 days at 333 K. The solution was then transferred
into a stainless-steel autoclave and held at 493 K for 24 h. Then, the autoclave was cooled
down and the solid product was separated by centrifugation and washed three times with
deionized water. Finally, SAPO-34 was dried and then calcined at 823 K for 5 h. The

calcination heating and cooling rates were 1 and 2 K/min, respectively.

SAPO-56
SAPO-56 was synthesized employing a similar procedure reported elsewhere.!®
A gel composition of: 2.0 TMHD : 0.6 SiO2 : 0.8 Al,O3 : P20s: 40 H.O was used (THMD

= N,N,N tetra-methyl-hexane-1,6-diamine). In a typical synthesis, alumina was mixed
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homogeneously with TMHD, orthophosphoric acid, and water. The mixture was
vigorously stirred at room temperature for 6 h. After stirring, the resultant gel was
transferred into a stainless steel autoclave and held at 473 K for 96 h. The SAPO-56 was

recovered by centrifugation, dried overnight, and then calcined at 823 K for 6 h.

DNL-6

DNL-6 was synthesized as reported elsewhere.'® The synthesis of DNL-6 was as
follows: 1.17 g orthophosphoric acid (85 wt%) and 0.625 g tetraethyl orthosilicate were
mixed with a solution of 3.06 g aluminium isopropoxide and 13.5 g deionized water. An
aqueous solution of cetyltrimethylammonium bromide (CTAB) was then added followed
by the addition of 1.097g of diethylamine (DEA). The solution was stirred during all the
above mixing procedures. The specific gel composition for the hydrothermal synthesis
was: 1 Al:0.8P:0.2Si:1DEA:0.1CTAB : 50 H20. The final gel mixture was
transferred into a stainless-steel autoclave and held at 473 K for 24 h. After 24 h, the
autoclave was cooled, the solid product collected after centrifugation, washed three times
with deionized water, and dried at 373 K overnight. Calcination was carried out at 873 K
for 4 h to remove organic species using heating and cooling rates of 1 and 2 K/min,

respectively, to remove organic species.
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APPENDIX B

CHARACTERIZATION OF CATALYSTS
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XRD patterns (Figure 28) and SEM images (Figure 29) were acquired by
collaborators at the Colorado School of Mines for SAPO-34, DNL-6, and SAPO-56, and

are shown below.
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Figure 28: XRD pattern of SAPO-34, DNL-6, and SAPO-56 crystals.
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Figure 29: Representative SEM images of SAPO-34, DNL-6, and SAPO-56 crystals.
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Acid site density

Brensted and total acid site densities were determined by our collaborators at
Syracuse University. The details of these measurements are given here. Bransted site
densities were determined from molar quantities of ethylene evolved between 570 K and
870 K during TPD of ethylamine. Approximately 50 mg of powdered catalyst were
loaded into a quartz tube (1/2”) on top of a quartz wool plug, and the tube was positioned
in a high temperature furnace (Omega) and connected to a gas flow manifold. Prior to
analysis, catalysts were calcined in situ at 673 K for 4 hours under 50 sccm of air (Airgas,
Ultra Zero). Subsequently, the samples were cooled to 423K, and purged with 100 sccm
of He that was dried over molecular sieves. After pretreatment, the samples were held at

423 K and contacted with ethylamine (99%, Sigma). Pure ethylamine was introduced into
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the helium stream (100 sccm) through a 50 um capillary tube that served to regulate the
ethylamine flow. The cell was then purged with He (423 K, 100 sccm, 60 min) and
subsequently ramped to 973 K (10 K min-1). During the temperature ramp, the cell
effluent was monitored using a mass selective detector (Stanford Instruments RGA 100).
Signals corresponding to ethylamine (m/z = 30) and ethylene (m/z = 27) were monitored
continuously, and Brgnsted site densities were calculated from evolved ethylene based on
the assumption that one molecule of ethylene forms at one accessible Bragnsted site.

Total site densities were determined from molar quantities of ammonia evolved
between 423 K and 1023 K during TPD of ammonia. Approximately 50 mg of powdered
catalyst were loaded into a quartz tube (1/2”) on top of a quartz wool plug, and the tube
was positioned in a high temperature furnace (Omega) and connected to a gas flow
manifold. Prior to analysis, catalysts were calcined in situ at 673 K for 4 hours under 50
sccm of air (Airgas, Ultra Zero). Subsequently, the samples were cooled to 423 K, and
purged with 100 sccm of He that was dried over molecular sieves. After pretreatment,
the samples were held at 423 K and contacted with a blend of ammonia (1% ammonia in
He, Airgas) until saturation. The cell was then purged with He (423 K, 100 sccm, 60
min) and subsequently ramped to 1023 K (10 K min™). During the temperature ramp, the
cell effluent was monitored using a mass selective detector (Stanford Instruments RGA
100). The signal corresponding to ammonia (m/z = 16) was monitored continuously, and
acid site densities were calculated from evolved ammonia, based on the assumption that

one molecule of ammonia desorbs from one accessible acid site.
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APPENDIX C

HPLC INSTRUMENT MAINTENANCE
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Several major performance issues were encountered throughout the course of

these experiments with the HPLC instrument in use, which led to a significant amount of

troubleshooting and maintenance. Table 5 below shows an overview of each issue and

how it was resolved.

Table 5: Summary of HPLC troubleshooting and maintenance.

Date Symptoms of Actual Resolution & Notes
Issue Diagnosis
October Decrease in Leaking capillary Replaced the leaking 100 pL capillary loop,
2014 pressure signal, loop. found in the autosampler/injector unit, with a
increase in retention genuine Agilent replacement, p/n: 01078-
times. 87302.
November | Persistent uniformly | Symptoms pointed | Replaced the seals (2) in pumphead A with
2014 unstable pressure towards worn seals | genuine Agilent replacements, p/n: 5063-
signal, increase in in pumphead A. 6589. As a result, the pressure signal
retention times. improved slightly, but was not yet back to
ideal operation condition.
March 2015 | Still seeing Possible worn Replaced the sapphire pistons (2) in
variation in sapphire pistons in | pumphead A with genuine Agilent
pressure signal, pumphead A. replacements, p/n: 5063-6586. As a result, the
now not always pressure signal again improved slightly, but
uniform as before. was still not perfect.
March 2015 | No UV signal. UV lamp is likely Replaced deuterium lamp in DAD unit,
worn out. upgrading to a much newer version of the
previous lamp, Agilent p/n: 5182-1530.
Discussed techniques to improve lamp life
with Agilent technician, who recommended
shutting the lamp off only when system will
be idle for greater than 24 hours.
April & Pressure signal is At this point, a Dr. Hilmer and his staff spent about six weeks
May 2015 | still highly unstable, | precise diagnosis of | diagnosing issues with the HPLC pump unit.

showing massive
oscillations, both
uniform and non-
uniform. Issues are
present on both
pumpheads, A & B.

the issue(s) is
beyond our
knowledge and
skillset. Brought
pump unit to Dr.
Jonathan K. Hilmer
in the MSU Mass
Spectrometry
Facility for help
with
troubleshooting.

They went through a significant amount of
standard troubleshooting procedures,
including: cleaning out active inlet valves
(AlV) and check valves, cleaning other
pumphead components (piston housing, etc),
and running numerous leak checks across all
pumphead components. They inspected
various seals and other wearable components,
replacing pump seals in both pumpheads (4
seals total). Still, nothing so far solved the
issue. They then replaced the cartridges within
the AlVs of each pumphead with genuine
Agilent replacements, p/n: 5062-8562. Finally,
this solved the issue and the HPLC was
returned to fully functional condition.




69
As mentioned above in Table 5, diagnosing and fixing issues within the HPLC
pumpheads was the most complex and time-consuming aspect of the HPLC
troubleshooting. Pictured below in Figure 30 are the two pumpheads, both containing
active inlet valves on the bottom, check valves on the top, a purge valve on pumphead A
(left), and various other inlets and outlets. The cartridges within the AIV on both
pumpheads were found to be the primary source of the problems with unstable and

oscillatory back pressure signal; once replaced, these issues abated.

S0 g Enies
PAcKARD 1100

1 ¥ .— p ] 2
Figure 30: HPLC pumpheads A(left) and B (right).

While working with Dr. Hilmer and his staff in the MSU Mass Spectrometry
Facility, ideas about systematic methods to prevent similar major instrument maintenance
in the future were discussed. Their single greatest recommendation was to shift away
from using 5 mM sulfuric acid as the standard running buffer, and to use formic acid or
trifluoroacetic acid (TFA) instead. 5 mM sulfuric acid was initially chosen as it is the

buffer that BioRad recommends for the column most commonly in use in this instrument,
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a BioRad Aminex HPX-87H. After speaking with technical support staff from BioRad
and with Dr. Hilmer, it was decided that either formic acid or TFA could be used with
this system, provided that the buffer was prepared with a pH similar to that produced by
the 5 mM sulfuric acid (pH = 2). Considering factors like chemical cost, safety, and
instrument wear, a new buffer of 10 mM TFA was chosen. This is prepared by measuring
1.50 mL of TFA into 2.00 L of water via volumetric glassware, producing a new buffer
with a pH = 2.016.

Because these experiments require isocratic separations, not gradient separations,
only one pump (A or B) was previously being used at a time, i.e. 100% pump A or 100%
pump B. It was determined that leaving either pump sitting idle for extended periods of
time actually increases the wear and tear on some of its components. To combat this, a
new HPLC method was created that pumps the same buffer equally on pump A and pump
B (50:50) at all times. In doing so, the aim is to reduce wear on pump components
typically exacerbated by pump disuse.

One final recommendation provided by Dr. Hilmer was to perform leak checks on
a weekly or biweekly basis across various components of the HPLC system to catch
potential issues early. To do this, he recommended ordering a blank nut (IDEX Health &
Science, P-520) in order to plug the HPLC pumpheads at various locations to
systematically isolate specific pump components prone to developing leaks, and find and
resolve these issues before they become problematic. Leak checks can be run

automatically through the Agilent Lab Adviser software.
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APPENDIX D

ADDITIONAL ZSM-5 DATA
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In addition to the standard reactions using 2 wt% xylose and switchgrass, a
leaching study and a recyclability study were also carried out using ZSM-5 based on the
methods outlined in section 3.2.5 (leaching) and section 3.3 (recyclability). The leaching
study resulted in significant leaching of acid sites, with furfural yields of 52.5% and
52.4% being achieved from xylose in consecutive reactions. This indicates that a
substantial number of acid sites did leach from ZSM-5, allowing the reaction to be
catalyzed homogeneously. Interestingly, a leaching study with switchgrass saw zero
furfural production.

Figure 31 shows the results of the recyclability study that was carried out with
ZSM-5. There is a significant drop off in furfural yield from the first round of reaction
(using fresh catalyst) to the second and third rounds of reaction (using spent catalyzed
that was washed and baked at 573 K). Experiments were also run to ensure that baking
the spent catalyst at a higher temperature (773 K) or for 72 hours at 573 K did not lead to
a recovery of more catalyst activity. These other catalyst baking methods did not lead to a
recovery of any catalyst activity, suggesting that coking of the catalyst is not likely to be
the cause of the decreasing furfural yields. This data, coupled with the results of the
leaching study, indicate that acid sites are very likely leaking from the ZSM-5 under the

reaction conditions used in this project.
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Figure 31: Recyclability study results through three rounds of reaction using ZSM-5.
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