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Abstract

Lignocellulosic biomass is an alternative carbon source for industrial applications. -
valerolactone (GVL) is an example of biomass-derived platform chemicals that provides
multiple commercial potentials. Of interest here is the acid-catalyzed ring opening of GVL
to form pentenoic acid (PEA) isomers and following decarboxylation to produce butenes.
In this study, GVL ring opening, and decarboxylation are examined in both liquid and gas
phases over various catalytic systems aiming at improving the efficiency in selective

preparation of target product.

An initial attempt was made in a biphasic reactor to improve the yield to PEA catalyzed by
mineral acids (H2SO4). A wide range of solvents was tested for their affinity towards GVL
and PEA. And alkanes appeared to have the best resolution to separate PEA from GVL. A
two-parameter Margules model was further applied to regress the activity coefficient, and
it successfully described the phase distribution at any given compositions in the biphasic
system. Furthermore, an activity-based model was proposed to simulate the reaction in the
biphasic reactor. Finally, some experiments were performed to verify the simulation results.
The results turned out that theocratically, the biphasic system can significantly improve the
PEA yield. However, due to practical limitations and uncertainty in simulation, the PEA
yield can be enhanced by introducing a second phase but not as much as predicted in the

simulation.

Furthermore, four solid acids abundant in Lewis acid sites were considered for GVL/PEA
interconversion in the presence of water. SiO2/AlO3, y-AlOs3, TiO, and ZrO are

characterized and tested in a pack bed reactor. Catalytic performances were examined over



various contact times and temperatures. y-Al,O3 proved to be an optimistic catalyst that
can realize a high yield to PEA with high selectivity at a wide operation window.
Si0,/Alx03 can also achieve a high yield to PEA at certain conditions. But the selectivity
to PEA was relatively low. ZrO, exhibited a high selectivity to PEA, but its overall activity
was limited due to a lack of active sites on the surface. TiO> was not practical for this
application. Proximity to equilibrium was found to be the critical element influencing
selectivity to PEA. Meanwhile, the GVL ring opening activity was more controlled by
Lewis acidity instead of Brensted acidity in this system. Deactivation was observed on

these materials, and calcination can only partially regenerate the catalysts.

Finally, different framework zeolites that had a high density of Brensted acid sites were
examined. GVL decarboxylation was performed over MFI, FAU, BEA, FER, and MOR
zeolites in the gas phase. These zeolites were well characterized and were found that
Brensted acid site density, Lewis acid site density as well as BAS: LAS ratio increased as
the aluminum content decreased in zeolites. Brensted acid site was the primary active site
for GVL decarboxylation instead of the Lewis acid site. Bronsted acidity in different
framework zeolites seemed to be identical. However, the intrinsic activity of materials was
not only dependent on the strength of Brensted acid sites. Significantly high activity was
observed in MFI framework zeolites. The confinement effect and the local environment of
acid sites may contribute to the increased activity in MFI zeolites. Severe deactivation was
found in zeolites due to coking formation. But the catalysts were fully regenerable after
calcination. Pore diameter and micropore area were the most critical elements for designing

an efficient and stable zeolite catalyst.
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Chapter 1

Introduction



1.1 Energy system today

The rapid development of the economy depends on a large amount of energy consumption, which
inevitably results in excessive greenhouse gas emissions (GHG) and leads to air pollution issues
and severe climate changes. The typical greenhouse gas is carbon dioxide, making up 65% of the
total GHG emission. Since 1970, the global CO> emission has increased 90% due to industrial
development and fossil fuel combustion [1]. The increased CO> concentration in the atmosphere
exacerbated global warming and decreased the biological activity on earth [2]. The United States,
as the most developed country with the highest GPD in the world, released more than 5000 million
metric tons of CO; equivalent in 2017. This amount makes the US the highest CO; emissions in
the developed countries and the second highest CO, emissions in the world [3]. To curtail the
greenhouse gas emission and maintain long-term sustainable development, the US government has
taken several measures to control greenhouse gas (GHG) emissions [4]. One strategy is to displace

traditional energy sources with renewable energy sources with relatively low GHG emissions [5].

Based on figure 1.1, US total energy consumption has increased dramatically from 30 quads to
102 over the past 60 years. Petroleum has always been the primary energy consumption source,
followed by nature gas since 1960. In addition, renewable energy consumption has also rapidly
increased since 1970, while the US nuclear energy consumption has remained the same since 2008.
On the contrary, coal consumption has significantly dropped in the past ten years, even though it
once reached peak value near 2008. This can be ascribed to the fact that the US decided to gradually
displace coal with renewables in many areas in 2008 [6]. Consequently, in 2019, renewable energy
consumption surpassed coal consumption for the first time in history. Moreover, the wide use of

renewable energy has led to a 15% decrease in global greenhouse gas emissions since 2008 [7].
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Figure 1.1: US total energy consumption by source since 1950. [6]

Renewable energy has played a significant role in providing sustainable development in the long
term. Based on EIA reports, renewables will eventually surpass petroleum and natural gas on a

global scale, becoming the dominant energy source by 2050 [8].

Nowadays, renewable energy is applied in multiple sectors in daily life, such as electric generation,
transportation, residential, commercial, and industrial consumptions [9]. Solar, geothermal, hydro,
and wind energy are primarily consumed in generating electric power. However, biomass, which
includes biogenic waste, wood, and biofuel, is used in every aspect. Especially, biofuel and co-
products from the biomass upgrading process are significant contributors to industrial and

transportation energy consumption [10].

Biomass has emerged as a promising carbon alternative to address the environmental impact issues
caused by petroleum and natural gas-based product consumption. However, the relevant
technologies still cannot meet the demand of the rapid market development. Biofuel and bio-based
chemicals are two major applications of biomass. By 2030, the US government attempts to
implement the Billion-Ton Bioeconomy plan to reduce the total GHG emission by 26-28%

compared with the 2005 level [11]. Among all fields, transportation is considered one the most



significant contributors to high GHG emissions. Thus, displacing fossil fuels with biofuels is a
primary target. Since 2005, the United States Environmental Protection Agency has been
implementing the renewable fuel standard mandate (RFS2) to supervise the biofuel market [12].
In the RFS2, the four kinds of fossil fuel replacement: conventional renewable fuel, advanced
biofuels, biomass-based diesel, and cellulosic biofuel, are clearly defined with a level of GHG
reduction. Conventional biofuel contains ethanol and biobutanol made from corn starch with a
total of 20% GHG reduction. Advanced biofuels are ethanol made from sugarcane and grain
sorghum with a total of 50% GHG reduction. Also, the naphtha and liquefied petroleum gas (LPG)
produced from camelina oil are considered in this type. Biomass-based diesel represents the
biodiesel made from soybean oil, canola oil, waste oil, and animal fats with 50% GHG reduction.
The final category is cellulosic biofuels which are made from corn stover, wood chips, crop
residues, and biogas through thermochemical pyrolysis, gasification, and biochemical
fermentation with catalytic upgrading with a total of 60% GHG reduction [13]. Based on the EPA"s
report in 2019, the production capacity for conventional biofuel and biodiesel can meet the demand
for annual consumption. However, due to the low efficiency in conversion technologies, cellulosic
biofuel production is still far behind the requirement. The EPA has decreased the annual

anticipation from 100 million gallons of cellulosic biofuel production to 5 million gallons [14].

Besides biofuels, another application of biomass that has great potential and needs attention is bio-
based chemicals. The biomass feedstock is abundant but not unlimited. Considering ethical reasons,
biomass that served as a food supply cannot be used as a carbon source in the biomass upgrading
process. After excluding food recourses, in 2014, the US annual biomass availability is around 365

million dry tons, and this number will rise to 1042 million dry tons by 2030 [15]. The allocation
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Figure 1.2: Bioeconomy direct revenue comparison based on different allocation of raw biomass materials in
2030. [11]

of raw materials in different applications will have a considerable impact on the bioeconomy
output. Current application of biomass includes ethanol production, biogas production, bio-based
chemicals production, diesel-jet fuel production, electricity generation, and heat generation.
Among these, bio-based chemicals have the potential to generate the most value in the future.
Figure 1.2 illustrates that if 50% of agricultural residues, energy crops, and algae resources are
reallocated to produce bio-based chemicals, biomass relevant Business can contribute almost $388
billion and 1.75 million jobs to the US economy in 2030 [11]. Therefore, aiming to enhance the
bioeconomy and achieve a low-carbon society, there is an urgent need to develop advanced
biomass upgrading processes that can deliver high-quality bio-based fuels and chemicals on a large

scale.



1.2 Biomass as a reliable carbon alternative

Biomass refers to the renewable organic materials derived from plants and animals, including
wood, landfill gas, energy crops, waste from forests, and agriculture [16]. The energy of biomass
is originally from solar energy, which is stored through the photosynthesis of plants over the years.
Most of the biomass is distributed in plants and bacteria [17]. The fundamental structures of plants

are cellulose, hemicellulose, and lignin.

Cellulose is the linear polysaccharide made of glucose (Cs sugar) units. It is the primary structure
of a plant cell, and its shape is a long straight macrofibre [18]. Hemicellulose is a branched
polysaccharide consisting of Cs and Cs sugar monomers such as xylose, galactose, and glucose
[19]. It can form hydrogen bonds with lignin and cellulose, existing as a cross-linked structure.
Lignin is a phenolic macromolecule connected by some phenylpropane units. It is the foundation
of the cell wall and maintains the whole wood cell structure [20]. Figure 1.3 illustrates the typical

distribution and composition of lignocellulose in plants. The distribution of cellulose,
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Figure 1.3: Chemical structure of lignocellulose and their distributions in plants.



hemicellulose, and lignin has a significant difference based on the type of plants [21]. Of the

interest here is the lignocellulose biomass, which is more abundant in cellulose and hemicellulose.

Comparing to traditional biomass, cellulose and hemicellulose content in lignocellulose biomass
can be up to 85%. They can be used to produce cellulosic biofuel and bio-based chemicals [22].
The latest developed processes for converting cellulose and hemicellulose in the woody biomass
to liquid transportation fuels are limited to thermochemical and hydrolysis pathways such as syn-
gas FT pathway, pyrolysis bio-oil pathway, hydrolysis-ketonization & condensation pathway, and
biochemical pathways [23]. Companies have applied some technologies in the commercial-scale
production of biofuels. For example, KiOR company uses catalytic pyrolysis & hydrotreating to
produce to realize a 41-million-gallon annual production. The gasification & F-T synthesis to
hydrocarbons has been commercialized by the Clear Fuels company in Collinwood (TN) to
generate cellulosic biofuels, which can reach 20 million gallons per year. However, other
companies only use enzymatic hydrolysis to produce ethanol [24]. The market is still waiting for

more types of biofuel and biobased products different than ethanol.

Based on the report from Pacific Northwest National Laboratory (PNNL) and National Renewable
Energy Laboratory (NREL), twelve chemicals from biomass upgrading are listed as top value
intermediate molecules [25]. These compounds possess the potential to be further transformed into
profitable industrial products. Figure 1.4 illustrates the chemical structure of twelve bio-based
chemicals. Of various compounds with economic potential, levulinic acid (LA), a five-carbon
ketoacid that can be used as a precursor to multiple industrial intermediates [26], has received a
lot of attention in recent years. Its production technology has been well optimized in the past five
years. Many companies have realized a commercial-scale production capability of LA. For

example, the company GF Biochemicals in Italy has achieved LA production with an annual
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Figure 1.4: Top-value added chemicals from biomass upgrading.

capacity of 10 km3. An assessment from a plant in Indonesia showed that it could reach a minimum
LA m production capacity of 7.7 tons per day. Currently, LA can be produced through the first
generation of biomass (starchy and sugary biomass), the second generation of biomass (food waste

and lignocellulosic biomass), and the third generation of biomass (algal biomass) [27-30].

There are commonly two pathways to produce LA: cellulose pathway and hemicellulose pathway.
The cellulose pathway consists of 4 stages: hydrolysis of cellulose in the raw biomass materials
over Bronsted acid sites to produce glucose, isomerization of glucose over Lewis acid catalysts to
form fructose, dehydration of fructose to generate S5-hydroxymethylfurfural (HMF) over
bifunctional acid catalysts, and finally, the rehydration of HMF to give LA [31]. The hemicellulose
pathway involves the hydrolysis of hemicellulose to form xylose, dehydration of xylose in an acid
environment to deliver furfural, hydrogenation of furfural to give furfural alcohol, and final
hydration to generate LA [32]. LA can be used as a precursor to produce other valuable chemicals

such as a-angelica lactone, 2-butanone, maleic anhydride, 2-MTHF, acrylic acid, and so on [33-



40]. Figure 1.5 demonstrates various applications of LA. One particular application of LA is the
production of y-valerolactone (GVL), which can be acquired from the hydrogenation of LA over

metal catalysts [41].
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1.3 GVL as a platform chemical

The traditional uses of gamma y-valerolactone (GVL) are mostly food additives [42]. And the high
boiling point and low melting point render GVL preferable as a fuel additive than ethanol. In recent
years, more studies have been performed to develop its potential for multipurpose applications
besides additive. Nowadays, GVL serves as a critical lignocellulosic platform chemical that
possesses the potential to be subsequently converted into biodiesel, bio-jet fuel, acrylic polymers,

gasoline blenders. Figure 1.5 also summarizes the primary application of GVL.

Considering the stability and zero-toxicity, GVL is recognized as a sustainable polar solvent.
Lignin is hard to break and insoluble in most solvents. Meanwhile, GVL can promote lignin
solubility by breaking down the hydrogen bonds in the lignin structure [43-45]. In a GVL mineral
acid system, cellulose can be transformed into LA and formic acid with a total yield of 70% [26].
In a recent study, GVL displaced N-methyl-2-pyrrolidone (NMP) and served as a coating solvent

to manufacture lithium-ion battery electrodes [46].

Moreover, 2-MTHF can be efficiently synthesized from dehydration of 1,4-pentanediol (1,4-PDO),
which is obtained through hydrogenation of GVL over Cu/Al>Os3 catalyst. The overall yield of
MTHEF can reach 90% at 473K [47]. Also, 1,4-PDO, another valuable industrial intermediate that
can be converted into 1,4 pentadiene through dehydration reaction over self-pillared pentasil (SPP)
catalyst, can be selectively prepared from the hydrogenation of GVL over Zni s Cu/Al,O3 catalysts

at 473K [48].

Another application of GVL is to produce renewable jet fuels [49]. Two packed bed reactors and
distillation towers are required in this process. At 648K, GVL is initially decarboxylated into

butene and CO> in a SiO2/Al,O3 or H-ZSM-5 reactor. Both products are sent to the subsequent
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reactors packed with H-ZSM-5 or Amberlyst-70 to generate Cg+ alkenes. The overall yield of

butene through these two-step reactions can reach 75%.

In addition to 2-MTHF and bio-jet fuel, Cis-Ca7 diesel fuels and Co alkane gasoline can also be
obtained from GVL [50-51]. Through series ring opening & hydrogenation reaction over Pd/Nb,Os,
valeric acid can be generated. It is further ketonized and reduced in H> to form 5-nonanone in the
presence of Ce and Ru/C catalysts. On the one hand, Co alkane gasoline is produced from 5-
nonanol through dehydration and isomerization reaction with H-ZSM-5 catalysts. On the other
hand, Co-Cis alkanes diesel fuels are produced from 5-nonanol via a series of dehydration,

oligomerization, and hydrogenation reactions.

Velaric biofuels, as known as biodiesel, can also be produced from GVL conversion. The fatty
acid methyl ester (FAME) is the primary chemical structure in biodiesel. It is usually synthesized
from plant oils through transesterification. Valeric esters have a similar structure to FAME.
Although its energy density is lower than FAME, the better physical properties still make it a
decent diesel fuel. Pentyl valerate can be generated from the esterification of pentanoic acid in the
presence of alcohols and solid acid. Meanwhile, pentanoic acid can be obtained through continuous
ring-opening and hydrogenation of GVL. Numerous catalysts have been developed for this
reaction. Pd/HY, Si0,-ZrO,, and Pd/Nb,Os are all proven to be efficient catalysts, which can lead

to at least 90% yield [52-54].

Among these conversion pathways, several pilot-scale tests have been performed to examine the
economic potential of the GVL application [49]. One proposed commercial strategy is the
integrated catalytic process for converting whole biomass from red maple into aviation fuels. It
aims at an annual production capacity of 38 million gallons of liquid fuels for a selling price of

$4.75 per gallon. However, considering the current aviation fuel price of $1.08 per gallon, this
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price is still not competitive [55]. There are several technical issues that can reduce the production
cost waiting to be addressed. One of such difficulties is the scale-up of ring opening and
decarboxylation of GVL process. In the GVL decarboxylation reactor, the catalysts will be
deactivated in the initial 24 hours on steam at 648K, and this deficiency makes it unreliable to
maintain a high butene yield over a long period of time. Also, the high reaction temperature and
frequent need for regeneration of catalysts increase the energy consumption and operational cost
in the system [56]. Thus, the fundamental knowledge of GVL ring opening and decarboxylation
is essential for improving the PEA yield and butene yield. The comprehensive examination of
kinetics and stability of GVL ring opening over different catalysts will provide vital information

for designing catalysts with higher efficiency. And this is the primary concern of this thesis.
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1.4 Research Overview
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Figure 1.6: Reaction pathway of GVL ring opening and PEA decarboxylation.
The primary reaction we studied in this paper is GVL ring opening and the following PEA

decarboxylation (Figure 1.6). Chapter 2 briefly summarized experimental methods, catalyst
characterizations techniques, and reactors for activity tests in this study. The reaction kinetics and
thermodynamics of GVL ring opening in the condensed phase, comprehensive solvent selection
and thermodynamic modeling in the biphasic reactor to improved PEA yields and selectivity are
discussed in Chapter 3. After attempts taken in a homogenously catalyzed environment, the
heterogeneous catalysis conditions are also considered. Chapter 4 explores the activity of GVL
ring opening over various solids acid abundant of Lewis acid sites (silica alumina, gamma alumina,
Titanium oxide, and Zirconium dioxide). A wide range of temperature and contact time has been
examined in a packed bed reactor to find the optimal operating condition to achieve maximum
PEA yield and selectivity. Moreover, all catalysts are characterized and the relationship between
catalysts structure and their performance on GVL ring opening and decarboxylation is explored.
Lastly, the stability of all catalysts is examined and significant factors for design a high activity
and regenerable catalysts for GVL ring opening are proposed. In Chapter 5, the catalytic
performance of GVL decarboxylation over various zeolites (MFI, FAU, MOR, FER, and BEA) is

studied. Different from materials covered in the previous chapter, zeolite is abundant in Brensted
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acid sites, and they are microporous materials. Extensive sets of kinetic data for both GVL ring
opening and decarboxylation over zeolites are collected to resolve the influence of pore structure,
acid site type and acid site concentrations on production rate, catalysts stability and intrinsic
activity of different materials. Finally, in Chapter 6, several future recommendations with potential
value are proposed to improve our understanding of the application of GVL-PEA related biomass
technologies. Future works will cover: 1) Investigating ZrO» catalysts prepared from zirconyl
nitrate hydrate as a Lewis acid catalyst to catalyze GVL ring opening; 2) Microkinetic modeling
of GVL ring opening and decarboxylation reaction based on our extensive data sets collected in
Chapter 5 to examine the transition state formation in the different zeolites; 3) Exploring potential
use of PtSn catalysts to synthesize valuable chemicals such as 2-MTHF and 1,4-PDO from the
hydrogenation of GVL or LA in one single-run reaction; 4) Examining the possibility of selective

preparation of pentadiene and butadiene from biomass derivatives.
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2.1 Introduction

The primary target of this study is to develop a fundamental understanding of the role of acid site
in the y-valerolactone (GVL) ring opening reaction to form pentenoic acid (PEA) and the following
decarboxylation reaction to yield butene in homogenous and heterogeneous environments. This
knowledge will guide us to improve catalyst performance in reactions over Bronsted acid sites
(BAS) and Lewis acids sites (LAS). Therefore, a good description of physicochemical properties
for the materials considered in this study is essential. Characterizations such as surface area, pore
structure, acid site concentration, and acid site distribution are thoroughly defined, and their
influences on the activity, selectivity, and stability of the reaction are further examined. N> physical
adsorption, temperature programmed desorption (TPD), and Fourier-transform infrared (FTIR) are
applied here to characterize catalysts prior to activity tests. Also, several reactors are designed for
evaluating the performances of catalysts on GVL ring opening and following decarboxylation

reactions in various environments.

2.2 Materials

y-valerolactone (GVL, >98%, Aldrich) and trans-2-pentenoic acid (t2-PEA, Acros, 97%) were
used as reactant and product in this study. Prior to use in the activity test, GVL and PEA were
dried over silica gel (5% w/v, 12-24 mesh, Strem Chemicals). Type 1 water used in sample
preparation was prepared in-house by sequential reverse osmosis, UV oxidation, and double

deionization.

Sulfuric acid (95%) was obtained from Acros and served as acid catalysts (pH=1 solution) in the
homogeneous catalysis study. Amorphous silica alumina (ASA) 3901, gamma alumina, two metal

oxide catalysts (Titanium oxide and Zirconium dioxide), MFI structure zeolite samples of different
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aluminum contents, Beta zeolite (BEA), Ferrierite structure zeolite (FER), Faujasite structure
zeolite (FAU) and Mordenite structure zeolite (MOR) were used as acid catalysts in the
heterogeneous catalysis study. All solid acid catalysts were obtained from commercial suppliers
directly and provided in the acid or ammonium form. Therefore, catalysts were calcined in a
downflow quartz U-cell placed in a furnace under zero-grade air (50 sccm) ex-situ before
examining their activity in the reactor. The temperature of the furnace was ramped to 723K at a

rate of 3 K/min and held for 4 hours with the thermal couple placed right above the catalysts beds.

2.3 Catalyst Characterizations

2.3.1 N physical adsorption

The surface area of samples was determined by N2 (99.999%, Airgas) adsorption at 77K in a
surface area and porosity analyzer (Micromeritics ASAP 2020). Prior to N> dosing, approximately
100 mg of sample was degassed under vacuum for four hours at 623K. Total and micropore surface
areas were calculated by Brunauer-Emmett-Teller (BET) and t-plot micropore analyses. Pore
volumes were characterized by nitrogen cumulation at a relative pressure of 0.995. Pore sizes were
estimated by Barrett-Joyner-Halenda (BJH) analysis of the desorption branch of N> uptake

isotherms [1,2].

2.3.2 Acid sites titration

Based on the previous research, the Bronsted acid site and Lewis acid site play an essential role in
the GVL ring opening and decarboxylation reaction [3]. Therefore, precise quantification of
Brensted acid site and Lewis acid site density on the solid acid catalysts is necessary for exploring
the activity over different catalysts. Generally, Bronsted acid site concentration is determined by

isopropylamine temperature programmed desorption experiment. For the materials with low
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Brensted acid site concentrations, such as y-Al>O3s, isopropylamine titration is not adequate to fully
characterize the acidity on the surface. Thus, isopropanol temperature programmed desorption

experiment is further introduced to estimate the materials abundant in the Lewis acid site.

Brensted site densities were determined by isopropylamine (IPA, Acros, 99%) temperature
programmed desorption (TPD). Typically, 60-80 mg of sample was added into a 1/2 inch quartz
tube between two quartz wool (Grace) end plugs. The whole tube was further placed in an Omega
furnace. The temperature of the furnace was regulated by a process controller (Love, series 16A)
and monitored by a type K thermocouple (Omega). All samples were calcined under airflow (50
sccm). A ramping protocol that prevents the structural changes of the zeolites due to water
evaporation was followed. The cell containing the samples was ramped to 373 (2 K/min) and was
held at 373 K for 30 min. The cell was further heated at 393 K at the same rate and was held at
393 K for 30 min as well. Finally, the cell was ramped to 623 K (5 K/min) and was kept at that
temperature for 300 min. The cell was subsequently cooled to 423K and purged in dry Helium
flow (100 sccm) for more than 90 minutes. Catalysts were further dosed with isopropylamine in
He flow. After saturation of IPA on the surface, physisorbed isopropylamine was removed by
applying a high He flowrate (400 sccm) for at least 1 hour. The furnace was then ramped to 973K
(10 K/min) under He, including 1% Ar serving as an internal standard. Chemisorbed
isopropylamine was converted into propene and ammonia after ramping. During the whole process,
a mass-selective residual gas detector (Stanford Instruments RGA 100) was used to track MS
signals of isopropylamine (m/z=44), propylene (m/z=41), and Ar (m/z=40) in the effluent. Evolved
propylene was used to calculate Brensted site density, assuming that one molecule of

isopropylamine adsorbs per Bronsted site [4,5].
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The total acid site densities were determined by temperature programmed desorption (TPD) of
ammonia or isopropanol in this study. Typically, 50-70 mg of sample were prepared into a 2 inch
quartz tube with two quartz wool end plugs. The whole tube was future positioned in a high-
temperature furnace (Omega) and connected to a gas flow manifold. A process controller (Love,
series 16A) and a Type K thermocouple (Omega) were used to regulate and monitor the
temperature. Prior to analysis, samples were calcined in situ at 723K for 4 hours under 50 sccm of
air (Airgas, Ultra Zero). Subsequently, the samples were cooled to 373K and purged under 100
sccm of He flow dried over molecular sieves for more than 90 mins. After pretreatment, the
samples were dosed with ammonia (1% ammonia and1% argon, Airgas) or isopropanol (7 torr),
respectively. Once the surface was saturated with ammonia or isopropanol, the cell was purged
under 400 sccm of He for one hour to eradicate the physically adsorbed probe molecule. The
furnace was then ramped to 973K at 10K/min under Helium with 1.0% Ar serving as an internal
standard to remove the chemisorbed compound. Throughout the analysis, a mass-selective residual
gas detector (Stanford Instruments RGA 100) was applied to monitor MS signals of ammonia (m/z
= 16), isopropanol (m/z = 45), propylene (m/z = 41) and Ar (m/z = 40) in the effluent gas
continuously. Evolved ammonia or propene were used to estimate acid site density on the catalyst
surface based on the assumption that one molecule of product is adsorbed and forms at one acid

site only [6,7,8].

2.3.3 FTIR spectroscopy

Brensted acid sites to Lewis acid sites ratio was determined using pyridine FTIR (Nicolet 6700
DTGS detector). 15-25 mg of catalysts were pressed into a 13mm pellet through a hydraulic press.
The pellet was loaded on a self-designed cell placed in a built-in chamber, as illustrated in figure

2.1. Samples were calcined in-situ as the procedure described before. Subsequently, the cell was
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Figure 2.1: A schematic of home-built chamber for performing in-situ the FTIR experiments. The sample was
adjusted to the height where IR beam can pass through the center of the pellet.

cooled to 423K and purged under a flow of 60 sccm of Helium. Helium was purified by a liquid
nitrogen trap followed by a moisture trap. The pellet was then dosed with four torrs of pyridine
(Sigma Aldrich, 99%). After the pellet was fully saturated with pyridine, the cell was purged under
a He flow of 200 sccm at 423K to remove physically adsorbed pyridine. Spectra were collected at
423 K. and Brensted to Lewis ratios were determined by the ratio of the integrated IR bands at
1545 ¢cm™! (pyridinium ion) and 1455 ¢cm™ (pyridine), respectively. The following equation 2.1
was applied to calculate Bronsted acid sites to Lewis acid sites ratio where C(BAS, LAS)
represents the concentration of Bronsted acid sites and Lewis acid site and IA (B, L) represents

the integrated absorbance of BAS or LAS [9,10].

C(BAS) _ 1.88  IA(B)

= (2.1)
C(LAS)  1.42+IA(L)
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2.4 Catalytic reactor setup

2.4.1 Biphase batch reactor

The interconversion between GVL and PEA in the liquid phase was examined in an autoclave
batch reactor. Figure 2.2 demonstrates the system used for studying the kinetics of GVL ring
opening in the pure aqueous phase. This setup was also used to test the productivity of GVL ring
opening in the decane-water biphasic system. Reactant and catalysts were added to a 50 mL glass
vessel along with a small magnetic stir bar to mix the liquid compound thoroughly. This vessel
was further placed in a batch reactor made of 316 stainless steel. The temperature of the reactor
was controlled by a temperature process controller (Love, series 16A) and measured by a type K
thermocouple (Omega). A heating coil was used to heat up the reactor. The reaction temperature
was recorded by another thermocouple placed in the liquid reactant. The pressure of the reactor
was held was 200 psi before reaction using Helium as the inert gas. The whole system was placed
on a heating stir plate. Samples can be collected through a Hastelloy tube and 4-port peek valve
for every 30 minutes to track the product concentration changes. The concentrations of products
were determined with a High-performance liquid chromatography through (Agilent Technology,

Sampling valve

<
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TCl

Heating coil
Stir Bar

—

Plate with magnetic drive

Figure 2.2: Setup of batch reactor for measuring kinetics of GVL ring opening in the liquid phase.
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HPLC 1100 Series). The mole fractions of GVL and PEA in phase k are defined by the following

equations:

Xy = Ngvik -
vlLk — .
g ngvl,k + nsolvent,k ( )
n eak
Xpeak = 5 (2.3)

npea,k + nsolvent,k
2.4.2 Flow reactor

In order to examine the catalytic activity of solid acids towards GVL ring opening to form PEA,
packed bed reactors were applied in this study to analyze the chemistry of GVL ring opening in
various reaction environments. A known mass of catalyst was diluted with sieved silica (40-90 um)
and further loaded into a half-inch 316 stainless steel tube with two pieces of quartz wools placed
on both sides to hold the bed. When measuring kinetics in the packed bed reactor, the GVL
conversion is maintained under 5% at operation conditions to keep the reaction rate change in

differential conditions, allowing us to quantify the reaction rate as a function of the mass of the
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Figure 2.3: Setup of flow reactor for optimizing the yield of PEA from GVL ring opening in the aqueous
environment.
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catalyst bed. When optimizing the yield to PEA from GVL ring opening, catalysts performances

were examined over a wide range of contact time and reaction temperatures.

Figure 2.3 and Figure 2.4 illustrate the flow system setup for testing catalysis activity in this study.
For the aqueous setup, a pre-mixed aqueous GVL solution was introduced to the system through
an HPLC pump. For the gas setup, pure liquid GVL was introduced to the system by using a
programmable syringe pump (Cole-Parmer, model 110) and gasified in a homemade vaporizer in
Helium flow. Gases are introduced into the system with digital mass flow controllers (Brooks).
Detailed operation protocols are described in the corresponding chapter considering GVL ring

opening chemistry investigated.
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Figure 2.4: Setup of flow reactor for measuring kinetics of GVL ring opening in the gas phase.
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3.1 Introduction

Biomass is considered a promising carbon alternative to control the increasing greenhouse gas
emissions nowadays [1]. Recent studies have proven that there are potential markets for biofuel
and bio-based platform chemicals [2,3]. In general, biomass upgrading is predicated upon the
intermediate formation of functional platform chemicals, which can be converted as desired into a
range of commodity products [4,5]. However, considering that biomass-derived chemicals always
contain multiple functional groups, the selective preparation of target molecules is challenging due
to the uncontrollable side reactions. One type of such productions is furfural. The furfural yields
in a traditional preparation strategy are only 30% [6]. Another downside in biomass upgrading is
the high cost and energy consumption during the separation process. In the bio-oil upgrading
procedure, solvent extraction, distillation, and column separation are standard techniques involved
in production extraction. However, the low efficiency in recovery of target chemicals and the high
cost of the separation process made it difficult to scale up the biomass-based applications [7-9].
Thus, it is essential to develop efficient strategies to deliver a high yield of bio-based chemical
production with feasible operation costs.

Among all possible solutions, the biphasic reactor has been received a lot of attention in recent
years. The biomass-derived chemicals are commonly processed in an aqueous environment due to
the instability of cellulose and hemicellulose content. Several studies have proven that by
introducing an organic phase, not only the yield and selectivity of the target product can be
improved, but also a sequential reaction can take place in the second phase to further produce more
valuable chemicals [10-13]. For example, in a methyl isobutyl ketone (MIBK)-water binary system,
the furfural yields obtained through xylose dehydration can be enhanced from 30% to 85%. Also,

in a 2-sec-butylphenol -water binary system, the 5-hydroxymethylfurfural generated from fructose
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dehydration can be improved up to 62% compared to the original 26% yield in water. Other organic
solvents such as 2-methyltetrahydrofuran (MTHF) and tetrahydrofuran (THF) have also been used
as an extraction phase for the production of biomass-based chemicals to manipulate the selectivity
and yield of desired product [14].

Besides furan, GVL is another valuable platform chemical derived from biomass. It provides a
spectrum of interesting opportunities for the production of biofuel and several significant industrial
products [15-22]. Of interest here is the acid-catalyzed ring opening of GVL to form pentenoic
acid (PEA) isomers, which are a family of bifunctional alkene-acids. PEA can be served as a
precursor to produce nylon-66, biodiesel, jet fuel, and diesel fuel, rendering with a remarkable
potential in commercial applications [21-23]. There are two challenges in the production of PEA.
First, GVL ring opening is kinetically facile. It occurs readily in the gas phase over solid acids;
however, thermodynamic limitations and secondary reactions make it generally difficult to recover
pentenoic acids in good yield. Although GVL ring opening is entropically favorable, it is

substantially endothermic, such that PEA yields are equilibrium limited below 20% at low

temperatures. Raising operating temperatures will theoretically address this issue; unfortunately,

Organic Phase\/\)"k 0
/ \/\)J\
8 OH / OH
- \(_/v/ PEA favorable
= OH &
o \/\)L

A

NN

Figure 3.1: The proposed system for the ring opening of y-valerolactone (GVL) to yield pentenoic acid (PEA) in a
biphasic system.
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increasing temperatures to the point where ring opening becomes thermodynamically favorable
also makes undesired secondary reactions kinetically accessible. In particular, PEA isomers will
undergo decarboxylation over solid acids, irreversibly forming butenes and carbon dioxide. Thus,
there exists no gas-phase operating window where PEA isomers can be prepared in a good single
pass yield [24].

In this study, our objective here is to propose a biphasic reactor catalyzed by homogeneous mineral
acids to navigate thermodynamic and kinetic constraints and deliver high PEA yields. Figure 3.1
briefly illustration GVL and PEA distributed in the biphasic system. In the liquid phase system,
the biphasic reactor has already shown its potential in the biomass upgrading process to improve
the conversion and selectivity of several reactions considering its advantage of instantaneous
product separation. Design a biphasic system rationally requires a detailed understanding of the
kinetic and thermodynamic aspects of ring opening in a liquid phase. Furthermore, it requires an
understanding of how GVL, protons, and PEA isomers partition behavior between water and
various organic phases. A wide range of organic solvents is examined in this work to testify the
affinity and separation ability towards GVL and PEA. Moreover, the activity coefficient is
regressed by two parameters Margules thermodynamic model. Finally, based on the kinetic data
of GVL ring opening and phase composition simulations at equilibrium, an activity-based model
is acquired to probe the product distribution in any reaction conditions. The accessibility and best
operation condition will be examined to maximize the PEA yield. The fundamental nature for the

biphasic system to improve selectivity and yield will also be discussed.
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3.2 Materials and Methods

3.2.1 Materials

y-valerolactone (GVL, >98%, Sigma-Aldrich) and tran-2-pentenioc acid (PEA, 97%, Acros) were
purified over molecular sieves ((5% w/v, 12-24 mesh, Strem Chemicals)) before use. Deionized
water was applied in this study when preparing aqueous phase. The following reagents were used
as supplied by manufacturers for the preparation of organic phase: n-Hexane (ACROS, 99+%), n-
Octane (Alfa Aesar, 98+%), n-Decane (Alfa Aesar, 99%), n-Dodecane (Alfa Aesar, 99+%), 2-
Pentanone (ACROS, 99%), 2-Hexanone (ACROS, 98%), 2-Octanone (ACROS, 99+%), 1-
Hexanol (Alfa Aesar, 99%), 1-Octanol (ACROS, 99%), Phenol (Fisher, 90%), Diethyl ether (Alfa
Aesar, 99%), methyl tert-Butyl ether (MTBE, ACROS, 99.0%), Ethylene glycol dimethyl
ether(ACROS, 99+%), Heptanal dimethyl acetal (Alfa Aesar, 96%) , Ethyl acetate (ACROS,
99.5%), Methyl valerate (ACROS, 99%), 2,2,4-trimethylpentane (ACROS, Decalin (Fisher,
Laboratory Grade), Toluene (Alfa Aesar, 99.5%), Benzene (SIGMA-ALDRICH, >99.7%),
Acetone (Fisher, 99.5%). Helium (99.999%) was purchased from Airgas and used as inert gas in

the reactor. Sulfuric acid (95%) was obtained from Acros and served as acid catalysts in this study.

3.2.2 Kinetics and thermodynamics of GVL ring opening in the aqueous phase

The interconversion between GVL and PEA was examined in an autoclave batch reactor. 30 mL
of GVL (a concentration of 0.5 mol/LL H2SO4, pH = 1) was added to a 100 mL glass vessel, which
was placed in a batch reactor made of 316 stainless steel. Additionally, a sample with two mole
percent water was also prepared. The temperature of the reactor was controlled by a temperature
process controller (Love, series 16A). The temperature of the reaction was measured by a type K

thermocouple (Omega) with its tips placed in the liquid solution. The kinetic data of GVL ring
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opening was collected at multiple temperatures (453K, 473K and 493K). The pressure of the
reactor was held was 200 psi before reaction using Helium as inert gas phase to maintain every
compound in a liquid phase. Through a Hastelloy tube and 4-port peek valve, samples were taken
from the reactor every 30 minutes and analyzed with a High-performance liquid chromatography
(Agilent Technology, HPLC 1100 Series), until the product concentrations were no longer
changing, indicating that the GVL opening reaction was near equilibrium. Resolution of GVL and
PEA was achieved by elution method in HPLC through a reverse phase column (Agilent, Cig
Zorbax). The mobile phase consisted of 0.05mM H>SOj4 solution. GVL and PEA are quantified in
a RID detector and UV detector. The response factors and retention time for GVL and PEA were

determined by calibration of standard solutions.

3.2.3 Estimation of partition coefficient and resolution coefficient

The partition coefficient (Kqjx) was introduced to examine the solubility of GVL and PEA in
different solvents [25-27]. The partition coefficient (Kgjx) for species “j” in solvent “k” was
defined as the ratio between mole fraction of species j in organic phase k to its mole fraction in
aqueous phase at equilibrium (Equation 3.1) where Xj o and Xjaq represented the mole fraction of
species “j” in organic phase and aqueous phase, respectively. The resolution coefficient (Kr k) was
applied to describe the separation ability of GVL and PEA in different solvents. The resolution
coefficient was defined as the ratio between partition coefficient of species j in organic phase to
its partition coefficient in aqueous phase at equilibrium (Equation 3.2) where Kqpeax and Kqgvik

represented the partition coefficient of PEA in solvent k and partition coefficient of gvl in solvent

k, respectively.

],0Tg
Kajrk =~ 3.1
],aq
Kd k
KR,k = pea, (32)
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In order to measure the mole fraction of species j (GVL or PEA) in different solvents, a 0.15 mole
fraction of partition compound (GVL or PEA) was prepared in water as aqueous phase in a 10 mL
thick-wall glass vial (Chromatography Research Supplies). Subsequently, selected organic solvent
was added into the vial under constant stirring at 80 rpm. The vessel was stirred for 24 hours to
allow the biphasic system to reach complete equilibrium. Samples of each phase were collected
and analyzed through a GC (Agilent Technology, GC 7890A) with an autosampler. The mass and
density of both were also measured. Based on the partition coefficient measured, resolution
coefficients for different solvents are further calculated. A wide range of solvents involving
alkanes, alcohols, aromatics, ketones, and esters have been tested for comparing the resolution

ability for GVL and PEA.
3.2.4 Activity coefficient Regression

Commonly, there are two types of models for regressing activity coefficient: (1) Empirical Models:
Regular Solution Model, Van Laar Model and Margules Model. (2) Local Composition models:
Wilson Model, Non-random Two Liquid (NRTL) model and Universal Quasi Chemical Model
(UNIQUAC) [28-32]. While there are several options for regressing activity coefficients,
parameters in some models are difficult to obtain for the compounds of interest here. Considering
the unavailability of parameters and the purpose of our study, a two-parameter Margules activity

model is introduced in this study.

With the intention of developing a feasible activity model for effective solvents, detailed studies
in the water/hexane system and water/octane system were carried out over different partition
compound (GVL or PEA) mole fractions ranging from O to 1 in its miscible phase. The total mass

X.
mole ratio = 222 (3.3)
j.aq
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of organic phase and aqueous phase was fixed at 1.5g. For the estimation of GVL activity
coefficient, different mass of GVL ranging from 0 to 1.5g (from pure water to pure GVL) were
initially added into water under constantly stirring in a 10mL thick-wall glass vial (10ml,
Chromatography Research Supplies). 1.5g selected organic solvent was further added into this
GVL solution. For the estimation of PEA activity coefficient, different mass of PEA ranging from
0 to 1.5g (from pure solvent to pure PEA) were initially added into a selected solvent (hexane or
octane) under constantly stirring in a 10mL thick-wall glass vial (10ml, Chromatography Research
Supplies). 1.5g water was further added to this PEA solution. The vessel was stirred for 24 hours
to allow the biphasic system to reach complete equilibrium. Samples of each phase were collected
and analyzed through a GC (Agilent Technology, GC 7890A) with an autosampler. The mass and
density of both were also measured. The ratio of aqueous and organic activity coefficients was
calculated as the ratio of GVL equilibrium mole fraction in the organic phase to that in the aqueous

phase (Equation 3.3).

3.2.5 Activity coefficient modeling and Biphasic Reactor modeling

In the activity coefficient modeling, the activity coefficient for GVL and PEA in hexane-water and
octane-water biphasic systems were regressed from two-parameter Margules model based on the

phase composition profile obtained before.

In the Biphasic Reactor modeling, it was assumed that GVL ring opening only occurred in the
aqueous phase and was first order to GVL concentration. Monophase experiments were performed
to collect the kinetic data for GVL ring opening to form PEA at temperatures ranging between 450
to 500K. These data were further used to estimate the kinetic parameters such as activation energy,
enthalpy, and entropy. A value of 1 mole GVL was set as the initial reactant in the biphasic system.

The mass transfer coefficient was set at 10'!, and we assumed that the mass transfer would not
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influence the reaction rate in our conditions. A set of ordinary differential equations (ODEs) was
correlated by the phase equilibrium at the interface of organic and aqueous phase. Both modeling

processes are performed in Matlab.

3.3.6 Biphasic reactor testing

The interconversion between GVL and PEA in the biphasic system was carried out in an autoclave
batch reactor. Different concentration of GVL-water solution with sulfuric acid (0.05 mol/L H2SOs4,
pH= 1) was prepared. 1g of this premixed solution was initially added to a 100 mL glass vessel
as aqueous phase. Subsequently, 20g of hexane was added into the vessel as organic phase. The
vessel was placed in a batch reactor made of 316 stainless steel and pressurized to 200 psi using
Helium as inert gas phase to keep every compound in a liquid phase. The temperature of the reactor
was controlled by a temperature process controller (Love, series 16A) and measured by a type K
thermocouple (Omega). The reaction temperature was varied from 453K to 493K to track the
temperature influence on the ring opening reaction. The reactor was constantly stirred for 24-72
hours to allow the reaction in the biphasic system to fully equilibrate. Finally, the reactor was
cooled down to the ambient temperature and depressurized. The product concentrations in the
aqueous phase were determined with High-performance liquid chromatography through (Agilent
Technology, HPLC 1100 Series) while the product concentrations in the organic phase were

determined through a GC (Agilent Technology, GC 7890A) with an autosampler.
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3.3 Results and Discussions
3.3.1 Kinetics and thermodynamics of GVL ring opening in aqueous solution

Previous work proved that GVL ring opening was an entropically favorable but substantially
endothermic reaction in the gas phase [33], such that PEA yields were below 10% due to
equilibrium limitation at 493K. Kinetic and thermodynamic parameters are essential for describing
GVL ring opening in the liquid phase. Figure 3.2 shows a time on stream PEA concentration profile
for GVL ring opening at 453K, 473K, and 493K. The pea concentration increased dramatically in
the initial 5 hours. After 20 hours, the PEA concentration became stable, which indicated that the
GVL ring opening reaction was almost reaching equilibrium. However, this was still hard to
predict the fully equilibrium composition for PEA and GVL at low temperature conditions.
Considering that GVL ring opening reaction was a first order in GVL concentrations and also
reversible in HoSO4 catalyzed environment [34], via applying the first order reversible model in

the batch reactor for single reactant, equation 3.4 was derived to describe the GVL and PEA
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Figure 3.2: The PEA concentration time on stream profile of GVL ring opening reaction in the mono liquid phase at
453K, 474K and 496K (pH=1 H2SO4) and data fitting by first-order reversible biphasic reactor model.
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concentration in different reaction environment as a function of time and initial GVL concentration

(the derivation was shown in the supply information) . Here, Keq represented the equilibrium

constant of GVL ring opening at the reaction temperature. k, referred to the forward rate constant
of GVL ring opening. Cgvro indicated the initial concentration of GVL. The simulation results
were plotted in figure 1 as dash lines, which showed a good fitting for the PEA concentration
profile. The activation energy for the forward reaction was determined by correlating Arrhenius
Equation as the figure 3.3a showed. The enthalpy and entropy were determined by correlating
Van't Hoff Equation as shown in figure 3.3b. Table 3.1 shows the comparison between the
experimental results for enthalpy, entropy and activation energy in the liquid phase against their
predicted values based on gas phase results and condensation energy. According to previous
research, in the gas phase, the enthalpy and entropy for GVL ring opening were 33.6 kJ/mol and

49.5 J/mol/K, respectively [24]. Considering the heats of vaporization for GVL and PEA during
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Figure 3.3: Arrhenius plot (a) and Van't Hoff plot (b) of thermochemistry parameters regressed from experimentally
measured distributions of PEA concentration profile.

AH° (kJ mol ) AS° (J mol! K1) Ea (kJ mol!)
Gas Phase 33.6 49.5 91+29
ACondensation 9.1 -23.1
Liquid Phase Simulation Results 24.5 26.4
Liquid Phase Experiment Results 24.1+ 14.1 22.6+14.1 103.5+30.9

Table 3.1: Summary of kinetics and thermodynamics parameters of GVL ring opening in gas phase and liquid

phase.
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condensation [35-36], we estimated that the enthalpy and entropy should be around 24.5 and 26.4
in the liquid phase. Also, the activation energy for GVL ring opening was reported to be 91+ 29
kJ/mol. Based on the experimental data in the liquid phase, enthalpy and entropy were 26.9 kJ/mol
and 22.6 J/mol/K, respectively, while the activation energy was 103+ 30 kJ/mol. These results
showed that our experimental results regressed from the batch reactor model were highly
consistent with the estimation results. These suggested that GVL ring opening was more
enthalpically favorable but less entropically favorable comparing to the gas phase. Thus, between
a temperature range of 433K and 573K, the GVL ring opening was not thermodynamically
favorable, and the highest yield of PEA at equilibrium of 573K was only 5.1 %, which leaves a

large room for improvement of PEA yield by introducing the biphasic system.

3.3.2 Solvent Selection

Figure 3.4 summarizes the partition coefficient for GVL and PEA in 19 different organic solvents.
The exact phase compositions of these solvents are concluded in table S3.1. The partition
coefficient (Kq) captured the affinity of a specie for a given solvent. A large partition coefficient
implied high solubility for the dissolving species relative to water. A partition coefficient less than
1 indicates that the solvent has a low affinity for the given specie. A broad range of organic solvents
such as alkanes, alcohols, esters, ethers, ketones, aldehydes, and aromatic hydrocarbons have been
examined in this study. As shown in figure 3.4, overall, PEA had a high affinity in organic solvent
with a K4 above 50 while GVL showed relatively low affinity in organic solvent with a K4 below
25, indicating that organic phase is more favorable of dissolving PEA instead of GVL. Moreover,
high polarity alcohols and ketones like hexanol, octanol, heptanone and octane showed high
affinity both for GVL and PEA. However, low polarity alkanes and ethers like hexane, octane and

toluene only showed a high affinity for PEA rather than GVL. This may be explained by the
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Figure 3.4: Summary of partition coefficient Ka for GVL and PEA in various water-organic systems.

difference in polarity of GVL and PEA. GVL was generally recognized as a polar aprotic solvent
and many studies have reported that GVL is effective for extracting lignin, which is comprised of
phenolic molecules [37-40]. This was consistent with our observation that GVL had the highest
partition coefficient in phenol and some relatively high partition coefficients in other polar solvents
such as esters or alcohols. In contrast, the hydrophilic feature of the carboxylic group in the PEA
molecule renders it with a high polarity, which resulted in a higher affinity for PEA than GVL in
a polar solvent. Also, the hydrophobic feature of the C=C double bond on the other end of PEA
rendered PEA some solubility in a non-polar solvent. Thus, these features render PEA a

significantly high solubility in both polar and non-polar solvents.

In order to further elucidate the ability for separating PEA and GVL in different solvent, the
resolution coefficients (Kr k) for each solvent are listed in figure 3.5. A high resolution coefficient

(Krx) indicated that the solvent k has a better ability for separating GVL and PEA. In a high Kr
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Figure 3.5: Summary of resolution coefficient Kr for GVL and PEA in various water-organic systems.

solvent, pea is more favorable to partition into organic phase while GVL stays in the aqueous phase.
Figure 3.5 shows that among all tested solvents, the resolution coefficients of alkanes such as
hexane, octane and decalin were more than 60, suggesting that these alkanes had the best capacity
for separating GVL and PEA into different phases, which can be considered as an ideal organic
solvent in the biphasic system. Moreover, we observed that some ethers (propyl ether, diethyl ether,
methyl tertiary-butyl ether (MTBE)) and alcohols (1-octanol, 1-hexanol) also presented a
relatively high resolution coefficient around 30, which made them potential candidates as organic
solvents. However, during further investigation, we found that MTBE showed some mutual
solubility with water at equilibrium condition when the ratio of organic phase to aqueous phase
was high. This may attribute to the hydrophilic property of ether. The same trend was observed in
hexanol since its hydroxyl group was also hydrophilic. Last but not least, the resolution
coefficients of ketones and acetates are less than 20, indicating that ketones and acetates are not

appropriate for separate GVL and PEA. Overall, the results of partition coefficients and resolution
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coefficients show that there is a significant difference in affinity for GVL and PEA among nineteen
solvents. To achieve the goal of extracting PEA in the organic and leaving GVL in the aqueous
phase, the ideal solvent for separation purposes is alkane considering its high affinity for PEA and

low affinity for GVL.
3.3.3 Modeling phase equilibrium in biphasic system

Based on the result of the solvent study, hexane and octane were identified as potential organic
solvents for resolve GVL and PEA in a biphasic system. The partitioning behaviors of GVL and
PEA in water: hexane and water: decane systems are further examined over a wide range of
compositions. Figure 3.6 illustrates the mole fraction of GVL and PEA in its miscible and
immiscible phase in the biphasic system. We notice that among all tested biphasic compositions,
the mole fraction of the partitioning compound in its immiscible phase is low. The mole fraction
of GVL in aqueous is less than 5%, while the mole fraction of PEA in aqueous is less than 2%.
This indicates that in all compositions, hexanes and octanes only show high affinity to PEA while
water only showed high affinity to GVL. Also, the ratio of a specie in aqueous and organic activity

coefficients can be expressed as a function of phase composition at equilibrium (Equation 3.6).
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Figure 3.6. Phase composition of Water-Hexane (®) and Water-Octane (©) systems for GVL(a) and PEA(b). Solid line
indicates Margules predictions for phase composition in Water-Hexane. Dashed lines indicate Margules Prediction for
Water-Octane.
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For the purpose of modeling activity coefficients in hexane/water system and octane/water system
with different compositions, a two parameters Margules thermodynamic model is used in this
study. This model is selected for its applicability to describe the phase equilibrium composition in
a biphasic system [40]. It allows us to compute thermodynamic activities for partition compounds
in either phase and to predict the equilibrium composition of the organic phase at any aqueous-
phase composition in different biphasic reactors at equilibrium. The two-parameter Margules

model is generally described by the following equation 3.7:

Iy = (Aig;, + 27 (A21;, — A12;,) " Xjx) X1k 3.7
Here, y; is the activity coefficient of compound j in solvent k, X;; is the mole fraction of
compound j in solvent k, Xj ; is the mole fraction of solvent k in the solvent k. A, and A,
represent two Margules parameters. Since the behavior of the partitioning compound is our
primary interest in this study, the Margules activity model is only applied to regress activity
coefficients for GVL and PEA in different phases. For example, in the hexane-water biphasic

system, the Margules activity model for GVL and PEA can be expressed as equation 3.8-3.11.

Based on the phase equilibrium composition profile which we have previously obtained in water-

hexane systems, the Margules parameters for GVL and PEA in this binary system can be regressed.

GVL-water-hexane system:

lnygvl,water = (Alzg,,l‘water +2- (A21gvl,water - Alzgvl_water) ' ngl,water) 'szater,water 3.8
lnygvl, hexane = (Alzg,,l_hexane +2- (A21gvl_hexane - Alzgvl,hexane) ' ngl,hexane) 'thexane,hexane 39
PEA-water-hexane system:

lnypea,hexane = (Alzpea_hexane +2- (A21pea,hexane - Alzpea,hexane) 'Xpea,hexane) 'thexane 3.10

— . — . . x2
lnypea,water - (Alzpea,water+2 (AZIpea,water Alzpea,water) Xpea,water) X water,water 3.11
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Since the mole fraction of miscible compound in its miscible phase (for example, GVL in water)
ranged from infinite dilution to pure solute, this allowed us to regress both Margules parameters

for a miscible compound in its miscible phase (Alzgvl,water and A21 gywater 1 the aqueous phase).

However, the mole fraction of miscible compound in its immiscible phase (for example, GVL in
hexane) was near zero, and the solvent mole fraction is approaches 100% accordingly. This leads
to the results that only Ai> parameter for the solute in its immiscible phase can be regressed (like

A12 4,1 pexane 1 the organic phase). For describing the partition behavior in the immiscible phase,

here, we assumed that the second Margules parameter for the solute in its immiscible phase

(A21 gy nexane) Was 0. Based on this assumption, we manage to regress three Margules parameters

in the binary system. These Margules parameters are listed in table 3.2. Figure3.6a and 3.6b show
that both in aqueous and organic phase, the phase composition data can be satisfactorily correlated
by the three-parameter Margules equations. This proved that this Margules model was sufficient
to describe systems where the solute mostly stayed in its miscible phase like GVL in water and
rarely appears in its miscible phase like GVL in alkanes. These regressed Margules parameters,
along with previous kinetic and thermodynamic data of GVL ring opening reaction, were further

applied in the simulation of reaction in the biphasic reactor.

Species Solvent Ay A
GVL Water 2.436 0.567
GVL Hexane 3.743 0
GVL Water 2.586 0.897
GVL Octane 3.723 0
PEA Water 4.395 0
PEA Hexane 1.807 0.5855
PEA Water 4.698 0
PEA Octane 1.751 1.027

Table 3.1: Summary of Regressed Margules Parameters for GVL and PEA dissolved in Water-Hexane and Water-
Octane binary systems.
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3.3.4 Simulation ring opening reaction in biphasic system

In the non-ideal biphasic system, chemical potential, instead of concentration was the driving force
behind the observation of different resolution ability, reaction kinetics and mass transfer [41].
Therefore, we develop an activity-based batch reactor model to predict the GVL ring opening in
the biphasic system based on equations in table 3.3. This model is designed to describe not only
GVL and PEA interconversion but also the partition behavior of GVL and PEA in each phase. The
activity coefficient for specie j in solvent k can be calculated by equation 3.12 with the activity
coefficient yjx obtained from the Margules model. In a non-equilibrated condition, the mass
transfer on the interfacial boundary is described with equation 3.13. In this study, the mass transfer
effect is not specially studied, and we assume the mass transfer is extremely fast and will not affect
the reaction rate. The reaction rate is expressed as equation 3.14 considering that GVL ring opening
reaction is a first order reversible reaction. The chemical equilibrium of GVL ring opening at a
given temperature is estimated by equation 3.15. And finally, the phase equilibrium (equation 3.16)

is determined by the condition that chemical potential of one specie is equal in each phase.

Phenomenon Model Equation
Activity for reacting species Q= Vik Xk 3.12
Mass Transfer rm; = k¢ (@ aq — %org) 3.13
Reaction Kinetics Tk =ka-ajg 3.14
Chemical Equilibra Keq = % = exp(= % + g) 3.15
Phase Equilibra 4 aqg = Y org 3.16

Table 3.3: Summary of models describing thermodynamic and kinetic properties that driven by chemical potentials
(thermodynamic activities) in the biphasic system.
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Combining thermodynamic and kinetic parameters obtained from the GVL ring opening in an
acidic aqueous environment with the Margules model for hexane-water biphasic system, a biphasic

batch reactor comprised of hexane as organic phase and water as aqueous phase is simulated.
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Figure 3.7: Simulated PEA yields obtained in a single aqueous phase batch reactor catalyzed by pH=1 H2SOs as a
function of reaction time and reaction temperature.

In figure 3.7, the ratio of organic phase to aqueous phase was set to 1x10"™, which approximated
the reaction condition of mono aqueous phase condition. This figure shows that the total yield of
PEA is limited by the highly unfavorable equilibrium of GVL ring opening in aqueous phase.
Regardless of side reaction like PEA decarboxylation to butene and CO» decreasing PEA yield,
the PEA vyield is still less than 10% when the reaction temperature was at 600K in monophase

condition. This again confirmed that under mono aqueous phase condition, realizing high PEA

yield production was unpractical.
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Figure 3.8: Simulated PEA yields obtained in a biphasic batch reactor comprised of an acidic aqueous phase (pH=1)
and an organic extracting phase (hexane) as a function of reaction time and Solvent: Water molar ratio at 473K.

When setting the reaction temperature at 473K and introducing the organic phase as the extraction
phase, the total PEA yield was improved as shown in figure 3.8. Based on the simulation result,
when the organic: aqueous mole ratio was between 10:1 and 100:1, we observed that PEA yield
reached 30% in initial 100 hours and could be further improved to 50% when the reaction time
extended to 800 hours, which almost doubled the PEA yield in the monophase reactor. However,
when the organic to aqueous ratio increased to from 100:1 to 1000:1, the PEA yield decreased to

from 50% to 10%.

Figure 3.9 illustrates the impacts of both reaction temperature and organic: aqueous phase ratio on
the PEA yields at equilibrium condition. It showed that when reaction time was extended long
enough for the GVL ring opening to reach fully equilibrium, in a biphasic where organic to
aqueous mole ratio is beyond 100:1 and reaction temperature is beyond 543K, optimized PEA

yields of 80% can be achieved. Considering the side reactions at high temperature, realistic solvent
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volume requirements and practical reaction time, if one operates the reactor around 473K in a 10:1
NS:NA ratio environment, PEA yields are still able to reach 40% at fully equilibrated condition,

which was acceptable and worth for further application of PEA.
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Figure 3.9: Simulated PEA yields obtained in a biphasic batch reactor comprised of an acidic aqueous phase (pH=1)
and an organic extracting phase (hexane). Simulations were performed as a function of reaction temperature and
Solvent: Water molar ratio for a sufficient time to reach phase and chemical equilibrium.

The reason why the PEA yield in a biphasic reactor was higher than that in a monophase reactor
at certain organic: aqueous mole ratio can be attributed to two factors. Typically, in an aqueous
phase environment, the PEA had high chemical potential since it had low solubility in water, which
hindered the GVL ring opening and limited PEA yield. On the contrary, in a biphasic system, the
selected organic solvent had a higher affinity for PEA, which can reduce the chemical potential of
PEA relative to GVL. These facilitated the formation of PEA and increased the PEA selectivity in
the whole binary system. Moreover, the introduction of organic phase solvent allowed a more in-

time extraction of PEA from the aqueous phase. In this way, the chemical potential of PEA
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remained low in the aqueous phase during the whole reaction progress. Thus, the ring opening of
GVL was not limited by the thermal equilibrium and GVL could continuously be converted into
PEA. However, one downside of increasing organic: aqueous mole ratio was that reaction rate
would decrease due to the reduction of GVL chemical potential in aqueous phase. This could
increase the reaction time required to reach equilibrium condition. Therefore, in a biphasic system
with an organic: aqueous mole ratio higher than 100:1, the time required to achieve the same PEA

yields became significantly longer.

3.3.5 Experiment verification in biphasic system

Several experiments were performed in the decane: water biphasic system to verify the simulation
results we had previously obtained. The reason why we choose decane instead of hexane and
octane is than the low vapor pressure and low density of hexane and octane makes it unreliable to

keep them in liquid phase under reaction condition (near 573K, 300 psi). Decane was a more
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Figure 3.10: Parity Plot for GVL ring opening reaction in single phase condition at 453K, 473K and 496K with
initial Cgy = 10.45 mol/L.
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practical solvent to maintain biphasic condition near operating temperature and pressure. Also, we
notice the deference in the distribution of PEA in hexane and octane is negligible (figure 3.6). This
indicates that the length of carbon in alkanes may not have a significant influence on the separation
ability of GVL and PEA and Margules parameters for straight-chain alkanes were similar, the
Margules parameters for decane was set the same as octane's in the simulation. The yield of PEA
was predicted by the biphasic model we described before. Based on the parity plot of figure 3.10,
we can see that the model predictions agreed with the experimental results in the biphasic
conditions where organic: aqueous mole ratio is low. From figure 3.11, we observed that by
increasing the organic phase: aqueous mole ratio from 0 to 0.53, the PEA yields improved from
0.7% to 3.95% at 513K in 21hours. The PEA yield can be further enhanced to 10% when the

increasing the organic phase: aqueous phase ratio was increased to 1.08. This result indicated a 10-
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Figure 3.11: Experimental and Simulated GVL ring opening reaction in a decane water system at different NS:NA
ratio with initial Cgyi = 0.504 mol/L.
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fold enhancement in PEA yields in hexane: water system compared to the single aqueous phase
result. However, the model predicted higher PEA yields in these conditions where the maximum
PEA yield can reach 40% in our reaction condition. Several factors may contribute to the
disagreements between the actual experiment and model simulations. First, the current
experiments still cannot meet the least NS: NA requirement to witness a significant increase in
PEA yield. For realizing an ideal hexane/water biphasic environment with a ratio of NS: NA=10,
the volume of hexane required was 109 times more than that of water. However, the volume of our
cylinder reactor was only 50 mL and the highest NS: NA ratio which we can reach is almost 1.
This is far away from the ideal reaction condition for biphasic system to work. Second, side
reactions may decrease the PEA yields. According to our experiments, some insoluble blacked
residues were formed and 10% of carbon lost in the blank experiment of decane/water system was
observed. This may attribute to the polymerization of PEA isomers at high temperature
environments [42]. Third, the activity coefficients could be sensitive to temperature and pressure,
whereas our model assumes that activity coefficients determined at ambient temperature remain
constant between 453 to 493K. A previous study reported that the activity coefficient might have
10% change when the temperature of the solvents increased by 10 K [43]. Fourth, the solubility
between alkanes and water may be changed at high temperatures. Usually, the alkanes have low
solubility in water. Some report has pointed out that the mutual solubilities of hydrocarbons and
water would increase as the temperature rose up [44]. Moreover, the mass transfer may influence
the time it takes for the biphasic system to reach thermal equilibrium. Meanwhile, in our simulation,
we assume that the mass transfer will not affect the reaction rate. This assumption can add
uncertainty to our results. The typical mass transfer coefficient is around 10 [45]. If we use this

number instead of 10! in our previous simulation, the predicted PEA yield will drop to 12% at the
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condition where the organic phase: aqueous phase ratio was 1.08. Finally, in the biphasic system,
the affinity for PEA instead of separation ability between GVL and PEA may play a significant
role in enhancing the yield and selectivity of the reaction. In the binary system, introducing a
second phase that has a high affinity for PEA can also lead to a decrease in the total potential
energy in the system. We have previously found that ketones and alcohols have a relatively high
affinity for PEA. However, these organic compounds cannot be used as organic phases due to the
side reactions such as condensation and esterification. The high reactivity between reactant and

solvent makes it unreliable to examine such a biphasic system.
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3.4 Conclusion

Solution thermodynamics and kinetics are significant in understanding species behavior between
multiphase systems. In this study, we have initially estimated the enthalpy, entropy and barrier for
GVL ring opening reaction in the liquid phase, which is consistent with simulation results based
on the previously obtained gas phase data. Moreover, the solubility and separation ability for GVL
and PEA in more than nineteen solvents are studied, and alkane is identified as the potential
organic phase in biphasic system considering its best separation capability. A two-parameter
Margules Model was further introduced to measure the activity coefficient in the GVL-PEA-water-
hexane system and GVL-PEA-water-octane system. This model managed to describe the phase
composition in the biphasic system at the ambient temperature and can be considered as a feasible
approach to measure the activity coefficient among different solvent systems. After that, an
activity-based batch reactor model is developed for predicting the product yield, component
distribution in multiphase system and their relationship with temperature and solvent composition.
The simulation results indicated that in a biphasic system with an organic phase: aqueous mole
ratio more than 2, one can improve PEA yields from less than 10% to more than 70% at 473K at
equilibrium condition. Several experiments are performed to verify the actual reaction condition.
However, we found that this model is only able to predict the biphasic reactor with low organic
phase: aqueous mole ratio. Limited by the sensitivity of activity coefficient to temperature, the
high reactivity of PEA, and uncontrollable side reactions at high temperatures, the model failed to
predict the PEA yields in real reaction environments. Even though, the idea of increasing total
GVL conversion by decreasing PEA potential during GVL ring opening progress, thus breaking
the equilibrium limitation, is still valuable for further development of GVL-based conversion

technology.
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3.5 Supplementary Information

3.5.1 Derivation of PEA concentration in a batch reactor as a function of GVL initial

concentration and reaction time

Given that GVL is a first-order reversible reaction in the liquid phase catalyzed by sulfuric acid,

we can simplify the reaction as the following equations S3.1:

ka
k-a

GVL

PEA S3.1

Where k. stands for forward reaction rate constant and k.. stands for backward reaction rate

constant. The reaction rate, material balances for GVL and PEA can be expressed by equation S3.2,

S3.3 and S3.4.
r = ka ' CGVL - k_a * CPEA S3.2
dc
thVL =—1=—kg Covr + kg Cpga S3.3
dc
dPtEA = Tr= +ka - CGVL - k_a ' CPEA S3.4

By substitution the mass balance equation: Cgyp o+ Cpgao = Cgyr + Cpga Where Cgypo and
Cpgayp represent the initial concentration for GVL and PEA in the batch rector, into material balance
equation S3.4 and rearrange the result, we can obtain a nonhomogeneous, linear differential equation S3.5

as function of Cpg4 and reaction time t.

dc
d—PtM + (kg + k_g) * Cpga = ko * (Coyr, + Cppa) S3.5

: . . . d
The solution of equation S3.5 can be expressed as a sum of particular solution at where % =0

and homogeneous solution at where k, - (Csyr + Cpga) = 0. These two solutions can be written

as equation S3.6 and S3.7.
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Creap = m' (Cevio + Creao) S3.6

Cppan = a e~ katk-a)D) S3.7
Therefore, the overall expression for PEA concentration can be demonstrated as the equation S3.8:

k
~— (Ceyro + Creao) S3.8

C =qa- e_(ka"'k—a)'t) 4+ —
PEa ko +k_g

By solving a initial condition where t=0, we can obtain the equation S3.9 as a general expression

for PEA concentration in a reaction at any given initial composition and reaction time.

k
Chea = Cppag e Watk-d® 4 — 2 . (Copp o+ Cppag) - (1 — e~ Katk-a)D) $3.9
' kg +h g VL '

: . s K
In this study, since Cpgyo = 0 and the equilibrium constant Keq can be expressed as K., = k—“ ,

—-a

the equation S3.9 can be simplified into equation S3.10, also known as equation 3.4.

""'“(”Kﬁ)’t)) $3.10

Keq
Cppa = -C -(1-
PEA Ko +1 GVLg ( e
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3.5.2 The summary of solvent properties, partition coefficients and resolution coefficients

Table S3.1 summarizes the phase composition and distribution coefficients for GVL and PEA for

all nineteen solvents mentioned in the paper.

Entry  Solvent XGvLaqg XcvLorg Kdgve  Xpeaaq  XpeEAerg Kdpea Kr
1 phenol 6.15E-04 8.80E-02 143.30 2.21E-02 9.52E-01 43.18 0.30
2 benzene  5.27E-03 6.23E-02 11.83 1.42E-03 7.83E-02 55.26 4.67
3  2-pentanone 4.38E-03 6.94E-02 15.85 7.42E-04 7.43E-02 100.55 6.35
4 Toluene  7.00E-03 6.12E-02 8.64 1.45E-03 8.81E-02 60.75 7.03
5 ethyl acetate 5.34E-03 7.20E-02 13.49 8.90E-04 9.31E-02 104.58 7.75
6  2-Haptanone 5.41E-03 8.54E-02 15.60 5.94E-04 1.07E-01 181.98 11.66
7 2-octanone 6.44E-03 9.08E-02 14.39 6.83E-04 1.19E-01 175.69 12.21
8 I-hexanol 7.92E-03 6.71E-02 847 5.17E-04 9.46E-02 184.08 21.73
9 HDA 1.28E-02 6.17E-02 4.83 1.20E-03 1.42E-01 118.10 24.47
10 l-octanol  1.05E-02 6.89E-02 6.55 7.13E-04 1.18E-01 165.12  25.20
11 MTBE 1.09E-02 5.71E-02 5.30 5.97E-04 9.26E-02 159.03  29.98
12 diethyl ether 8.40E-03 3.73E-02 4.56 5.61E-04 8.26E-02 148.13  32.52
13 propyl ether 1.45E-02 3.32E-02 2.29 1.28E-03 9.64E-02 75.83 33.11
14 decalin 1.83E-02 8.20E-03 0.46 3.36E-03 1.08E-01 32.39 70.51
15 isooctane  1.95E-02 6.52E-03 0.33  3.60E-03 9.07E-02 25.68 7691
16 hexane 1.87E-02 5.69E-03 0.30 3.06E-03 7.53E-02 24.59 80.68
17 octane 1.88E-02 6.27E-03  0.33  3.27E-03 9.26E-02 28.36 84.81
18 decane  2.02E-02 7.53E-03 0.37 3.73E-03 1.18E-01 31.60  84.81

19 dodecane 2.10E-02 7.74E-03  0.38 3.64E-03 1.22E-01 33.80 88.32

Table S3.1: Summary of phase composition, Kd,Gvr, Ka,pea and Kr for all tested solvent in this study.
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4.1 Introduction

On the purpose of reducing greenhouse gas emissions, there are urgent demands to find alternative
energy sources [1]. Lignocellulosic biomass is a promising carbon alternative considering its
abundance and cost-effectiveness in nature [2]. In recent years, researches have been performed to
find valuable biomass-derived intermediates based on the conversion of Lignocellulosic-biomass
[3]. Such intermediates can be further converted into a range of valuable commercial products [4].
y-valerolactone (GVL), one of the novel platform chemicals generated from upgrading of
lignocellulose, can be utilized to produce polymer precursors, biofuels, and valuable chemicals
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Figure 4.1: Scheme for the potential application of GVL and the role of PEA as the core intermediate.
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as illustrated in the scheme 4.1 [5-9]. Among several applications of GVL, we can notice that
pentenoic acid (PEA) served as the bridge to produce biodiesels, gasoline and diesel fuels further.
However, selective preparation of PEA is challenging. First, GVL ring opening is an endothermic
but entropically favorable reaction, which makes the equilibrium not favorable at low temperature
environments. Moreover, as temperature increases, the PEA decarboxylation becomes kinetically
favorable, offsetting the benefits from improved thermodynamic equilibrium [10]. Thus, it is

difficult to find the operation windows for GVL ring opening without further decarboxylation.

Previously, Wang et al. have found that for GVL ring opening and decarboxylation over y-Al,03,
which consists of both Bronsted and Lewis acid sites, the overall yield to butene was around 40%
with WHSV equals to 0.18 h'! at 648K. Meanwhile, over SiO2/Al>03, which primarily comprises
Lewis acid sites, the overall yield to butene is more than 90% at the same condition, which is two
times more than that over y-Al,O3 [11]. Moreover, after introducing Brensted acid on the y-Al,O3,
the butene yield climbed up accordingly. This indicated that Lewis acid sites are less active than
Brensted acid in the PEA decarboxylation reaction. Moreover, Khan ef al. recently reported that
oxocarbenium ions were formed over y-Al>O; in the presence of a Bronsted acid, facilitating the
GVL ring opening on the surface [12]. Therefore, we proposed that selective production of
pentenoic acid through ring opening of GVL can be achieved over solid catalysts with Lewis acids

sites.

The y-Al>03, TiO», and ZrO, are commonly reported as Lewis acid materials and can be used as
catalysts support in various reactions [13-18]. In this study, y-Al>,O3, TiO,, and ZrO; along with
Si02/Al,03 are considered as direct catalysts to catalyze ring-opening of GVL. To our
understanding, no such applications have been proposed before. The Bronsted acid site-based

mechanism and Lewis acid site-based mechanism have been proposed by other groups [19,20].
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However, no studies explore the activity of Lewis acid materials in the GVL ring opening. In this
work, the various solid acids (silica alumina, gamma alumina, Titanium oxide, and Zirconium
oxide) and their performance on GVL ring opening are investigated. To examine the activity of
different catalysts, the yield and selectivity of PEA production are measured over a wide range of
contact time and temperature in a packed bed reactor. Also, isopropanol and isopropylamine
temperature programmed desorption (TPD) as well as pyridine Fourier-transform infrared
spectroscopy (FTIR) are applied to determine the Bronsted site and Lewis sites density. Surface
area information is collected by adsorption of N,. Through analyzing variations in yield and
selectivity of PEA over various catalysts along with structure characteristics, we try to find the
ideal catalyst and best operation condition to realize highly selective PEA production. Also, further
explanation for the relationship between catalyst activity on GVL ring opening and different

catalyst surface characterizations is discussed.
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4.2 Materials and Methods
4.2.1 Materials

Amorphous silica-alumina (ASA, SIAL 3113, Grace-Davison), gamma alumina (y-Al>O3, Strem
Chemicals, 97%), titanium dioxide (TiO2, Acros Organics, Aeroxide® P25), and zirconium oxide
anhydrous (ZrO,, Thermal Fisher) were used as acid catalysts in this study for examining ring
opening and decarboxylation of GVL. y-valerolactone (GVL, >98%, Sigma-Aldrich) was used as
reactant in this study and was purified over molecular sieves ((5% w/v, 12-24 mesh, Strem
Chemicals)) prior to use. Tran-2-pentenioc acid (PEA, 97%, Acros), 4-Pentenoic acid (97%,
Sigma-Aldrich), 3-trans-pentenoic acid, (95%, TCI America), 1-butene (1 % in Helium, Airgas),
and propylene (1% in Helium, Airgas) were used as standards for instrument calibration without
further purification. Isopropylamine (IPA, 99%, Acros), isopropanol (>99.6%, Acros, ACS
reagent), and pyridine (>99.0%, Sigma-Aldrich) were used as probe molecule for acid site titration
during TPD and FTIR experiments. They were used as purchased from manufacturers. Deionized
water used in preparing GVL solutions, calibration standards, and HPLC mobile phases was
prepared in-house by sequential reverse osmosis, UV oxidation, and double ion exchange. He
(99.999%, Airgas), N2 (99.999%, Airgas), and Air (Zero Grade, Airgas) were used in flow systems
and chemisorption experiments without extra purification. Air used in calcination process during
TPD, FTIR, and catalyst preparation procedure to remove water adsorption was obtained from in-

house purge gas generator (Purge gas, CO2-PG14).
4.2.2 Catalysts Preparation

SIAL 3113 (Grace-Davison), y-Al,O3 (Strem Chemicals, 95%), TiO, (Acros Organics, Aeroxide®

P25), and ZrO; (Sigma-Aldrich) were obtained from commercial suppliers. Prior to kinetic studies
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in the reactor, all catalysts are calcined in airflow (100 mL/min, 4h, 723K, 3K/min) to remove

surface residues from manufacturers.

4.2.3 Surface area and pore size measurements

The surface area of samples was determined by Nz (99.999%, Airgas) adsorption at 77K in a
surface area and porosity analyzer (Micromeritics ASAP 2020). Prior to N> dosing, approximately
100 mg of sample was outgassed under vacuum for 4h at 623K. Total surface areas were
determined by Brunauer-Emmett-Teller (BET) and t-plot micropore analyses. Pore volumes were
characterized by nitrogen cumulation at a relative pressure of 0.995. Pore sizes were estimated by

Barrett-Joyner-Halenda (BJH) analysis of the desorption branch of N> uptake isotherms [21].

4.2.4 Temperature Programmed Desorption

The Bronsted acid sites and Lewis acid sites are quantified by the temperature programmed

desorption of isopropylamine and isopropanol, respectively.

Brensted acid site densities were determined by isopropylamine (Acros, 99%) temperature
programmed desorption (TPD). Typically, 60-80 mg of powered catalysts were added into a 1/2-
inch quartz tube between supported by two quartz wool (Grace) end plugs. The whole tube was
further placed in an Omega ceramic furnace. The temperature of the furnace was regulated by a
process controller (Love, series 16A) and monitored by a type K thermocouple (Omega). All
samples were calcined under airflow (50 sccm). The cell was ramped to 723K (5 K/min) and was
held at 723 K for 4 hours and subsequently cooled to 432K and purged in dry Helium flow (100
sccm) for more than 90 minutes. The Helium used in TPD experiments was dried over molecular
sieves. Catalysts were further dosed in isopropylamine/Helium blend that was prepared by flowing

Helium through an IPA saturated chamber. After saturation of IPA on the surface, physisorbed
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isopropylamine was removed by applying a high Helium flowrate (400 sccm) for at least 1 hour.
The furnace was then ramped to 973K (10 K/min) under Helium, including 1% Ar serving as an
internal standard. Chemisorbed isopropylamine was converted into propene and ammonia after
ramping. During the whole process, a mass-selective residual gas detector (Stanford Instruments
RGA 100) was used to track MS signals of isopropylamine (m/z=44), propylene (m/z=41) and Ar
(m/z=40) in the effluent. Evolved propylene was used to calculate Bronsted site density, assuming

that one molecule of isopropylamine adsorbs per Bronsted site [22,23].

Total acid site density was determined by isopropanol (Acros, 99.6%, ACS reagent) temperature
programmed desorption. All the procedure was the same as previous isopropylamine TPD except
for two changes. First, during dosing process, the samples were dosed in isopropanol/Helium blend
instead of isopropylamine/Helium blend at 373K instead of isopropylamine at 423K. Second, the
scan parameters for MS signal were changed to isopropylamine (m/z=45), propylene (m/z=41) and
Argon (m/z=40). Evolved propylene was used to calculate total site density, assuming that one

molecule of isopropanol adsorbs per Lewis or Bronsted acid site [24-27].

4.2.5 FTIR spectroscopy

Bronsted acid sites to Lewis acid sites ratio was determined by transmission FTIR spectroscopy
(Nicolet 6700 DTGS detector) of adsorbed pyridine on catalysts. Approximately 20 mg of sample
was press into a 13mm pellet in a hydraulic press (5 tons force). This allowed us to prepare
detectable coverages of surface species and minimize gas-phase interference simultaneously. The
pellet further was loaded on a home-built in-situ cell that comprised of a vacuum tee (McMaster-
Carr, 1'2” OD) with 4 CaF, windows to seal the chamber. Two 4" tubes were welded onto both
sides of the vacuum tee body and each one was equipped with a 74" bellows valve. The setup was

adjusted and positioned thus allowing the IR beam to clearly pass through. Two cartridge heaters
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(McMaster, 1/8” x1 4”) were applied to as heating sources for the cell along with and a type K

thermocouple (Omega) and a PID controller (Love Controls, Series 16A) to monitor and control
temperatures. Before acid site titration, catalysts were calcined as the pretreatment procedure
described in the TPD experimental section. Subsequently, the catalyst pellet was cooled to 423K
and purged under a flow of 100 sccm of Helium sccm gas that was dried by a liquid nitrogen trap
followed by a moisture trap. The pellet was then dosed with 4 torrs of pyridine (Sigma Aldrich,
99%) that was introduced into system through a stainless-steel tee packed with quartz wool. After
the pellet was fully saturated, the cell was purged under a Helium flow of 200 sccm at 423K to
remove physiosorbed pyridine. Spectra were collected at 423K and Brensted to Lewis acid site
ratios were determined by the ratio of integrated IR bands at 1545 cm™ and 1455 cm! respectively
with correlation for the appropriate molar extinction coefficients as equation 4.1 illustrated, where
C(BAS, LAS) represented the concentration of Brensted acid sites and Lewis acid site on the
catalyst surface and /4 (B, L) represents the integrated absorbance of Brensted acid sites and Lewis
acid site in FTIR spectra respectively. All FTIR spectra involved in this sector are collected at 5-

minute intervals until the signal reach steady state [28,29].

C(BAS) _1.88xIA(B)
C(LAS)  1.42IA(L)

@.1)

4.2.6 Catalytic activity testing

The investigation of the GVL ring-opening and subsequent decarboxylation over different solid
acid catalysts was carried out in an up-flow, packed bed reactor. The setup is illustrated in figure
4.2. We measured the product selectivity, reaction rate, and product yield as a function of contact
time (t) and temperatures. Various mass of catalysts samples was loaded into a 2 inch tubular 316
stainless steel reactors. Two pieces of quartz wools were placed on both sides to hold the bed. The

general bed length was 1-2 cm. Upstream and downstream dead volumes were filled with silica
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Figure 4.2: Setup of flow reactor for measuring kinetics of GVL ring opening in the aqueous environment.

chips (850-2000 um, 99.9%, Sigma Aldrich). The reactor was further placed in a special-designed
aluminum block which was placed in an insulated furnace (Applied Test System). A back pressure
regulator was used to control the reactor pressure. The reaction temperature was monitored by a
Type K thermocouple (Omega) with its tip right above the catalyst bed. The temperature of the
furnace was controlled by a PID controller (Love Controls, Series 16A). Prior to introducing GVL
feed, the catalysts were calcined in situ under air flow (50 sccm, 4h, 723K, 3K/min) using the same
pretreatment process mentioned before. And then the furnace was cooled down to reaction
temperature in Helium flow (50 sccm). In this study, multiple Brooks mass flow controllers (model

5850S) were used to provide constant gas flow into reactor.

An aqueous solution of GVL (4.04 wt%) in water was introduced to the system with a HPLC pump
(Lab Alliance Series I). The solution was warmed up in the pre heater and contacted with the
catalysis bed at reaction temperature in the reactor. The liquid components in the effluent such as
water, GVL and PEA were condensed in a water-cooling condenser. And liquid samples were

collected and analyzed in a GC-FID (Agilent Technologies, GC 7890A) with an autosampler. The
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gas component in the effluent such as butene was further sent to a GC-FID (Agilent Technologies,
GC 7890A). Both GCs were equipped with Innowax column and since CO, and PEA were
produced in a 1:1 molar ratio during GVL decarboxylation, we inferred the CO; quantities based
on butene quantities. GVL and PEA were calibrated by pre-prepared solution of GVL and PEA
with different concentrations. Since each butene isomers share the same carbon and hydrogen
numbers, their calibration factors were similar. We used the calibration factor of 2-butene for all

butene isomers.

This study focuses on the activity and selectivity of GVL ring opening and decarboxylation over
different materials. The discussion will emphasize probing the best condition and catalysts to
maximize yield and selectivity of products (PEA and butene) as well as reaction rates of GVL ring
opening and subsequent decarboxylation over different catalysts. The product yield and selectivity
were defined as equation 4.2 and equation 4.3, respectively where n; represented the molar
quantities of specie j (PEA or butene) in a given amount of time and ngy; represented the total

molar quantity of GVL introducing into the system in the corresponding period.

AL

j = 4.2

J NgyLo 42)
n.

S ===

[ Ve @3

In order to examine the extensive kinetics and intrinsic activity of Lewis acid sites on the catalysts
surface, mass normalized reaction rates and acid site-normalized rates were introduced. Equation

4.4 defined mass normalized ring opening rate that was determined by the extensive production

Rpga
Rgo = —— (44)

cat

R

RDC — Butene (4.5)

cat

F; F;

STY, =L = / (4.6)

J S C(acid site) - m.g
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rate of PEA. Equation 4.5 defined mass normalized decarboxylation rate that was determined by
the extensive production rate of butene. The acid site-normalized rate (turn-over frequencies, TOF
or site time yield, STY) was determined based on the extensive production rate normalized by the
total acid sites on the surface of the catalyst, as equation 4.6 illustrated. Where S was the total
molar quantity of Lewis acid sites on a catalyst surface, and F; was the molar flow rate of GVL or
PEA. C(acid site) demonstrated the Lewis acid site density determined by the isopropanol TPD

described before. m.,; was the catalysts mass in a reactor.

To investigate the dominant reaction during GVL ring opening and decarboxylation over catalyst
surface at different temperatures, we measured product selectivities in various contact time (t),
which was defined by equation 4.7, where mg,;,; denoted the mass flowrate of GVL. This number

also equals one over the weight-hourly space velocities (WHSV).

_ 1 _ Meae
WHSV  mgyy

T (4.7)
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4.3 Results and Discussion

4.3.1 Catalyst characterization and activity in GVL ring opening and decarboxylation

Typically, Si02/AL,O3, y-Al203, TiO2, and ZrO; are used as supporting materials for some metal
catalysts [30-32]. Lewis acid sites were reported as the predominant acid site on y-Al,Os, TiO»,
and ZrO;. At the same time, both Brensted acid sites and Lewis acid sites were found on
Si0,/Al,03 [33]. Table 4.1 summarizes the physical properties of catalysts involved in this study.
Our observation here was consistent with previous researches. Bronsted acid strength can be
defined by the TPD of isopropylamine. Meanwhile, it is much more challenging to determine the
Lewis acid strength. However, recent reports have observed that the TPD of isopropanol
dehydration reaction can occur on Lewis acid site with E; mechanism and on Brensted acid site
with E; mechanism [34]. Thus here, we determined the total acid sites by quantifying propene
from the isopropanol dehydration RGA. Both isopropylamine TPD and isopropanol TPD profiles
were included in the supply information. From table 4.1, we can see that SiO»/Al>O3 had the
highest surface area along with the highest Bronsted acid sites and Lewis acids sites density. The
Lewis acidity of y-Al,O3 is similar to SiO2/AlO3 (370.35 and 413.26 pumol/g). However, its
Brensted acidity is much lower comparing to SiO2/Al,Os. Also, an approximate 43 pmol/g of
propylene evolved from TiO, during isopropylamine TPD, suggesting a small amount of Bronsted

acid sites existed on the TiO, surface. Finally, no Brensted acid sites were observed on the ZrO»

Catalysts Sl:lizce Microp?re . Pore Pore v?lume Bl‘ansted acid .Lewis acid BAS :LAS
(m%e) area (m°/g) diameter (A) (cm’/g) sites (umol/g) sites (umol/g) ratio
211% 498 0 57 0.71 180.9 413.26 0.46
v-Al203 282 18 87 0.61 44.0 370.35 0
TiO2 107 5 189 0.51 43 100.06 0
710, 7 5 101 0.01 0 14.48 0

Table 4.1: Summary of physical and chemical properties of solid acids used in this study.
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surface. ZrO2 had a significantly small amount of surface area and Lewis acidity. Given the nature
of materials, the Bronsted acidity we detected in y-Al2O3 and TiO2 may not attribute to the surface
hydroxyls. Instead, residual impurities with unanticipated Brensted acid sites were the primary
reason behind such observations. First, the surface hydroxyls were reported not to be able to trigger
the isopropylamine deamination reaction [35]. Moreover, the FTIR of adsorbed pyridine on v-
Al,O3 and TiO; showed that pyridinium ion formation was only detected at 1455 cm™ [36]. Lack
of adsorbed signal at 1545 cm™! again confirmed our deduction that the Brensted acidity in the -
ADO3 and TiO; was attributed to the residual impurities. Therefore, in this study, the GVL ring
opening over Si0,/Alb03, y-AlLO3, TiO2, and ZrO; was considered only to occur on the Lewis acid
site. This mechanism was reported by Dumesic's group, which has declared a Lewis acid-based

decarboxylation pathway and demonstrated the role of Lewis acid site [19].

Figure 4.3 illustrates the initial catalysts screening of GVL ring opening and decarboxylation by

measuring the mass normalized rates at a fixed WHSV near 0.8 hr! at 598K. Of the materials
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Figure 4.3: Comparison of mass-normalized GVL ring opening rate (RO) and decarboxylation rate (DC) over the

solids acids considered in this study. The rates were measured at 598K and 1 bar GVL condition. The weight-hourly
space velocities (WHSV) for these reactions were controlled near 0.8 hr!.
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interested in the study, SiO»/Al,O3; had shown the highest activity in GVL ring opening and
decarboxylation, realizing 47 pumol/g/min. Meanwhile, the activity for y-Al,Os; was relatively
lower in GVL ring opening, but still remarkably higher than the RO rates in TiO», and ZrO> that
were less than 2 umol/g/min. With regards to GVL decarboxylation, SiO»/Al,O3; was remarkably
more active than other materials, with 27 umol/g/min in DC rate. This measurement was consistent
with reported value by Jesse at a similar condition [19]. Both y-Al>O3 and TiO; had extremely low
activity in decarboxylation at this condition, with a decarboxylation rate less than 1 pmol/g/min.
No activity was observed for decarboxylation over ZrO,. According to these observations, we
found that the activity of solid acid catalysts on GVL ring opening and decarboxylation might
align with their Lewis acidity and Brensted acidity. The materials with higher Lewis acid site
density such as Si0,/Al>O3 and y-Al>O3 had a relatively high GVL ring opening rate comparing to
TiO; and ZrO; with less Lewis acidity. Meanwhile, y-Al,Os, a material with high Lewis acidity
and low Brensted acidity, only showed activity in GVL ring opening instead of decarboxylation.
And its decarboxylation rate was on the same magnitude with TiO,, whose Lewis acid site density
was almost the same with that of y-Al,O3 (44 umol/g for y-Al,O3 and 43 pumol/g for TiO,). Last
but not least, since no Brensted acidity was detected over ZrO, no decarboxylation behavior was
observed as well. But one interesting thing that needed to point out was that ZrO; had a
significantly lower Lewis acidity comparing to TiO, (14.48 pmol/g and 100.06 pmol/g,
respectively). However, its ring opening rate was higher than TiO,. This phenomenon will be
explained in the following section. Overall, we proposed that the GVL ring opening may be
catalyzed by the Lewis acid site, and the decarboxylation may be catalyzed by the Brensted acid
site in the hydrous environments. Si02/A1>,O3 seems to be the most active catalysts, while y-Al,0O3

is a selective catalyst to produce PEA with an acceptable yield. And their activities for GVL ring
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opening and decarboxylation are dominantly affected by the strength of Lewis acidity and
Brensted acidity, respectively. In the subsequent sections, we will examine the activity of these
catalysts on GVL ring opening and decarboxylation over a wide range of contact time and

temperatures to further probe other factors manipulating the selectivity and yield of PEA.

4.3.2 Contact time effects

With the aim of grasping a better understanding of the reactions, the contact time study was
performed to examine which reaction was predominant on the catalysts surface when reactants had
more time to interact with acid sites in the material. The contact time was controlled by changing
the feed flowrate of GVL and the mass of the catalyst bed. Typically, the yields will increase as
the contact time increases since there will be sufficient time for reactants to interact with active

sites. But it became more complicated in the GVL ring opening and decarboxylation reaction.

Figure 4.4 illustrates the influence of contact time on the yield of PEA and butene over various
solid acids at 300°C (573K). At this reaction temperature, Si02/Al,O3 achieved significantly higher
PEA yield in a wide contact time range. The PEA yield over SiO2/Al2O; increased from 25% to

35% by increasing the contact time from 0.5 hour to 2.5 hour. Meanwhile, Si02/Al>0O3 also showed
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Figure 4.4: Influence of contact time on yield of PEA (left) and butene (right) over various solid acids at 300°C.
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remarkably higher activity in GVL decarboxylation to form butene. The PEA yield over y-Al>O3,
TiO2, and ZrO, were less than 10% but still increasing as contact time increased. At the longest
contact time of 2.5 hours, the yield to PEA over y-AlbO3 was around 10.2%, slightly higher than
PEA yield over ZrO; (7.1%). The lowest PEA yield was measured over TiO2, which was less than
5%. The yields to butene over y-AlbOsz, TiO2 and ZrO, were negligible at 300°C. These
observations suggested that at 300°C, the GVL ring opening was still the primary reaction on the
catalysts surface and decarboxylation did not influence the selective production of PEA. The
highest activity was still observed in SiO»/Al>03, followed by y-Al>O3, ZrO; and TiO». This trend

was the same as we described in the previous section.

Figure 4.5 illustrates the influence of contact time on yield of PEA and butene over various solid
acids at 325°C (573K). The results showed that SiO2/Al>Os still had a relatively high activity
compared to other solid acids at this temperature. However, the PEA yield over Si02/Al,03 did
not continuously increase as the contact time increased. The PEA yield rose slightly from 35% to
37% when the contact time was extended from 0.5 hours to 1.5 hours. After reaching the maximum

PEA yield of 37%, the PEA yield started to decrease to 30% as the contact time reached 2.5 hours.
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Figure 4.5: Influence of contact time on yield of PEA (left) and butene (right) over various solid acids at 325°C.
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At the same time, the butene yield from GVL decarboxylation increased dramatically from 8% to
45%. For other solid acids, the PEA yield over ZrO> and TiO> increased moderately as contact
time increased, but still less than 10%. However, the PEA yield over y-Al,O3 increased
significantly with contact time from 11% to 27%, which got a similar PEA production efficiency
comparing to SiO»/Al,O; at this condition. Moreover, except for SiO2/Al,03, GVL
decarboxylation over y-Al>O3, TiO2, and ZrO, was still inappreciable. Therefore, at 325°C, GVL
ring opening was still the dominant reaction occurring on the surface of y-Al>O3, TiO», and ZrO».
However, GVL decarboxylation started to surpass the GVL ring opening over SiO2/Al,Os3. The
longer contact time allowed PEA to have sufficient time to interact with the acid site on the surface
and further being converted into butene, making Si02/Al,0s a less selective catalyst comparing to

v-ALO:s.

The influence of contact time on yield of PEA and butene over various solid acids at 350°C (573K)
was demonstrated in figure 4.6. At this reaction condition, the PEA yield over SiO2/Al2O3; showed
a similar trend at 325°C. The PEA yields increased in the low contact time region from 32% to 38%

and suddenly dropped to 28% at the longest contact time. The butene yields over SiO2/Al,03 also
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Figure 4.6: Influence of contact time on yield of PEA (left) and butene (right) over various solid acids at 350°C.
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increased dramatically from 29% to 70% as contact time increasing. Over y-Al,O3, the PEA yield
did not witness a similar drop as the trend in Si02/Al,0s. It is worth pointing out that the y-Al,O3
achieved a maximum PEA yield of 45%, which outmatched the maximum PEA yield of 38% over
Si02/Alb03 at this point. Meanwhile, the butene yield from GVL decarboxylation over y-Al,O3
was still less than 5%, therefore making y-Al>Oj the best catalysts for selective production of PEA
at this condition. Moreover, the PEA yield over TiO», and ZrO; increased as a function of contact
time from 7% to 10% and 7% to 14%, respectively. Simultaneously, the butene yield over TiOx,
and ZrO; remained less than 5%. At 350°C, the reaction rates for both GVL ring opening and
decarboxylation increased. However, based on the previous report, GVL decarboxylation was
more kinetically favorable at high temperature above 325°C [10]. Thus, as the temperature went
up, the surface coverage of PEA was decreased by the subsequent decarboxylation to generate
butene. Also, given that Si02/Al,0O3 had the most accessible Bronsted acid sites and Lewis acids
sites comparing to other solid acids, it appeared to have more activity in both reactions. However,
a moderate amount of the Bronsted acid sites on Si02/Al,03 leads to the result that the PEA formed
from GVL ring opening was easier to undergo decarboxylation further to create butene. As for y-
AlOs, it had a similar level of Lewis acid site concentration but less surface area and lower
Brensted acidity comparing to Si02/Al203. This allowed PEA to stay on catalyst surface longer
without being further converted into butene, thus realizing a similar PEA yield to S at certain
conditions. Although TiO; had more surface area and Lewis acid site comparing to ZrO», the PEA
yield over TiO; was less than the PEA yield over ZrO,. This may be attributed to the higher base
acid site density and the coordinate effect on the surface of ZrO; during the deprotonation step
during GVL ring opening to form PEA. A group in Japan found that despite fewer Lewis acid sites,

ZrOs showed remarkably higher activity than TiO; due to a large amount of base site detected on
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71O, [17]. The base sites were proposed to assist the deprotonation process with Lewis acid sites.
The mechanism for GVL ring opening to form PEA included the initial step of ring opening and
the following step of deprotonation. We thought has PEA formation may be benefited from this

coordinate effect on ZrO; as well.
4.3.3 Temperature effects

To further investigate the trend observed above, we extended the temperature and contact time
considered in this study. Figure 4.7 illustrates the temperature influence on the yield of PEA yield
over Si0»/Al,0s at various contact times. We found that for SiO»/Al,03, the PEA yield was limited
by intense decarboxylation. As the temperature increased from 260°C to 350°C at contact time
below 2 hours, the PEA yield improved from 10% to 40%. Once reach the maximum yield of 40%
at where the contact time was near 1.5 hours, the PEA yield started to decrease to 25% as contact
time kept increasing. The selectivity shifts from PEA favorable to Butene favorable at this point.
The butene yield can reach more than 70% and became the primary product at 350°C with a contact

time of 2.7 hours. Thus, the operation window to realize selective production of PEA was really
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Figure 4.7: Influence of temperature on yield of PEA (left) and butene (right) over SiO2/Al2Os at various contact
time.
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narrow. At lower temperature and low contact time, the GVL ring opening reaction and show
relatively high selectivity towards PEA. SiO»/Al,Os has a high Lewis acidity on the surface,
contributing to high activity in GVL ring opening when the PEA had no sufficient time to interact
on the surface. However, the Bronsted acid sites were reported to have the ability to catalyze PEA
decarboxylation [10]. The high Brensted acidity in SiO2/Al,0O3; makes this material favorable for
the production of butene instead of Pea in most conditions. The PEA yield over Si02/Al,O3 thus

was limited to 40% in all environments.

Figure 4.8 demonstrates the effect of temperature and contact time on the GVL ring opening and
decarboxylation over y-Al>O3. Comparing to S, y-Al2O3 showed a much wider operation window
for selective preparation of PEA. Below 375°C, the PEA yield did not show a trend of decline as
the contact time increasing. At the operation condition where contact was beyond 3 hours, the PEA
yield at 350°C was improved as a factor of 10 higher than that at 275°C. Meanwhile, the butene
yield was still below 10%, rendering a reasonable selectivity to produce PEA near this condition.
On the one hand, the Lewis acid site density on y-Al>O3 was similar to SiO2/Al>O; based on our
previous measurement. This makes y-Al>O3 can achieve a comparable PEA yield of more than 40%
at the maximum operating condition. On the other hand, the low Brensted acid sites constrain the
subsequent decarboxylation of PEA. Thus, y-AlO3; has shown a remarkably high selectivity
comparing to SiO2/Al;O3 at similar reaction environments. However, PEA decarboxylation
became more favorable when the reaction temperature was beyond 350°C. At 350°C, the PEA
yield maximized at 50% with a contact time near 0.5 hours and started to drop dramatically to 15%
when the contact time reached 5 hours. This trend was similar to what we observed in Si02/A1,03,

indicating that the small amount of Brensted acidity on the y-Al>O; surface can still perform a



81

significant effect on the conversion of GVL and PEA at high temperature regions. But still, y-

AlO3 has shown the best potential to achieve a selective preparation of PEA in most conditions.
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Figure 4.8: Influence of temperature on yield of PEA (left) and butene (right) over y-Al2Os at various contact time.

The performance of TiO> on GVL ring opening and decarboxylation is illustrated in figure 4.9.

Different from SiO,/AlO3 and y-Al>Os3, the PEA yield over T was less promising. First, the PEA

yields never surpassed 25% in the environments we tested. This was partially attributed to the

lower surface area and lower Lewis acidity of TiO». The surface area of TiO, was half comparing
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to y-Al,O3 with 282 and 107 m?/g, respectively, which shared a close trend in the GVL ring
opening activity. Moreover, at high temperature region above 375°C, the GVL ring opening
became less favorable, and the PEA selectivity dropped as contact time increased. Considering
that the Bronsted acid site density was only 50 umol/g less than Lewis acid sites on the TiO:
surface, the PEA decarboxylation would tend to become the dominant reaction on the surface
comparing to GVL ring opening at high temperature regions. Overall, the selectivity and yield to

PEA over TiO> were found to be relatively limited comparing to other materials.

The result for GVL ring opening over ZrO; is summarized in figure 4.10, and which had shown
some really intriguing behaviors. Due to an absence of B sites on the ZrO; surface, the butene yield
was significantly lower than other catalysts. At all tested conditions, the yield to butene never
exceed 2%, rending a high selectivity to PEA accordingly. As a result, the PEA yields did not
show a turning point as contact time increased, which made it has a wide operation window as
well. Low surface area and Lewis acid sites on the solids may lead to low activity in catalytic
performance, according to our observations in y-Al,O3 and TiO,. However, comparing to TiO»,
which has a ten times more surface area and Lewis acidity, we surprisingly found that ZrO; can
achieve a similar PEA yield of 20% at 375°C. The inconsistency of activity and surface structure
between ZrO; and TiO; indicates that the ZrO> was much more active compared to ZrO,. Similarly,
Komanoya ef al. reported that ZrO> was more active compared to TiO; during the deprotonation
progress despite less amount of Lewis acid sites and weak Lewis acid strength [17]. Gorte et al.
also found that in the aqueous condition, the Lewis acid strength follows a trend y-Al,O3 > ZrO; >
TiO2, which was consistent with our observation here [27]. The high activity in ZrO> was complex
and can be attributed to several factors. One explanation was that the Lewis acid sites were not the

primary contributor to the high catalytic performance of ZrO>. Instead, the high concentration of
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Figure 4.10: Influence of temperature on yield of PEA (left) and butene (right) over ZrO: at various contact time.

base sites on ZrO> can stabilize the transitional state of intermediates formed on the Lewis acid
site, hence improving the overall activity of ZrO [37]. The role of base sites in the GVL ring
opening progress was still unclear and worth paying attention to in the future study. Another
observation that needed to be pointed out was that at 400°C, the ZrO; lose a significant amount of
activity comparing to that at 375°C. When the reaction was performed in contact time of 5 hours,
both PEA yield and butene yield were less than 15% and 1% respectively, which were even less
than the productivity observed in 350°C. This trend of loss in activity as temperature increases was
not observed in other catalysts before. We proposed that this may ascribe to the deactivation on
the catalyst surface. Since the surface area was trivial on the ZrO,, the coking effect at high
temperature environment may cause a much more obvious deactivation comparing to other
materials with higher surface area. The accessible Lewis acid sites on the ZrO> may also be
decreased as the surface area was influenced by coking. Overall, ZrO; has shown high selectivity
to PEA but low activity in GVL ring opening due to the low surface area and Lewis acid sites.
Also, the stability of ZrO2 was not promising as well. However, the relatively high catalytic

performance was still worth further investigating.
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4.3.4 Proximity to equilibrium positions

Considering that GVL ring opening to form PEA was a reversible reaction, we try to examine the
relationship between the proximity to the thermodynamic equilibrium of GVL ring opening and
the PEA selectivity. Reaction quotient, defined as the ratio between the PEA flowrate and GVL
flowrate in the effluent, was introduced here to estimate the reaction direction of GVL ring opening.
The equilibrium constant was calculated based on the reported enthalpy (44.7 kJ/mol) and entropy
(71.9 J/mol/K) value [10]. Figure 4.11 summarizes the PEA selectivity as a function of Q/K with
all the temperatures and contact time. From figure 4.11A, we can see that PEA selectivity can be
correlated with the reaction position of GVL ring opening. When the reaction temperature was
low, the GVL ring opening over SiO2/Al,03 was still far away from the equilibrium position. Also,
reaction rates of GVL ring opening and decarboxylation were both low in this region. In this case,
the reaction will be favorable towards the direction of generating PEA over the surface. As the
temperature rises, the reaction rates for ring opening and decarboxylation were both increasing.
However, with higher conversion of GVL and yield of PEA, the Q/K was also rising sharply. For
instance, when the temperature went from 240°C to 280°C, the maximum Q/K increased from 0.55
to 0.9, indicating that the reaction was near equilibrium at this condition due to a higher activity
of GVL ring opening. However, as the reaction was approaching equilibrium positions, the PEA
selectivity started to decline. This can be attributed to the thermodynamic equilibrium prevented
from GVL to further converted into PEA. Meanwhile, the decarboxylation of PEA can give butene
and COz, leading to a significant increase in entropy in the system. Thus, the PEA always has the
tendency to undergo decarboxylation in all reaction conditions. As a result, when the PEA
coverage on the surface was near equilibrium position, it will spontaneously be converted into

butene on the Bronsted acid sites. This process was still limited by the low reaction rate at low
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Figure 4.11: PEA selectivity as a function of proximity to equilibrium (Q/K) for GVL ring opening and
decarboxylation over Si02/Al203 (A), y-Al2Os (B), TiO2 (C), ZrO2 (D).

temperature conditions. Bond ef al. had reported an apparent kinetic barrier of 91kJ/mol and 138

kJ/mol for GVL ring opening and PEA decarboxylation, respectively [10]. Based on these values,

at 240°C, the GVL site normalized ring opening rate was approximately 0.0114s!, 27 times higher

than the PEA decarboxylation rate of 0.004 s-!. This gap will be narrowed as the temperature rises

up. At 300°C, the ring opening was near 0.106 s™> and the decarboxylation rate was 0.0126 s*!. The

difference has dropped less than a fold of 10. The gap will further reduce to a factor of 2 at 400°C.
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Therefore, the temperature increase can not only push the GVL ring opening towards equilibrium,
but also make PEA decarboxylation much more favorable, decreasing the total selectivity towards
PEA. Furthermore, we can observe that the Q/K were high than 0.7 for temperatures higher than
300°C, suggesting that the GVL ring opening reaction was fast enough to get close to equilibrium
in such environments. Besides high reaction rate, the larger surface area and a large amount of
accessible Lewis acid sites allowed GVL to converted into PEA, pushing the reaction close to
equilibrium as well. However, the large amount of Brensted acid sites facilitate the PEA
decarboxylation process. As a result, the PEA selectivity declined remarkably from 80% to 20%
as Q/K raised from 0.8 to 1. This shift indicated that the PEA decarboxylation had replaced the
GVL ring opening as the primary reaction on the SiO»/Al,O3 surface, the latter of which was

constrained by the thermodynamic equilibrium.

Figure 4.11B has concluded the PEA selectivity changes as Q/K over y-Al2O3. A similar trend was
observed comparing to SiO2/Al,03. PEA selectivity initially remained at a high level above 95%
when Q/K was lower than 0.6. And once reaching a peak value at where Q/K equals 0.7, the PEA
selectivity starts to drop significantly from 90% to less than 20%. This was still the same limitation
from the thermodynamic equilibrium we described before. But different from SiO2/Al,0O3, the PEA
yield only drop in some long contact time conditions at 375°C. From 275°C to 350°C, the PEA
yield maintained more than 90% at a wide range of contact times, suggesting that y-Al.O3 could
have a much wider operation window to achieve PEA production at high selectivities. We
proposed that such differences were derived from the lower concentration of Lewis acid sites and
Brensted acid sites over y-Al2Os. The lack of Brensted acid sites constrained the decarboxylation
process of PEA. Meanwhile, slightly less of Lewis acid sites can slow down the PEA formation

on the surface, which kept the GVL ring opening away from the equilibrium positions.
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Figure 4.11C illustrates the trend of PEA selectivity as a function of Q/K over TiO». It appeared
that when the reaction was away from equilibrium, at a region where Q/K was less than 0.1, the
PEA selectivity over TiO> can still stay above 90%. However, in contrast to Si02/Al,03 and v-
AlO3, which can approach a high Q/K region, the GVL ring opening over TiO> never became
more than 0.4. And the PEA selectivity dropped sharply from 90% to 60% when Q/K increased
from 0.2 to 0.4, owing to a lack of Lewis acid site on the catalyst surface. The Lewis acid site
concentration on TiO2 was only % comparing to that on GA and Si, therefore leaving the PEA
production rate at a low extent and also limiting the conversion of GVL. As a result, at temperature
below 350°C, the GVL ring opening on the surface was far away from equilibrium positions.
However, the Bronsted acid density on TiO, was near 43 umol/g, which was close to that on GA.
This amount of Brensted acidity was sufficient for PEA to undergo decarboxylation to give butene.
Both factors resulted in a low PEA selectivity and conversion at all conditions tested in our study,

making TiO; the least promising for realizing selective production of PEA.

Finally, the PEA selectivity over ZrO; across different Q/K is demonstrated in Figure 4.11D.
Owing to the extremely low surface area and Lewis acidity, the GVL ring opening was constantly
kept in a position far away from equilibrium with the Q/K less than 0.3. Also, bearing in mind that
there was almost no Brensted acid detect on the surface, the PEA did not have the accessible acid
sites to be decarboxylated. Thus, the PEA selectivity maintained near 90% for all operating
conditions. However, when the temperature increased to 375°C and 400C, we observed that the
reaction quotient was not growing accordingly. Instead, the maximum Q/K drop from 0.3 at 350°C
to 0.2 at 375°C, and went down to 0.05 at 400°C, indicating that the GVL ring opening was
unfavorable in this environment. This was in conflict with fact GVL ring opening was an

endothermic but entropically favorable reaction. Such kind of reaction generally should have a low
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Gibbs free energy and showed a high Q/K at high temperature region. We considered this decline
in Q/K and PEA selectivity as a sign of deactivation that we mentioned before. The ZrO, may start
deactivating near 375°C and completely lost all its active site at 400°C, leading to a considerable

drop in the catalytic performance of GVL ring opening.

4.3.5 Examination of apparent kinetics over of solid acids

Aiming at gaining more information about the kinetics in this reaction over various solids, we now
examined mass normalized rates for GVL ring opening and decarboxylation at 300°C, 325°C, and
350°C. Here, we defined the ring opening rate and decarboxylation rate as the flowrate of PEA
and flowrate of butene divided by the mass of catalysts used in the reaction, respectively. Given
that GVL ring opening was a reversible reaction, the most accurate method to determine the ring
opening rate should consider the deactivation profile and track to the production rate of PEA at
zero time on stream. However, in this study, we would not look deep into the kinetics for GVL
ring opening over different materials. Our definition of ring opening rate could be sufficient to

generate a brief understanding towards the activity of different solid acids.
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Figure 4.12: Mass-normalized GVL ring opening rate (left) and decarboxylation rate (right) over the solids acids
considered in this study at 300°C, 325°C and 350°C. Rates are reported at a fixed weight-hourly space velocity
(WHSV) of 0.8 hr'! with GVL feed at 1 bar.
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Figure 4.12 illustrates the reaction rate at three different temperatures: 300°C, 325°C, and 350°C.
The ring opening rate was higher than the decarboxylation rate near all reaction environments.
This was consistent with the report that GVL ring opening had a less apparent barrier comparing
to PEA decarboxylation. In addition, we observed the mass normalized rates followed the trend as
Si02/A1L0O3 > y-Al,O3 > TiO2 = ZrO:. This trend was consistent with previous observations on the
yield of PEA at these conditions. Si02/Al>O3 showed a significantly high reaction rate in both ring
opening and decarboxylation with a least factor of two comparing to other catalysts. Meanwhile,
v-AlO3 only showed a high rate in GVL ring opening. The PEA production rate improved from
4.7 pymol/g/min at 300°C to 35 umol/g/min at 350°C. And the butene production rate was still less
than 5 pmol/g/min. This made y-AlbO3 a practical catalyst to produce PEA without further
decarboxylation. Last but not least, the low production rate over both TiO; and ZrO» suggested

that these two materials were unpromising in this application.

In addition, we tried to examine the Lewis acid site strength based on the normalized the ring
opening reaction with the Lewis acids sites detected on the surface, which was also known as the
site time yield (STY). The figure 4.13 summarizes the STY of materials of interest here. The STY
of ring opening represented how many PEA molecules can be transformed on a single Lewis acids
site per minute. Based on our results, the Si02/Al,03 had the highest Site time yield among all
catalysts in all conditions, indicating that it has the highest Lewis acid strength. The overall Lewis
acid strength followed a descending order as SiO2/Al,03 > ZrO; > y-Al,O3 > TiO: based on the
STY measured here. Besides ZrO», the trend that Si02/Al03; > y-AlO3 > TiO2 was consistent with
the electronegativity of elements in the solid acids. Normally, the Lewis acid strength has a

dependence on electronegativity. The Lewis acid is an electro-pair acceptor, and a higher
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electronegativity of the central atom involved in a reaction was associated with a stronger ability
to accept electrons from the reactant, indicating a stronger acidity. Based on Pauling's scale, the
electronegativity of solids acids we studied here followed a trend of Si (1.90) > Al (1.61) > Ti
(1.54)> Zr (1.33). Except ZrO», the Pauling electronegativities of Si (1.90) > Al (1.61) > Ti (1.54)
agreed with our observation of decreasing Lewis acid strength as Si02/Al,03 > y-AlO3 > TiO»,
However, Zr (1.33), with the lowest electronegativity, represented an inconsistent high strength of
Lewis acid strength. The Lewis acid strength of ZrO» was between Si0,/Al03 and y-Al>O3 at 300°C
and 325°C. This may be attributed to the high amount of base sites in the ZrO,. As mentioned
before, the large amounts of base sites on the ZrO; surface can assist with the Lewis acid site to
stabilize the intermediate’s transitional state energy [17]. The role of base site in the GVL ring
opening was still unclear and requires future study. Last but not least, the increase of STY over
ZrO> was slowed down at 350°C, identical to the activity of y-Al>Os at this point. This may indicate

the start of deactivation and poison of Lewis acid sites on the ZrO; surface.
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4.3.6 Catalytic stability of solid acids

In the last section, we examined the deactivation of solid acids we used in the reactor. High PEA
yield and Selectivity were not the only standards for a promising catalyst. The stability under
reaction conditions also needed to be considered. After finishing the contact time and temperature
study, we collected the used catalysts from the reactor tube and characterized these spent samples
with BET analysis, FTIR spectra of pyridine, and temperature programmed desorption of

isopropanol and isopropylamine to examine the change in surface area, Bronsted and Lewis acidity.

Based on the color of samples recovered from the reactor, all solid acids turned into black or brown
solids from the original white powder, suggesting that coking may be the primary factor here
contributing to deactivation. To investigate the changes in surface area and the regenerability of
the catalysts, we initially carried out the BET analysis on the used samples without calcination and
with calcination. Figure 4.14 summarizes the change in surface area at different conditions. Post-
reacted catalysts represented the catalysts recovered from reactors without any further treatment.
Post calcined catalysts represented the spent catalysts that further calcined in airflow at 450°C for
4 hours to remove the carbon residue on the surface of the catalyst. Table 4.2 summarizes the
surface area loss after the reaction and calcination normalized the original surface area prior to
reaction. It can be seen that all catalysts were found to lose a certain amount of surface area after
finishing activity test. And the surface area can be partially restored after removing the carbon
residue on the surface. The deactivation over TiO, was most severe, and it lost almost 80% of
surface area after reaction. This explained our previous observation of low activity in TiO». After
regeneration, 30% of the surface was recovered, still leaving an irreversible loss of surface area at

52% comparing to the fresh TiO,. Si02/Al,03 and y-Al>O3 lost a similar amount of surface area
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Figure 4.14: Surface area comparison as fresh catalysts, post reaction catalysts and post calcined catalysts based on
the BET measurement in the ASAP.

Sample Coking effects deacﬁzrforrslﬂggects
SiAl 3113 28.87% 18.62%
YALO, 32.36% 22.81%
TiO, 79.95% 52.82%
Zr0, 46.27% -0.07%

Table 4.2: Calculation of surface area change comparing to the fresh status of the solid acids considered in this
study.

after reaction, at around 30%. And 10% surface was regenerated after calcination for both materials.
The surface area on ZrO; was lost 46% initially but fully restored to the original status after
calcination. This may attribute to a small surface area for ZrO; at fresh status (7 m?/g). A low
surface area made it easier to deactivate on the ZrO, surface, but the cooking area was also the
least comparing to other large surface area materials. As a result, ZrO> has shown the best

regenerability among these solid acids.

A recovery of surface area cannot totally guarantee the regeneration of activity of catalysts on
GVL ring opening. The Bronsted and Lewis acids sites density were further examined and

concluded in figure 4.15. All samples were calcined in airflow at 450°C for 4 hours after recovered
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from the bed. From figure 4.15, it was apparent that Si02/Al,O3 lost the most active sites on the

surface. After reaction and calcination, almost 250 umol/g of Brensted acid site and 100 pmol/g

of Lewis acid sites were deactivated, which covered 49.82% of original Brensted acidity and 60%

of original Lewis acidity, respectively. y-Al,O3 appears to be more stable than Si02/Al>O3 during

GVL ring opening reaction. Only 27% of Lewis acid sites and 55% of Brensted acid sites were

lost after the reaction. The deactivation on the catalyst surface appears to be correlated with the

acid site's performance and independent with surface area. For instance, SiO2/Al,O3 has the most

active Lewis acid site and the largest amount of site counts, leading to high GVL conversion and

ring opening rates. Accordingly, its deactivation was most significant compared to other materials.

Meanwhile, y-Al>O3 has a relatively smaller surface area and acid strength, which showed a lower
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Figure 4.15: Comparison of Lewis (left) and Brensted (right) acids sites density post reaction catalysts and post
calcined catalysts based on temperature programmed desorption of isopropanol and isopropylamine.

SIS Micropore Pore Pore volume Bronsted acid Lewis acid  Surface area
Catalysts area 2 . £ 3 . .
(m¥/e) area (m’/g) diameter (A) (cm’/g) sites Loss sites Loss Loss
S;II?I: 498 0 57 0.71 49.82% 60.51% 18.62%
v-ALO3 282 18 87 0.61 55.01% 27.36% 22.81%
Ti0; 107 5 189 0.51 5.44% 43.93% 52.82%
710, 7 5 101 0.01 N/A 89.50% -0.07%

Table 4.3: Summary of deactivation and relevant physicochemical properties of tested solid acids.
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activity in GVL ring opening than Si02/Al,0s. As a result, the loss of Bronsted and Lewis acids
sites was both lower than the loss observed over Si02/Al>03. This trend can be further extended to
Ti0O,, which has the most insufficient activity in GVL ring opening, lost only approximately 50
umol/g of Lewis acid and a negligible amount of Brensted acid sites. Overall, the high strength of
Lewis acid sites will result in a high level of deactivation on the catalyst surface. Additionally, the
higher density of Lewis acid sites will alleviate this effect by providing more accessible active
sites for reaction. A larger surface area will also improve reactivity by decreasing the influence of
coking on the surface. The irreversible deactivation observed here may attribute to the change of
surface structure on these solid acids. As for ZrO», even though the surface area can be restored
after calcination, 89.5% of Lewis acid sites on its surface were deactivated. This explained our
observation at 375°C and 400°C that the ZrO» lost its activity in GVL ring opening. This suggested
that the deactivation in Brensted and Lewis acid site may not relate to the change in surface area.
After calcination, the restoration of surface area cannot guarantee the activity will be recovered as
well. Overall, considering the stability and regenerability of catalysts, y-Al,O3 appeared to be the

most promising material for GVL ring opening.
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4.4 Conclusion

In the study, we have demonstrated that Lewis acid catalysts can be applied in the GVL ring
opening reaction to selectively produce PEA in the aqueous environment. While previous reports
have illustrated the application of Brensted acidic catalysts and the role of Brensted acid sites in
the GVL decarboxylation. The -catalytic performance of GVL ring opening and PEA
decarboxylation has been compared over SiO2/AlLO3, y-AlOs, TiO2, and ZrO; which have
different Bronsted and Lewis acid compositions. Based on our observations, it seems that Lewis
acid site contribute significantly to the GVL ring opening while Bronsted acid site contribute more
to PEA decarboxylation. Contact time and temperature can influence the yield and selectivity of
PEA. But the real factor influences both parameters is the proximity to equilibrium. For instance,
when the GVL ring opening is far away from equilibrium, the selectivity will be more favorable
to PEA. When the GVL ring opening is close to equilibrium, the selectivity will shift towards
butene. Thus, it is worth pointing out that when examining activity of catalysts over reversible
reactions, contact time and conversion should not the only factors considered when comparing
activities. Instead, the proximity of reaction to equilibrium may influence significantly on product
distribution. Furthermore, a certain extent of deactivations has been observed based on the
characterization of changes in surface area, Bronsted and Lewis acidity. Coking is the primary
factor contributing to deactivation. However, the catalysts cannot be fully regenerated after
calcination. Also, the recovery in the surface area does not indicate the regeneration in catalysts
activity. Deactivation of catalysts seems to be associated with Lewis acidity, and the coking
formation was more affected by surface area. This suggested that the catalysts with high surface
area and acidity site density will show a high overall activity and more severe deactivation during

a reaction.
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Based on the solid acids investigated here, y-Al>O3 is most promising in most operation conditions
to be used as catalysts for selective preparation of PEA from GVL ring opening considering its
high activity, high selectivity, and high regenerability. SiO2/Al>Os has also shown high activity in
GVL ring opening. But the high activity in PEA decarboxylation makes it hard to control the
selectivity more favorable to PEA. Given low surface area and Lewis acid site counts, TiO> was
unpractical for this application. ZrO> has shown a high selectivity in PEA due to a lack of Bronsted
acid site on the surface. However, it also exhibits relatively high activity in the Lewis acid site,
which is opposed to the electronegativity of materials. This material has shown some interesting
properties during our study and remains to be further investigated. For here, we propose that
material with abundant Lewis acid sites and large surface area may be best for selective preparation

of PEA from GVL ring opening.
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4.5 Supplementary information

Figure S4.1 and S4.2 showed the desorption profile to Temperature programmed desorption of
isopropanol and isopropylamine, respectively, which were used to measure the total acid site and

Brensted acid site density on the surface of fresh solid catalysts mentioned in this study.
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Figure S4.1: Temperature Programmed Desorption of Isopropanol for solid acids considered in the study. The
peaks correspond to the propene (m/z=41) emitted on the catalysts surface were used to quantify the total acid
strength.
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Figure S4.2: Temperature Programmed Desorption of Isopropylamine for solid acids considered in the study.
The peaks correspond to the propene (m/z=41) emitted on the catalysts surface were used to quantify the Lewis
acid strength.
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Figure S4.3 illustrated the FTIR spectra of pyridine adsorption over SiO»/Al,O3 to measure the
Brensted Acid to Lewis acid site ratio, where Bronsted and Lewis acid site ratios were determined

by the integrated IR bands at 1545 cm™ and 1455 cm™! respectively.
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Figure S4.3: FTIR spectra of pyridine adsorption over materials of interest in this study. IR band is narrowed
between 1300-1700 cm™ to specify the BAS and LAS adsorption.
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Figure S4.4: Complete FTIR spectra of pyridine adsorption over SiO2/Al203, y-Al203, TiO2, and ZrO» at fresh
status prior to reaction.
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Figure S4.5: FTIR spectra of pyridine adsorption over SiO2/Al2O3 before and after reaction.
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Chapter 5

An examination of catalytic decarboxylation of y-valerolactone over various zeolites

catalysts



104

5.1 Introduction

Short chain alkenes are the fundamental intermediates for producing valuable chemicals [1-4].
They are traditionally obtained from the catalytic cracking of long-chain hydrocarbons in natural
gas and petroleum chemicals [5]. Butene is one of such light alkenes that can be used to produce
transportation fuels or other building block chemicals such as propene [6-8]. Currently, the primary
strategy to produce butene is fluid-catalytic creaking and steam cracking of liquid feed [9].
However, such approaches require fractional distillation to separate butene from other products.
This process is not economical and energy-consuming. Thus, finding an alternative strategy to
produce butene is demanding. Interest in using lignocellulose as an alternative source of industrial
carbon has intensified in recent years [10]. And butene is found to be obtained from a series of
conversion of biomass derivatives. Through hydrolysis and continuous hydrogenation, v-
valerolactone (GVL) can be produced with a high conversion from lignocellulosic biomass [11].
Butene can be further synthesized from ring-opening reaction and decarboxylation of GVL over

solid acid catalysts, as figure 5.1 illustrated.

Previous reports have proved that GVL decarboxylation can have on both the Brensted acid site

and Lewis acid site [12,13]. But there are differences in the activities on these active sites. Dumesic
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Figure 5.1: The scheme for GVL ring opening and decarboxylation to produce butene isomers over solid acid
catalysts.
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has shown that in the presence of water, GVL decarboxylation over y-Al>O3, a Lewis acid stie
abundant material, is less effective. By introducing Brensted acid site on the catalyst surface, the
butene yield can be significantly improved. However, strong deactivation is also observed as

reaction time increases, hindering the long-term production of butene.

To investigate fundamental factors contributing to the activity and influencing catalysts stability,
in this study, zeolites with different frameworks (MFI, FAU, BEA, FER, and MOR) are considered.
Zeolites are microporous aluminosilicate with specific crystal structures. They are usually
considered as Bronsted acid catalysts for isomerization, cracking, and hydrocarbon synthesis [14-
21]. Aiming at a better understanding in structure and activity of zeolite catalysts for GVL
decarboxylation, physical properties and acid sites distribution in MFI, FAU, BEA, FER and MOR
are thoroughly characterized. Moreover, extensive kinetic data on GVL ring opening and
decarboxylation over these zeolites are collected. By comparing variations in elementary kinetic
parameters over various zeolites, the link between reactivity in GVL/PEA interconversion and
decarboxylation and catalyst structure will be examined. Finally, the stability and regenerability
of zeolites are also tested. The fundamental factors controlling the deactivation and stability of

GVL decarboxylation over zeolites will be elucidated.
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5.2 Materials and Methods

5.2.1 Materials

Zeolites with different frameworks (type MFI, framework type MOR, framework type, framework
type BEA, framework type FER, framework type FAU) and amorphous silica-alumina were used
as acid catalysts for testing GVL ring opening and decarboxylation. y-valerolactone (GVL, >98%,
Sigma-Aldrich) was used as a primary reactant in this study and was purified over molecular sieves
((5% w/v, 12-24 mesh, Strem Chemicals)) prior to use in the reactor. Tran-2-pentenioc acid (PEA,
97%, Acros), 4-Pentenoic acid (97%, Sigma-Aldrich), 3-trans-pentenoic acid, (95%, TCI
America), 1-butene (1 % in Helium, Airgas), and propylene (1% in Helium, Airgas) were used as
standards for instrument calibration as provided by commercial suppliers. Isopropylamine (IPA,
99%, Acros) and pyridine (>99.0%, Sigma-Aldrich) were used as probe molecules for acid site
titration during TPD and FTIR experiments. They were used without further purification.
Deionized water used in preparing GVL solutions, calibration standards, and HPLC mobile phases
was prepared in-house by sequential reverse osmosis, UV oxidation, and double ion exchange.
Helium (99.999%, Airgas), N> (99.999%, Airgas), and Air (Zero Grade, Airgas) were used in flow
systems and chemisorption experiments without extra purification. Air used in calcination process
during TPD, FTIR and catalyst preparation procedure to remove water adsorption was obtained

from in-house purge gas generator (Purge gas, CO2-PG14).

4.2.2 Catalysts Preparation

Amorphous silica-alumina sample, SIAL 3113, was supplied from Grace-Davison. Prior to being

packed in the reactor, ASA catalyst was calcined in airflow (100 mL/min, 4h, 723K, 3K/min) to
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remove surface residues from manufacturers. In this study, this sample was referred as ASA or

SIAL 3113.

Six H-ZSM-5 (framework type MFI) samples with various compositions of Silica to Aluminum
ratio were considered. The lowest silicon content sample had a Si: Al ratio of 23:1. The highest
silicon sample had a Si: Al ratio of 500:1. The Si: Al ratio of other MFI samples are listed in table
5.1. In this study, an H-ZSM-5 (MFI structure) with a Si: Al ratio of 23:1 will be referred as MFI
23:1. Four other zeolites samples with different framework types (MOR, FAU, BEA, FER) were
also considered here. MOR, FAU, BEA, and FER stand for zeolite Mordenite, zeolite Y (Faujasite),

zeolite Beta, and zeolite Ferrierite. These samples were provided by Alfa Aesar and came either

Entry Name Code in this paper Si:Al
1 Zeolite ZSM-5, ammonium, 23:1 MFT 23:1 23:1
2 Zeolite ZSM-5, ammonium, 30:1 MFI 30:1 30:1
3 Zeolite ZSM-5, ammonium, 50:1 MFI 50:1 50:1
4 Zeolite ZSM-5, ammonium, 80:1 MFT 80:1 80:1
5 Zeolite ZSM-5, ammonium, 200:1 MFI 200:1 200:1
6 Zeolite ZSM-5, ammonium, 500:1 MFI 500:1 500:1
7 Zeolite Mordenite MOR 20:1
8 Zeolite Y (Faujasite) FAU 12:1
9 Zeolite B (Beta) BEA 25:1
10 Zeolite Ferrierite FER 20:1
11 Amorphous silica-alumina ASA (SIAL 311) 5:1

Table 5.1: Chemical composition of silica alumina and zeolites samples considered in this study.
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in an H" or ammonium form. Thus, except MOR, all zeolites were dried and calcined ex situ in
airflow (100 mL/min, 4h, 723K, 3K/min) before packing into the reactor. For MOR, after being
calcined at 723K for 4 hours, the color of zeolite power turned yellow from white, indicating
incomplete calcination caused by organic residue. Therefore, the MOR was calcined in 773K for
8 hours in airflow for complete calcination. Table 4.1 illustrated the silicon and aluminum content

of all materials.
5.2.3 Surface area and pore size measurements

The surface areas of ASA samples were determined by N2 (99.999%, Airgas) adsorption at 77K
in a surface area and porosity analyzer (Micromeritics ASAP 2020). Prior to N> dosing,
approximately 100 mg of sample was outgassed under vacuum for 4h at 623K. Total surface areas
were determined by Brunauer-Emmett-Teller (BET) and t-plot micropore analyses. The thickness
equation model for the t-plot calculation was Harkins and Jura. The relative pressure range
considered in the BET calculation was 0.05 to 0.35 saturation, and the thickness range of nitrogen
multilayer considered in the t-plot was 3 to 5 Angstroms [22]. Pore volumes were characterized
by nitrogen cumulation at a relative pressure of 0.995. Pore sizes were estimated by Barrett-Joyner-

Halenda (BJH) analysis of the desorption branch of N> uptake isotherms [23].

For the zeolites, microporous materials, the isotherms were collected under a low-pressure
incremental dosing mode, using 1-3 cm’/g sample STP of nitrogen per isotherm point, covering
relative pressure ranges from 10e-8 to 0.995 saturation. The microporosity was verified by the
presence of the inflection curve at the low-pressure range of the isotherms [23]. The micro-pore
size distributions and median pore widths were obtained with the Horvath-Kawazoe model
modified with the Saito-Foley method for cylindrical pore geometry at the relative pressure range

of 10® to 10!, and interaction parameter of 1.68x10% erg.cm4. The BET surface areas were
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calculated at the same pressure range as the mesoporous materials, and the t-plot micropore areas
and volumes were calculated with the linear range of the thickness curve immediately after the
inflection curve (typically 3.5 — 5 Angstroms). The total pore volumes of the zeolite samples were

also characterized by nitrogen cumulation at a relative pressure of 0.995.

5.2.4 Temperature Programmed Desorption

Zeolites are normally treated as Bronsted acid catalysts. The Bronsted acid sites concentration in
zeolites and ASA sample were determined by isopropylamine (Acros, 99%) temperature
programmed desorption (TPD). Typically, 60-80 mg of powered catalysts was added into a 1/2-
inch quartz tube supported by two quartz wool (Grace) end plugs. The whole tube was further
placed in an Omega ceramic furnace. The temperature of the furnace was regulated by a process
controller (Love, series 16A) and monitored by a type K thermocouple (Omega). All samples were
calcined under airflow (50 sccm). The cell was ramped to 723K (5 K/min) and was held at 723 K
for 4 hours and subsequently cooled to 423K and purged in dry Helium flow (100 sccm) for more
than 90 minutes. The Helium used in TPD experiments was dried over molecular sieves. Catalysts
were further dosed in isopropylamine/Helium blend that was prepared by flowing Helium through
an [PA saturated chamber. After saturation of IPA on the surface, physisorbed isopropylamine was
removed by applying a high Helium flowrate (400 sccm) for at least 1 hour. The furnace was then
ramped to 973K (10 K/min) under Helium, including 1% Ar serving as an internal standard.
Chemisorbed isopropylamine was converted into propene and ammonia after ramping. During the
whole process, a mass-selective residual gas detector (Stanford Instruments RGA 100) was used
to track MS signals of isopropylamine (m/z=44), propylene (m/z=41), and Ar (m/z=40) in the
effluent. Evolved propylene was used to calculate Breonsted site density, assuming that one

molecule of isopropylamine adsorbs per Bronsted site [24,25].
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5.2.5 FTIR spectroscopy

The ratios between Bronsted acid sites and Lewis acid sites were determined by transmission FTIR
spectroscopy (Nicolet 6700 DTGS detector) of adsorbed pyridine on catalysts. Approximately 20
mg of sample was press into a 13mm pellet in a hydraulic press (5 tons force). This allowed us to
prepare detectable coverages of surface species and minimize gas-phase interference
simultaneously. The pellet further was loaded on a home-built in-situ cell that comprised of a
vacuum tee (McMaster-Carr, 1'2” OD) with 4 CaF, windows to seal the chamber. Two 4" tubes
were welded onto both sides of the vacuum tee body and each one was equipped with a '4" bellows
valve. The setup was adjusted and positioned thus allowing the IR beam to clearly pass through.
Two cartridge heaters (McMaster, 1/8” %1 4”) were applied as heating sources for the cell along
with and a type K thermocouple (Omega) and a PID controller (Love Controls, Series 16A) to
monitor and control temperature. Before acid site titration, catalysts were calcined as the
pretreatment procedure described in the TPD experimental section. Subsequently, the catalyst
pellet was cooled to 423K and purged under a flow of 100 sccm of Helium sccm gas that was dried
by a liquid nitrogen trap followed by a moisture trap. The pellet was then dosed with 4 torrs of
pyridine (Sigma Aldrich, 99%) that was introduced into the system through a stainless-steel tee
packed with quartz wool. After the pellet was fully saturated, the cell was purged under a Helium
flow of 200 sccm at 423K to remove physisorbed pyridine. Spectra were collected at 423K, and
Bronsted to Lewis acid site ratios were calculated by the ratio of integrated IR bands at 1545 cm™!
and 1455 cm!, respectively with correlation for the appropriate molar extinction coefficients as
equation 4.1 illustrated, where C(BAS, LAS) represented the concentration of Bronsted acid sites

and Lewis acid site on the catalyst surface and IA(B, L) represents the integrated absorbance of
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Brensted acid sites and Lewis acid site in FTIR spectra respectively. All FTIR spectra involved in
this sector are collected at 5S-minute intervals until the signal reached steady state [26,27].

C(BAS) 1.88xIA(B)
C(LAS) ~ 1.42+IA(L)

(5.1)

5.2.6 Catalytic activity testing

As figure 5.2 illustrates, the reaction system was composed of four major components: a specially
designed countercurrent vaporizer to provide a stable GVL/He or PEA/He flow in the gas phase,
a packed bed reactor held in a high temperature furnace to evaluate the catalytic performance, a
water trap to condense and separate the liquid product when backflush method was applied in GC,
an online GC to analyze gas phase composition. All components including two six port valves

were heat traced and held at high temperature (150°C) to keep every product from condensing.

An up-flow packed bed reactor was applied in this study to analyze the gas phase reaction products.

Catalysts were diluted with sieved silica (40-90 um) and further loaded into a half-inch 316
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Figure 5.2: Setup of flow reactor for measuring kinetics of GVL ring opening in the gas phase environment.
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stainless steel tube to prevent the considerable change in pressure across the bd. Two pieces of
quartz wools were placed on both sides to hold the bed. Upstream and downstream dead volumes
were filled with silica chips (850-2000 um). The reactor was mounted in a special-designed
aluminum block which was placed in an insulated furnace (Applied Test System). The temperature
of the furnace, as well as the vaporizer, bypass, two six port valves were controlled and monitored
by several PID temperature controllers (Love controller, series 16A) with a type K thermal. An
extra type K thermal couple was placed right above the catalyst bed to monitor the actual reaction
temperature when the reaction occurred. The fresh catalysts were calcined in situ overnight at

723K in flowing air for 4 hours (3K/min, hold for 4h) before being exposed to reactant mixtures.

By using a syringe pump (Cole-Parmer, model 110), liquid reactants (y-valerolactone and trans-2
pentenoic acid) were introduced into the reactor system through a peek capillary tube. The liquid
reactants were further mixed with a helium flow stream, the flow of which was controlled by a
mass flow controller (Brooks, model 5850S). The temperature of the vaporizer was set at 150°C
in order to thoroughly vaporize the liquid GVL and PEA. Before reactants exposing to catalysts,
the reactor was bypassed, and the gas mixture was redirected to GC (Agilent Technologies, GC
7890A) for 30 minutes until the GVL and Helium were thoroughly mixed. When the concentration
of GVL/PEA was steady, the mixture flow was switched back to the catalysts bed. After the
reaction, the composition of gas products was quantified by GC with a HP-INNOWAX column.
To keep the catalyst bed regenerates to its initial state, the reactor was calcined after every activity
test (100 mL/min, 4h, 723K, 3K/min). . The time of this operation is defined as zero time on stream

in the following experiments since catalysts are characterized in their initial conditions.
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[P b

Figure 5.3 illustrates the operation of the packed bed reactor used in this work where “a
represented one compound passing through the catalyst bed (GVL,PEA, butene or CO»). Based on

the mass balance in the PBR, we can derive the rate of reaction as equation 5.2. When the

dF,
-r = W (5.2)
AF,
— = 3
r W (5.3)
Fa,out
t|F.+dF,
dwW
T Fa,t
W
Fa,in

Figure 5.3: A differential catalyst segment dW across the whole catalyst bed where the flowrate of specie a
changes by a differential amount dFa.
conversion of specie a is maintained below 5%, the PBR can be considered as being operated under

differential conditions. Therefore, equation 5.2 is simplified to equation 5.3. In this way, the rate

of reaction can be determined directly when the mass of the catalysts bed was known.

To examine the extensive kinetics and intrinsic activity of Brensted acid sites over various acid
materials, the GVL conversions were controlled under 5% for all studies. Moreover, mass
normalized reaction rates and acid site-normalized rates were introduced to facilitate our

understanding of reaction. Equation 5.4 defined mass normalized decarboxylation rate that was
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determined by the extensive production rate of butene . The acid site-normalized rate (turn-over
frequencies, TOF or site time yield, STY) was determined based on the extensive production rate
normalized by the total acid sites on the catalysts surface, as equation 4.6 illustrated. Where S was
the total molar quantity of Lewis acid sites in on a catalyst surface, and F; was the molar flow rate
of GVL or PEA. C(acid site) demonstrated the Lewis acid site density determined by the
isopropanol TPD described before. m.,; was the catalysts mass in a reactor. Rates of reaction in
this study have been corrected to zero time on stream with a modified first-order model. This

model will be mentioned later.

_ RButene
Tpc = (5.4)
cat

dl

IS C(acid site) - mq;

(5.5)

5.3 Result and Discussion
5.3.1 Characterization of Materials

Table 5.2 summarizes the physical and chemical characteristics collected from N> adsorption,
isopropylamine temperature program desorption, and pyridine FTIR for the materials of interest
in this study. Complete FTIR spectra were provided in the supplementary information. The surface
areas are determined with the BET method. Based on BET results, MFI structure zeolites were
found to have a similar surface area between 350-380 m?/g. The MOR and FER zeolites also had
a close surface area at 395 and 363 m?/g, respectively. Similarly, high surface areas were detected
in FAU and BEA zeolites. FAU zeolite showed the highest surface area of 669 m?/g, while BEA
showed the second highest surface area of 554 m?/g. Both materials had at least 200 m?/g more
surface area compared to MFI, MOR, and FER zeolites. ASA sample was found to have a surface

area of 610 m%/g, which was close to that of FAU.
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The properties of the microporous structure were determined by the HK analysis for zeolites and
BJH analysis for the ASA sample, respectively. The micropore area for MFI zeolites ranged from

222 m?/g to 305 m?/g, covering 60-70% of the total surface area. Typically, the micropore areas

Pore

Catalysts Bet su.rt;ace Ivﬁcrop?re area .o - eter Pore v?lume Bronsted sites B-L ratio Lewis sites
area (m7/g) (m“/g) @A) (cm’/g) (umol/g/cat) (umol/g/cat)
MFI
Structure
MFI 23:1 355.3769 241.0335 5.271 0.222169 1118 12.7 88
MFI 30:1 353.554 248.1221 5.408 0.272383 693 9.6 72
MFI50:1 366.9874 228.6274 5.375 0.273374 358 53 68
MEFT 80:1 385.712 305.3218 5.461 0.258955 327 6.5 50
MFI200:1 354.0778 222.2481 5.513 0.210851 66 1.9 35
MEFI 500:1 357.8402 228.6092 5.434 0.213315 29 1.2 24
Other
Structure
MOR (20:1) 395.0576 196.22 5.752 0.280731 1123 25 449
FAU (12:1) 669.156 567.1412 7.431 0.48272 633 22 288
BEA (25:1) 554.4564 352.299 6.534 0.828762 834 1.5 556
FER (20:1) 363.6704 322.9915 5.144 0.216602 539 1.2 449
ASA
SIAL 3113 610 0 42 0.81 164 0.5 328
SIAL 3901 420 0 45 0.61 82 0.5 164

Table 5.2: Summary of physical and chemical properties of materials considered in this study. The
information of SIAL 3901 is collected from previous publication [28].
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for MFI zeolites with different silicon content should be the same. For here, we considered such
variations in physical properties across MFI zeolites were from uncertainty in measurement. The
BEA and FER zeolites had slightly more surface than MFI zeolites. The highest micropore area
was observed in FAU with 567 m?/g, and the lowest micropore area was detected in MOR. No
micropore was found in ASA samples. This agrees with the fact that ASA is mesoporous material.
Meanwhile, MFI, BEA, FER, FAU, MOR zeolites are microporous materials. Moreover, MFI,
MOR, FER had a similar pore diameter between 5.1 and 5.7 A, which was lower than the pore
diameter of FAU and BEA, with 7.4 and 6.5 A, respectively. Although there was no significant
difference in pore diameter and pore size in most zeolite samples, pore volumes were found to
vary a lot across different materials. BEA zeolites had the highest pore volume of 0.82 cm’/g,
almost 3 times more than that in MFI zeolites and 2 times more than that in FAU zeolite. The
average pore volume for MFI and FAU samples were approximately 0.25 cm?/g and 0.48 cm?/g,
respectively. MOR and FER had a similar surface area with MFI samples. Overall, MFI, MOR,
and FER zeolites have shown similar physical structure properties. The surface area, microporous
surface area, pore diameter, and pore volume were relatively higher in FAU and BEA zeolites.

ASA sample does not exhibit any sign of microporous property.

Table 5.2 also demonstrates the acid site distribution in these solid acids. The Brensted acid site
density was determined by isopropylamine TPD, and Brensted to Lewis acid sites ratio was
determined by pyridine FTIR. Lewis acid site was calculated by BAS density dividing the BAS:
LAS ratio. There was a significant difference observed among all materials. For MFI samples, the
Brensted acid concentration increased as Si: Al ratio decreased. The highest Bronsted acid site
density was detected in MFI 23:1 with 1118 pmol/g, which is 50 times more than the acid site

density in MFI 500:1 with 29 umol/g. Brensted acid site density changed in the following order:
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MFI 23:1 > MFI 30:1 > MFI 50:1 > MFI 80:1 > MFI 200:1 > MFI 500:1

Furthermore, the BAS: LAS ratio also follows the same trend. And as a result, the Lewis acid site

density also changed in the order:

MFI 23:1 > MFI 30:1 > MFI 50:1 > MFI 80:1 > MFI 200:1 > MFI 500:1

This decreasing trend of Brensted acid site density, Lewis acid site density, and BAS: LAS ratio
in MFI zeolites as the Si: Al ratio increasing was not coincident. Jiang et al. reported that over
BEA zeolites, the number of Brensted acid sites and Lewis acid sites as well as BAS: LAS ratio
decreased with increasing initial Si: Al ratio [29]. This phenomenon can be explained that when
the silicon is replaced by aluminum in the zeolite framework (shown as a decrease in Si: Al ratio),
a cation is required to satisfy the aluminum tetrahedron. And this cation is commonly occupied by
a proton. As a result, this proton serves as a Bronsted acid site, thus exhibiting the trend that the
Brensted acid concentration increases as Si: Al ratio decreases. As for the Lewis sites, Abraham
et al, reported that the relative intensity of the octahedral Al resonance decreases as the Si: Al ratio

increases, resulting in a decreasing trend in the Lewis acid site density [30].

For other structure zeolites, the acid site densities were higher than that in MFI structures. MOR
zeolites had the highest Bronsted and Lewis acid site densities with 1123 and 747 pmol/g,
respectively. BEA zeolites had relatively high Brensted and Lewis acid site densities as well. Both
were detected more than 700 umol/g. FAU and FER zeolites had a similar Brensted acid sites level
of MFI 30:1 with around 600 pmol/g. Their Lewis site densities were less than MOR and BEA but
still much higher comparing to MFI zeolites. One thing needed to be mentioned here is that the
Lewis acidity in zeolites was majorly ascribed to the extra-framework aluminum and irregularities

in the alumina framework. Based on the information from the supplier, the Si: Al ratio for MOR,
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FAU, BEA, and FER were around 20:1, which was closed to MFI 23:1. And we can see that the

relationship between acid site density and Si: Al ratio still fitted here.

As a summary for this section, we found that for all types of zeolites consider in this study, the
micropore surface area covers 60-70% of total surface area with a pore diameter less than 7 A.
BEA has the largest pore volume, while FAU has the highest acid site density. There were no clear
relationships between the acidity of materials and surface area or pore volume. However, a trend
between acidity and Si: Al ratio is observed. Across MFI, FAU, MOR, BEA, and FER zeolites,

the higher Si:Al ratio leads to lower Bronsted and Lewis acid site densities in the material.
5.3.2 Surface Structure and initial screening of GVL decarboxylation

Figure 5.4 illustrates a representative plot of the decarboxylation profile of GVL as a function of
time on stream. The first 10 minutes was the initial transient period where the reactant diffused

into the micropores and interacts with active sites. Between 10 minutes and the next 3-4 hours, the
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Figure 5.4: The rate of decarboxylation (butene) at a 198°C with a GVL partial pressure of 10 mbar. Solid dots
represent the experimental data, and the line shows the regression of modified deactivation model.
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butene can be observed and quantified to calculate the decarboxylation rate. A severe deactivation
was observed during this period. For instance, at 198°C with a GVL partial pressure of 10 mbar,
the decarboxylation rate decreased from 2.7 pmol/g/min to 0.2 pmol/g/min, losing almost 93% of
the initial activity. After 4 hours, the catalyst became relatively stable with a mild deactivation.
Comparing to previously reported GVL ring opening over ASA samples [28], the deactivation
process was much more intense over zeolite samples, making it difficult to estimate the reaction
rate at zero time on stream, which was defined as turnover frequency (TOF) of one material. To
investigate the intrinsic activity of Brensted acid sites in various zeolites, estimation of TOF is
essential. Here, we proposed a modified first-order deactivation model to capture the rapid
deactivation profile. The model was described as equation 5.6, where Ry represented the initial
rate of GVL decarboxylation and Rss represented the reaction rate at the steady state after
deactivation. Meanwhile, k; and k2 denoted the deactivation constant at the initial condition and
steady state and can be used to estimate the rate of deactivation. These parameters were obtained
by minimizing the sum of squares error regression between experimental data and simulated results.
The solid line in the figure represents the simulated results, showing a good agreement with

experimental rates.

The estimated mass normalized initial rates for zeolites considered in the study is summarized in
figure 5.5. Of the solid acids considered here, the activity of zeolite catalysts shows a higher initial
activity comparing to ASA samples. MFI zeolites had the overall highest activity in GVL ring
opening comparing to other structure zeolites with an average DC rate of 4.1 pmol/g/min. And the
activity of MFI zeolites showed a trend of increasing as the Si: Al ratio decreasing. The highest
DC rate was found in MFI 23:1 followed by MFI 30:1, achieving 10.7 and 6.6 pumol/g/min,

respectively. MFI 50:1 and MFI 80:1 also had relatively high activity, approximately 3 times more
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Figure 5.5: Comparison of mass normalized rates of GVL decarboxylation over various solid acids considered in
this study. Reaction environments were controlled at 198°C and 10 mbar with Helium as balance gas.

active comparing to BEA, MOR, FAU and FER. MFI 200:1 and MFI 500:1 are found to be less
active among tested samples. Concerning other structures, MOR, BEA, and FER represent a
similar level of activity in GVL decarboxylation with 1.1 umol/g/min. FAU has the lowest activity

in GVL decarboxylation with 0.5 umol/g/min.

Table 5.3 summarizes the physicochemical properties of zeolites and measured mass normalized
rates of GVL decarboxylation at 198°C. From which we can see that across MFI samples, the
increasing trend in DC rate was consistent with the rising concentration in Brensted acid site
concentrations. No clear relationship was observed between the initial decarboxylation rate and
physical properties such as surface area, micropore area, pore diameter, and pore volume in MFI
zeolites. For instance, MFI 23:1, which had a smaller pore volume and moderate micropore area,
has the highest activity in GVL decarboxylation due to the highest Bronsted acid site density.

However, this trend cannot be extended to other structure zeolites. The Bronsted acid sites in MOR
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zeolite was similar to MFI 23:1, but the DC rate was 1.2 umol/g/min, which was ten times less
than the DC rate in MFI 23:1 (10.8 pmol/g/min). FAU zeolite had a double surface area and
micropore area and similar acidity comparing to MFI 30:1. But the DC rate was ten times smaller.
FER zeolite also had a Brensted acid site density of 539 umol/g/min, which doubled that of MFI
80:1. But the activity of FER zeolite was only half of the activity of MFI 80:1. The most surprising
results were found in BEA zeolite, which has the highest pore volume with 0.83 cm?/g, but its

activity is only pmol/g/min. These inconsistencies indicated that the activity of zeolite is

Critits Bet surfzace Microp;)re area Pore diameter Pore vg)lume Bronsted sites Lewis sites DC rate.
area (m-/g) (m~/g) (A) (cm?/g) (umol/g/cat) (umol/g/cat) (umol/g/min)
MFI
Structure
MFI 23:1 355.3769 241.0335 5.271 0.222169 1118 88 10.77565667
MFI 30:1 353.554 248.1221 5.408 0.272383 693 72 6.60198
MFI 50:1 366.9874 228.6274 5.375 0.273374 358 68 3.274506667
MEFT 80:1 385.712 305.3218 5.461 0.258955 327 50 3.08252
MFT 200:1 354.0778 222.2481 5.513 0.210851 66 35 0.65186
MFT 500:1 357.8402 228.6092 5.434 0.213315 29 24 0.271391667
Other
Structure
MOR (20:1)  395.0576 196.22 5.752 0.280731 1123 449 1.173535
FAU (12:1) 669.156 567.1412 7.431 0.48272 633 288 0.520066667
BEA (25:1) 554.4564 352.299 6.534 0.828762 834 556 1.032845
FER (20:1)  363.6704 322.9915 5.144 0.216602 539 449 1.48452
ASA
SIAL 3113 610 0 42 0.81 164 328 0.235886667
SIAL 3901 420 0 45 0.61 82 164 0.158123333

Table 5.3: Summary of measured mass normalized decarboxylation rate and primary structure characteristics of
solid acids considered in this study.
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independent to the micropore area, pore diameter, and pore volume. Moreover, the Lewis acid site
density in MOR, FAU, BEA, and FER zeolites were higher than that in MFI zeolites. For instance,
MOR zeolites had ten times more Lewis acidity than MFI 30:1. However, the DC rate of MOR s
five times less comparing to MFI 30:1. Previous research has demonstrated that either Bronsted or
Lewis acid site is capable of catalyzing GVL decarboxylation [13]. But no clear relationship and
contributions were identified. Here, we proposed that GVL decarboxylation in zeolite materials
should primarily attribute to the Bronsted acidity instead of Lewis acidity. The apparent activity
for GVL decarboxylation seems to be related with Brensted acid sites only. The more Brensted
acid site will lead to a high activity for the materials. But the intrinsic activity of Brensted acid site
and its correlation with the local structure is still unclear and will be explained in the follow

sections.
5.3.3 The activity of GVL decarboxylation over zeolites

To probe the intrinsic activity of Brensted acid site in zeolite framework, we further look into the
relationship between initial decarboxylation rate and Brensted acid site density in different zeolites.
Based on the critical molar volumes, the kinetic diameter of GVL is between 5 and 6 A. This is
close to the pore diameter of the zeolite sample considered in this study, which were also mostly
around 5.5 A. Therefore, diffusion limitation may be observed and interfere with the initial rate
estimation when transport limitation is controlling the rate determining step comparing to
elementary reactions in the catalyst. Here, Koros-Nowak criteria was introduced to evaluate the
kinetic control during GVL decarboxylation over MFI zeolites [31]. Koros-Nowak criteria can be
used to examine whether the observed kinetic data is free from mass or heat transport limitation
based on the slope of plotting the reaction rate against site density on a log scale. A slope near 1

suggests the system is kinetically controlled. A slope more than 1 suggests the system is under
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Figure 5.6: (a) Correlation of Koros-Nowark criteria for MFI framework zeolites to illustrate the kinetic control during

GVL decarboxylation at 198°C. (b) Illustration of the relationship between mass-normalized decarboxylation rates and

Brensted acid sites over MFI samples with different aluminum content at 198°C and 10mbar GVL with Helium as balance
VAN

heat transport limitations, and a slope less than 1 suggests the system is under mass transport
limitation. Figure 5.6a illustrates the decarboxylation rate in MFI at 198°C as a function of
Bronsted acid site density of different MFI samples on a log scale. The linear regress of this data
set showed a slop of 1.008 with a R? of 0.997, suggesting the GVL decarboxylation under such
environments were strictly under kinetic control, and the decarboxylation rates over zeolites
exhibit a first order dependence on the Bronsted acid site density. Therefore, the rate we measured
can be used to reflect the intrinsic activity of the Bronsted acid site in zeolites. Figure 5.6b
demonstrates the linear relationship between DC rates and Brensted acid site density. The slope of
0.57 hr! indicates the average turnover frequency of MFI zeolites. Moreover, the zero intercept
implies that in the MFI zeolites, no decarboxylation activity will be detected if there is no Brensted
acid site in the material. Therefore, we can prove that Brensted acid site is essential for GVL
decarboxylation. Also, this further proved our previous proposal that the GVL decarboxylation is

independent with Lewis acid sites in the MFI zeolites.
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To examine the strength of Bronsted acid site at other reaction conditions, we extend our activity
to a wide range of temperatures. Previous, Aimee et al reported that under 350°C, the GVL
decarboxylation would be limited by the transportation phenomena. In this study, to avoid
transportation limitation, the temperature we considered is from 178°C to 258°C, and the results
are demonstrated in Figure 5.7. The regression of temperature data set at 178°C, 198°C and 218°C
showed a slope of 1.02, 1.00 and 1.01 respectively, indicating in such conditions, the GVL ring
opening was strictly under kinetic control. As temperature rises to 238 °C, the slope decreases to
0.7221, exhibiting a sign of transportation limitation. Considering the microporous properties of
zeolites, the internal diffusion may be the rate determining step at high temperature regions, thus
influencing the decrease in the reaction rate measured. Meanwhile, at low temperature regions, the

reaction shift towards kinetic control. Overall, the Bronsted acid site was the primary active site
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Figure 5.7: Correlation of Koros-Nowark criteria for MFI framework zeolites to illustrate the kinetic control during
GVL decarboxylation at 178°C, 198°C, 218°C and 238°C at 10 mbar GVL with Helium as balance gas.
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Figure 5.8: Comparison of initial turnover frequencies of GVL decarboxylation over various solid acids
considered in this study. Reaction environments were controlled at 198°C and 10 mbar with Helium as balance
gas. All rates were collected under kinetic control as previously demonstrated.

for GVL ring opening over MFI structure zeolite. The intrinsic activity of the Brensted acid site

across MFI framework zeolites were identical, independent with Brensted acid site density.

Given that we do not have other structure zeolite with different Si: Al ratio, Koros-Nowak test
cannot be implemented here to examine extent of kinetic control here. Based on the results from
last section, we assumed that the decarboxylation rate for FAU, FER, BEA and MOR at 198°C
were under kinetic control and can be used to reflect the intrinsic acidity of Breonsted acid stie in
such materials. Figure 5.8 summarizes the initial turnover frequencies of GVL decarboxylation at
198°C over solid acid we considered. We found that MFI samples show an average TOF of 0.57
hr!, five times more than the activity of Brensted acid site in other solid acids. BEA, FAU, MOR,
and FER zeolites had a similar TOF around 0.1 hr!, which is closed to the activity of Bronsted
acid site in the ASA samples. Considering the structural information, the Brensted acid site density

in BEA, FAU, MOR and FER are much higher comparing to MFI 200:1 and MFI 500:1. But their
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TOF of GVL decarboxylation is significantly lower. This indicates that zeolites framework has a
remarkable influence on the strength of Bronsted acid site and a significantly high activity for GVL

ring opening is observed on MFI zeolite.
5.3.4 The kinetic effects of various acid site strength

To further probe the unique activity in MFI structure, figure 5.9 demonstrates the Arrhenius plots
made for six zeolite catalysts: MFI 23:1, MFI 50:1, FAU, FER, BEA, and MOR zeolites. Arrhenius
plots for other MFI zeolites are similar to MFI 23:1 and MFI 50:1. Thus they are omitted here. For
MFTI samples, the kinetic control at this temperature region is guaranteed by the Koros-Norwalk
test mention in the previous sector. Meanwhile, Arrhenius plots for FAU, FER, BEA and MOR

zeolites show an excellent linear relationship between TOF of GVL decarboxylation temperature,
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Figure 5.9: Arrhenius plots illustrating the temperature dependence of GVL decarboxylation over MFI 23:1, MFI
50:1, FAU, BEA, MOR, and FER. The unit of DC turnover frequency is hr!'. Other MFI with different aluminum
content had a similar relation like MFI 23:1 and MFI 50:1, thus we did not plot here.
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Figure 5.10: Comparison of apparent barrier of GVL decarboxylation over various solid acids considered in this

study. Reaction environments were controlled at 10 mbar with Helium as balance gas.

Catalyst A (hr'h) GVL decarboxylation EA (kJ/mol) CI 2 T%Pz;o(chr Dat
MFI 23:1 7 8E420 191.9 11 0.5783
MFT 30:1 2 AE+21 1924 12 0.5716
MFI 50:1 S 0E+16 1443 9.6 0.5488
MFTI 80:1 44E+16 1525 8.5 0.5656
MFTI 200:1 13E+16 146.2 14.5 0.5926
MFTI 500:1 SAE+16 1532 7.9 0.5615
MOR 2 0F+12 125 27 0.0627
FER 2 1E+12 123 18 0.058
FAU (Y) 2 9E+15 147.8 5.8 0.0979
BETA 6.1E+16 160 7 0.1068
SIAL 3113 7 8E+20 136 15 0.0863
SIAL 3901 2 AE+2] 136 15 0.1157

Table 5.4: Summary of Arrhenius parameters regressed for various solid acid considered in this study. Initial turnover
frequencies were collected under kinetic control and 198°C and 10 mbar with Helium as balance gas.
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suggesting that the reaction rate obtained here were also under kinetic control. This result again
supports our observation has Brensted acid sites in MFI zeolites had a remarkable higher activity

comparing to that in FAU, FER, BEA and MOR.

The apparent barriers are summarized in figure 5.10 and pre-exponential factors, TOFs, and
decarboxylation barrier are also concluded in the table 5.4. The kinetic parameters presented here
are all apparent features and results from a combination of effects from several elementary
reactions. No microkinetic modeling is covered in this study. This topic will be resolved in future
work. Figure 5.10 shows that MFI 23:1 and MFI 30:1 had the highest decarboxylation barrier of
191.9 and 192.4 kJ/mol, respectively, which does not follow the trend that they have the highest
intrinsic activity of Brensted acid site. This may attribute to the diffuse limitation at high
temperatures due to the high concentration of Bronsted acid site in these MFI zeolites. Other MFI
zeolites, such as MFI 50:1, MFI 80:1, MFI 200:1 and MFI 400:1 had an almost identical
decarboxylation barrier around 146 kJ/mol. This result agrees with the reported value of 138
kJ/mol [32]. The decarboxylation barrier for FAU zeolites (147.8 kJ/mol) was close to that of MFI
zeolites with high Si: Al ratio. BEA zeolites had an almost 15 kJ/mol higher decarboxylation
barrier of 160 kJ/mol. As for MOR zeolites and FER zeolites, the decarboxylation barriers are 20
kJ/mol lower than the average barrier in MFI zeolites, with 125 and 123 kJ/mol. Considering the
uncertainty in the measurement of barrier, except for MFI with low aluminum content (23:1 and
30:1), we can say that MFI, FAU, MOR, BEA and FER zeolites have a similar apparent

decarboxylation barrier around 140-150 kJ/mol.

This result is consistent with the deprotonation energy of these materials. According to several
reports [33-36], the intrinsic strength of Brensted acid site in zeolite is commonly determined by

the deprotonation energy (DPE), which represents the energy required to cleave the O-H bond.
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DPE values cannot be measurement from experiments but can be acquired through periodic density
functional theory models. Jones et al from Iglesia’s group further found that the deprotonation
energy is insensitive to framework structure or proton location of zeolites. The deprotonation
energies for MFI, BEA, MOR, FAU, and FER zeolites are indistinguishable around 1201 + 11
kJ/mol after correction [33]. Thus, the reaction barrier for zeolites with different frameworks is

supposed to be similar, which agrees with our observation.

Figure 5.11 illustrates the desorption profile of propene during the isopropylamine TPD. Besides
the Bronsted acid site density which was calculated based on the area of the propene peak, the
desorption temperature of propene can also be used to evaluate the strength of the acid site. In the
TPD technique, the peak at the low temperature region is commonly ascribed to a weak acid site.
In contrast, the peak at high temperature indicates a strong acid site [37-41]. Based on our IPA-
TPD results, MFI 23:1 has the highest desorption peak temperature of 400°C. And the FAU has

the lowest desorption peak of 360°C. Most propene desorption temperature falls in the range

— MFI1 231
— MF1 30:1
—— MFI 50:1
—— MFI 80:1
MF1 200:1
MF1 500:1
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Figure 5.11: Temperature programmed desorption of isopropylamine analysis of Brensted acidity over the solid acids
considered in this study. The peaks correspond to the propene (m/z=41) emitted on the catalysts surface were used to
quantify the Brensted acid strength.
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between 360 and 370°C, which is an insignificant difference, supporting our idea that the Bronsted

acid site strength should be similar.

Figure 5.12 & 13 illustrates the FTIR spectra of pyridine of zeolites with different framework
structure. The peak shows the pyridine adsorption after saturating and purging catalyst surface
with pyridine as probe molecule. The peak at 1545 cm™! attribute to Brensted acid site due to the
formation of the pryridinuim ion, while the peaks at 1455 cm™ ascribe to Lewis acid site due to
XXX. The size of the peak can be used to quantify the density of acid site, and the wavenumber
can be used to indicate the strength of acid site. Normally, the peak at smaller wavenumber
represents a weaker interaction between pyridine and surface site, indicating a weaker Lewis sites
[42-44]. According to the spectra we collected, there is still no significant variation being observed
near 1545 cm. This again supports our deduction that the strength of Bronsted acid site between

zeolites should be independent with the framework of zeolites.
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Figure 5.12: FTIR spectra of pyridine adsorption over MFI framework zeolite with different aluminum content
between 1300 cm™ and 1700 cm’!.
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Figure 5.13: FTIR spectra of pyridine adsorption over zeolites with different framework: MFI, BEA, MOR, FER

and FAU between 1300 cm™ and 1700 cm’!.

Even though the barrier is controlled by the deprotonation energy of zeolites and the strength of
Bronsted acid site is similar, the decarboxylation activity cannot be reflected by the either
characteristics. MFI 23:1 and MFI 30:1 have the highest barriers above 190 kJ/mol, but their TOFs
are similar to other MFI zeolites with 0.57 hr-1. Moreover, MOR and FER zeolites have the lowest
barrier around 120 kJ/mol, but their TOFs are smallest comparing to other zeolites with higher
barriers. FAU and BEA zeolites have a similar barrier with MFI zeolites. In contrast, their TOFs
are five times less than TOFs of MFI zeolites. These inconsistencies support our idea that the
intrinsic activity of zeolites is not correlated with apparent barrier of GVL decarboxylation. Instead,
the difference in TOFs can be partially related to the magnitude of pre-exponential factor. The pre-
exponential factors of MOR and FER zeolites are four orders less than that of MFI zeolites.

However, pre-exponential factor requires future microkinetic modeling to have a rigorous

explanation. Here, the effect is still unclear.
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In this study, we propose two possible explanations for the high turnover frequency observed in
MFI zeolite. First, the location of the Bronsted acid site in the MFI structure may influence the
intrinsic activity of GVL decarboxylation. Zeolite’s framework is comprised of different
tetrahedral sites (T sites), which determines the Al or proton location in the channel. The
deprotonation energy is proved to be sensitive to the Al and proton positions, influencing the
activity of acid site in zeolites. MFI zeolite has 12 types of T sites, which is the most compared to
other framework zeolites considered in this study. BEA zeolite has 8 T sites, while both FER and
MOR zeolites have 4 T sites. Only 1 T site was observed in FAU zeolite. The high GVL
decarboxylation turnover rates may attribute to the unique T sites only existed in the MFI
framework. Furthermore, the confinement effect may also increase the activity of GVL
decarboxylation in MFI zeolite. Due to the microporous property of zeolites, reactants may face a
confinement effect when diffusing across the channel. The confinement effect does not have an
influence on the Bronsted acid strength. Instead, it may increase the turnover rate by stabilizing
the ion-pair transition states or adsorbed intermediates [45]. Carr et al. has reported that the
confinement effects in BEA zeolites improve the turnover rate of methanol dehydration by
stabilizing the transitional state of intermediates [46]. Also, a recent report announced that the
strongest confinement effect observed the pore size of zeolite fits adsorbate. In our situation, MFI
zeolite has a relatively small pore diameter and pore volumes. Also the diameter of GVL is most
similar to the pore diameter of MFI zeolites at 5.5 A. The confinement effects in MFI zeolite
should be the strongest, increasing the turnover rate of GVL decarboxylation. The rigorous proof

of these assumptions still requires further microkinetic modeling.
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5.3.5 Stability of zeolites

As previously illustrated, the deactivation of GVL decarboxylation is severe and 70% of initial
activity was lost in the first 30 minutes. It is necessary to examine the factor contributing most to
the deactivation and the extent of regeneration of zeolites. Figure 5.14 demonstrates the activity of
MFTI zeolites considered in this study as a function of time on steam. The activity of GVL
decarboxylation, a, is defined as the instant decarboxylation rates normalized by the initial
decarboxylation rate at zero time on stream. Over MFI samples, the deactivation of GVL
decarboxylation is consistent with the change of Si:Al ratio. For instance, MFI 23:1 lost 80% of
original activity in the first 30 minutes and 95% after reaching a steady state. As Si: Al ratio
increases from 23:1 to 50:1, the deactivation became slightly milder. MFI 50:1 lost 50% of original
activity in the first 30 minutes. But after reaching steady state, it still lost almost 80% of original

activity. MFI 500:1 is found to have the least deactivation. Only 20% activity is lost in the initial
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Figure 5.14: Deactivation profile of MFI framework zeolites with different aluminum content as function of time
on stream at 198°C and 10 mbar GVL with Helium as balance gas.



134

30 minutes, and 60% activity is lost after reaching a steady state. The catalysts stability follows
the following trend: MFI 23:1 > MFI 30:1 > MFI 50:1 > MFI 80:1 > MFI 200:1 > MFI 500:1.
Considering the similar physical structure of MFI zeolites, the deactivation seems to be
independent with pore diameter, pore volume and microporous surface area. The only factor
influences the deactivation of the MFI catalyst is Bronsted acid site density, which is the result of
changes of the Si: Al ratio. The shape of zeolites turned from white powder to brown or dark
residues, indicating coking is the primary reason for deactivation. A higher Bronsted acid site
density does not influence the turnover rate of GVL decarboxylation on active sites, but it leads to
an increase in the production rate of PEA and butene. Thus, more molecules can be observed in
the channel of zeolites with higher Brensted acid site density, resulting in a higher possibility of

coking and correspondent deactivation.

Figure 5.15 illustrates the deactivation of other framework zeolites as a function of time on stream.
All zeolites with different frameworks exhibited a strong deactivation over time with at least 48%
loss of initial activity after reaching a steady state. MFI 23:1 zeolite was found to have the most
rapid deactivation. Its activity lost 66% in the first 30 minutes and 96% after 3 hours. FER zeolites
had a relatively high deactivation with 34% in the first 30 minutes. MOR and BEA zeolites have
a moderate deactivation around 25% lost in activity. The least deactivation was observed in FAU
zeolite, which only lost 10% activity in first 30 minutes and 48% after 3 hours. These observations
suggest that pore diameter and micropore area instead of surface acidity seem to influence most
on the stability of zeolites. For example, FAU zeolites has the largest pore diameter of 7.4A and
the largest micropore area of 669 m?/g with the lowest GVL decarboxylation rate, and accordingly,

it has the slowest deactivation comparing to other materials. BEA zeolite has the highest pore
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Figure 5.15: Deactivation profile of different framework zeolites MFI, FAU, BEA, FER, and MOR as function of
time on stream at 198°C and 10 mbar GVL with Helium as balance gas.

Catalysts Bet surt;ace Micropzore area Pore diameter Pore vglume Bronsted sites Lewis sites DC rate_ Activity lost in Activity_ lost in
area (m-/g) (m*/g) (A) (cm’/g) (umol/g/cat) (umol/g/cat) (umol/g/min) 30 minutes 120 minutes
MFI 23:1 355.3769 241.0335 5.271 0.222169 1118 88 10.77565667 66.70% 96%
MOR 395.0576 196.22 5.752 0.280731 1123 449 1.173535 22.30% 69.60%
FAU 669.156 567.1412 7.431 0.48272 633 288 0.520066667 10% 48.30%
BEA 554.4564 352.299 6.534 0.828762 834 556 1.032845 27.50% 62.60%
FER 363.6704 3229915 5.144 0.216602 539 449 1.48452 34.40% 76.00%

Table 5.5: Summary of activity lost for zeolites with different frameworks and relevant physicochemical properties.

volume of 0.82 cm/g, double that in FAU. However, its activation was twice faster than the latter,
suggesting that pore volume should not be the dominant factor that controls the deactivation. Also,
the Bronsted acid site in MOR and BEA are close that in MFI 23:1, but their deactivation rates
were 3 times slower than deactivation of MFI 23:1. This again supports our idea that acidity should
be the most significant factor contributing to deactivation. The explanation of such trend is that
when coking is occurring in the zeolites with more pore diameter and micropore area, there are
most accessible entrances and channels for reactant and product the transport through. The
materials with lower pore diameter tend to block much easier comparing to materials with higher

pore diameter. Especially considering that the diameter of GVL molecule is around 5.5A, which
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is close to the pore diameter of MFI zeolites and only slightly less than that of FAU. Thus, a small
extent of coking in the channel will block the movement of GVL molecule across the zeolites to
reach active sites. The trapped reactant and product molecule in the channel will further aggregate

the deactivation.

Finally, to test whether zeolites can be regenerated after removing the coking formation on the
catalyst surface, five catalytic cycles were performed with in-situ calcination in airflow at 450C
for 4 hours. Figure 5.16 demonstrates the catalytic activity of MFI 30:1 as a function of time on
stream at 198°C in each catalytic cycle. The results showed that the MFI 30:1 can be completely
regenerated following each calcination procedure. The initial GVL decarboxylation rate for zero
time on stream was found to be indistinguishable to that of fresh catalysts after first regeneration

circle. Even after 5 cycles of regeneration, no significant difference was found in the activity of
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Figure 5.16: Deactivation profile of MFI 30:1 with time on stream on a fresh sample of zeolite 30:1, followed by
multiple calcination circles at 450°C in airflow. The reaction condition was controlled at 198°C and 10 mbar GVL
with Helium as balance gas.
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MFI 30:1. This observation was consistent with our deduction that coking was the primary factor
for deactivation. And this result also supported our previous measurement of decarboxylation rate

was under kinetic control, free from the influence of catalyst deactivation and regeneration.

5.4 Conclusion

In this study, a wide range of zeolites with different framework is well characterized. MFI
framework zeolite has a small micropore area, pore diameter and pore volume comparing to other
frameworks. The Bronsted acid site density, Lewis acid site density and BAS: LAS ratio increase
as the aluminum content decreases in zeolites. MFI zeolites show a slight Lewis acidity.
Meanwhile, MOR, FAU, BEA and FER zeolites have a relatively high Lewis acidity. GVL
decarboxylation is primarily catalyzed over Brensted acid site. Lewis acid site has a trivial
contribution to the GVL decarboxylation in the gas phase. MFI zeolites have the highest activity
in GVL decarboxylation. However, the apparent barriers did not reflect the intrinsic activity of a
Brensted acid site. For example, MFI 23:1 had a higher barrier comparing to MFI 50:1 but their
turnover rates of GVL decarboxylation are indistinguishable. The identical deprotonation energy
of Bronsted acid in different frameworks, the similar desorption temperature of propene peak
during IPA TPD and the same interaction frequency of adsorbed pyridine during FTIR all suggest
that the Bronsted acid strength in zeolites with different framework should be identical. Therefore,
other factors may contribute to the high intrinsic activity of MFI framework zeolites. Here, we
proposed that the confinement effect and the local environment of Brensted acid site in the MFI
zeolites may influence the intrinsic decarboxylation activity. Further microkinetic modeling is

essential for rigorously interpreting our observation.

Moreover, GVL decarboxylation undergoes severe deactivation over all types of zeolites.

Although MFI zeolites has the highest activity in reaction, it also suffers from the most rapid
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deactivation. Pore diameter and microporous area are the most significant factors influencing
deactivation. Generally, a large pore diameter and large microporous area can relieve the extent of
deactivation. However, a large pore diameter decreases the confinement effect, which may
decrease the intrinsic activity of solid acids. Also, a large micropore area can lead to transport
limitation at high temperatures. Additionally, Brensted acid density also partially contribute to the
deactivation. Furthermore, the deactivation of zeolites can mostly ascribe to coking formation.
Although the zeolites lost at least 50% of initial activity after reaching a steady state, this

deactivation is reversible, and zeolites can be fully regenerated by calcination.
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5.5 Supplementary information
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Figure S5.1: Complete FTIR spectra of pyridine adsorption over MFI framework zeolite with different aluminum
content.
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Figure 5.2: Complete FTIR spectra of pyridine adsorption over zeolites with different framework: MFI, BEA,
MOR, FER and FAU.
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6.1 Future investigation of the activity of ZrO;

In Chapter 4, we have observed that ZrO- has the highest activity and relatively high Lewis acid
strength but low stability. It is worth digging into the potential of such material as a Lewis catalyst.
The ZrO> samples we used in our study were purchased from Thermal Fisher. However, based on
the recent reports, the catalytic performance of ZrO> was proved to be sensitive with its structures

and had a unique preparation protocol to make ZrO; as Lewis acids.

There are three major phases of the crystal structure of zirconia: monoclinic, tetragonal, and cubic.
Under room temperature, ZrO; presents in a monoclinic phase, and it can be transformed into
tetragonal phase after heating up to 1100°C. And the latter can be further converted into cubic
phase under 2370°C [1,2]. A report has also observed that m-ZrO» has more severe deactivation
comparing to t-ZrO;. In the first hour, m-ZrO> can lose 50% of initial activity, and this deactivation
increases to 80% after 10 hours. Thus, even though they exhibit similar initial activities, the actual

productid can be quite different after a small amount of time [3].

Furthermore, the ZrO, was reported to be synthesized from the salt formation of zirconium. One
way to prepare ZrO> was to use zirconium tetrapropoxide as the precursor. After dissolving
zirconium tetrapropoxide in water at room temperature, precipitates can be collected by filtration.
ZrO, power was produced after calcination of dried precipitate at 673K for 8 hours in airflow [4].
Another reported method was to apply zirconyl nitrate hydrate as the precursor. After dissolving
zirconyl nitrate hydrate and dried in the oven at 333K for 12 hours and then calcined in air for
673K for 5 hours, m- ZrO; can be obtained. If one wants to get t-ZrO», the calcination should be
increased to 1173K for 3 hours [5]. Based on this knowledge, we prepared a ZrO, sample from
zirconyl nitrate hydrate with the previously described method, and the surface area was tested

based on N> physical adsorption. The result is summarized in table 6.1. As shown in the table, the
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surface area of lab prepared ZrO, is significantly improved from 7.4 m?/g to 90 m?/g, almost 13
times more than that of ZrO; from the commercial supplier. Therefore, considering the
enhancement in surface area, it is pertinent to further use the TPD method to examine the acidity
on the new sample surface. Also, this lab-prepared ZrO, should be packed into the reactor and

perform the activity test for the GVL ring opening reaction.

ZrO, (Commercial) ZrO, (Lab Prepared)

BET Surface Area (m?/g) 7.4369 90.7359
t-Plot External Surface Area (m?/g) 1.7255 87.8654
t-plot Micropore Area (m?/g) 5.7114 2.8706
BET Avg Pore Diameter (A) 101.1125 105.62
BJH Ads Pore Diameter (A) 103.92 92.001
BJH Des Pore Diameter (A) 72.325 79.627

Table 6.1: Summary surface information based on BET analysis of N2 physical adsorption between ZrOz from
commercial supplier and from Zirconyl nitrate hydrate.

6.2 Microkinetic modeling of GVL ring opening over zeolites

Based on the data collected in Chapter 5, we have already found the difference in turnover
frequency between various zeolites with different structures. And the strength of the Bronsted acid
site in the zeolite was proved to be influenced by the local structures around the acid site and
zeolite framework. To probe the intrinsic decarboxylation activity of GVL ring opening over
various zeolites, microkinetic modeling is essential for rigorously discussing the site strength and

structural influence.

Previously, Jesse et al. have built a microkinetic model to describe the trends in GVL ring opening
and decarboxylation over amorphous silica alumina [6]. This model allows one to not only predict
the product distribution in various reaction environments but also regress kinetic and

thermodynamic parameters such as barrier for elementary step, heats of chemisorption, and
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interaction energy. It is possible to implement this model to explain the activity we observed in

zeolites.

To perform the simulation, we need to measure the apparent kinetic data for GVL ring opening,
PEA ring closure, GVL decarboxylation and PEA decarboxylation. Thus, the reaction requires to
be examined from both directions of GVL/PEA interconversion by feeding GVL and feeding PEA.
Also, partial pressure and contact time study will be included to increase the accuracy of the

simulation.

However, different from ASA, GVL ring opening and decarboxylation over zeolites have shown
more severe deactivation comparing that over ASA. It will be challenging to count for deactivation
and trace back to estimate the “zero time on stream” activity, which makes the partial pressure and
contact time study may be unreliable. Our plan is to develop a new model with the expression of

GVL and PEA concentration to simply our simulation with similar accuracy.

For now, we have collected PEA ring closure and decarboxylation profiles for MFI-23.0, MFI-

30.1, MFI-50.0, MFI-200.0, MFI-500.0. Figure 6.1 illustrates the reaction rate profile over MFI-
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Figure 6.1: The mass normalized rate of PEA decarboxylation as a function of time on stream over MFI 30:1
ranging from 158°C to 198 °C at 10 mbar with Helium as balance gas.
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Figure 6.2: Arrhenius plot illustrating the temperature dependence of PEA decarboxylation over MFI 30:1. The unit

of DC turnover frequency is hrl.

23.0 as a function of time on stream. We can see that PEA ring closure and decarboxylation

deactivate significantly in the initial hour. It loses almost 90% of the original activity. Fortunately,

by applying the optimized first order deactivation model mentioned in Chapter 5, we manage to

regress for the initial rate of PEA ring closure and decarboxylation rate at zero time on stream.

Figure 6.2 showed the Arrhenius plots for MFI 30.0. And this method has been extended to other

materials, giving a good fit to calculate PEA decarboxylation's apparent barrier. These apparent
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Figure 6.3: Apparent barriers measured for PEA decarboxylation over MFI 23:1, MFI 30:1, MFI 50:1, MFI 200:1,
MEFI 500:1 and SIAL 3113 under differential conditions at 198°C and 10 mbar PEA and 1 bar total pressure in a

Helium balance.



149

barriers are summarized in figure 6.3. We can observe that the apparent barriers for PEA
decarboxylation over MFI 23:1 and MFI 30:1 were higher than that over other zeolites. The
rigorous explanation will be probed later by the simulation results to examine the effect of local

environments and confinement effects in zeolites.

6.3 Selective Hydrogenation of biomass derivatives over PtSn bimetallic catalysts

Hydrogenation is a vital process in biomass upgrading [7,8]. Considering the multiple function
groups in the biomass derivatives, selective hydrogenation is always challenging but essential for
producing valuable chemicals. Monometallic catalysts such as platinum (Pt) and ruthenium (Ru)
have been used in industry for a while [9,10]. However, they suffer from low selectivity and
catalyst poisoning. Based on previous research, Pt catalyst can lead to decarbonylation. Meanwhile,
Ru catalyst is more favorable for decarbonylation and methanation during hydrogenation of

biomass-derived chemicals, making it difficult to realize high selectivity towards the target product.

Stassi et al. found that by introducing a second metal site such as Sn or Fe into the Pt catalysts,
one can significantly improve selectivity to HDO products during hydrogenation of unsaturated
aldehyde [11]. PtSn bimetallic seems to only show activity in HDO reaction. Based on our
knowledge in Chapter 4, which proves that y-Al,O3; was an ideal Lewis catalyst for the selective
preparation of PEA. Therefore, we proposed a PtSn bimetallic catalyst supported by y-Al,Os3 for
selective hydrogenation of LA, GVL or PEA to make valuable compounds. Our lab has performed
several preliminary studies to examine the activity for hydrogenation of propanoic acid over PtSn
supported by y-Al>Os. The results showed high selectivity and yield towards propanol. Further
studies have been extended to examine the hydrogenation activity over biomass derivatives such

as velaric acid (VA), levulinic acid (LA), pentenoic acid (PEA), and y-valerolactone (GVL).
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Figure 6.4: Reaction pathways for the hydrogenation of lignocellulose derived biochemicals: LA, GVL, VA and

PEA.
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Figure 6.4 shows the reaction network of hydrogenation over these compounds. First, after

optimizing the reaction temperature and contact time, selectivity hydrogenation of velaric acid to

pentanol can be achieved at 198C with a contact time of 10 hr. The pentanol yield can reach 80%

with more than 90% selectivity. Although selective hydrogenation to pentanol over pentenoic acid

can still be realized, the unsaturated double bond in PEA is also hydrogenated, decreasing the

value of this reaction. However, we found that over PtSn, y-valerolactone can be converted into 2-

Methyltetrahydrofuran (2-MTHF). The selectivity to 2-MTHF is more than 90% but the yield

remains to be optimized. Moreover, levulinic acid can be transformed into GVL and 2-MTHF over

PtSn, the conversion of levulinic is near 100%, 75% selectivity towards GVL and 20% selectivity

towards 2-MTHF was observed at 158°C.
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The mechanism for the selective hydrogenation over PtSn bimetallic remains elusive [12,13]. Here,
we proposed that the synergetic effect between Pt and Sn may contribute to the increase in the
yield and selectivity of alcohol products. As figure 6.5 illustrates, over the surface of PtSn catalyst,
Pt site serves as a Metal active site that activates H> while the Sn site serves as an electrophilic site
that activates C=0 bond. Group VIII metals such as Pt have been reported as a typical metal active
site. However, introducing Sn as an electrophilic site is not commonly reported. This is the first
time that PtSn bimetallic catalyst has been applied in this type of reaction. Moreover, the reason
why the C=C in pentenoic acid was hydrogenated is that selective hydrogenation of is that the
electron density in the oxygen of C=0O group in unsaturated carboxylic acid is weaker comparing
to that in the oxygen in C=0O group in unsaturated aldehyde, limiting the interaction between
electrophilic site and C=0O group. As a result, the C=C may also have access to contact the active

hydrogen on the surface, thus reducing the selectivity towards unsaturated products.

Currently, even if the PtSn bimetallic catalysts may not be selectivity in hydrogenate unsaturated
carboxylic acid, the unique synergetic effect between bimetallic active site makes it different from
other monometallic catalysts. It is still worthy further investigating the activity in hydrogenation

of the a,B-unsaturated compounds such as cinnamaldehyde, 2-cyclohexenone and crotonaldehyde.

OH

Figure 6.5: Proposed mechanism for synergetic effect during selective hydrogenation of unsaturated carboxylic
acid, where Pt serves as a metal active site to activate hydrogen and Sn serves as an electrophilic site to activate
C=0.
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6.4 Selective preparation of pentadiene and butadiene from biomass derivatives

Diene compounds such as 1,4-butadiene or pentadiene are important industrial precursors for many
commercial products such as SBR synthetic rubber, PBR synthetic rubber, Latex synthetic rubber,
plastics, Cs hydrocarbon resins, and adhesives [14]. By 2025, the global diene market will keep
growing [15]. Diene chemicals are considered as by-products during ethylene production and are
traditionally extracted from the steam cracking process of crude oil and naphtha [16]. However,
due to the rapid expansion of ethane cracking in recent years, the production of diene chemicals
has been declining in recent years. Thus, a selective and energy-friendly synthesis strategy to

achieve on-purpose production of diene compounds is quite demanding.

Omar et al. recently reported that selective production of butadiene was achieved from dehydra-
decyclization of tetrahydrofuran (THF) over self-pillared pentasil (SPP) (90% selectivity, 89%

conversion of THF) [17]. In this study, pentadiene is also obtained from 2-MTHF over SPP in the

N\F + co,
%\{3& butene isomers
S
S
O
HO{.I\/\/
)I\/\/ HO ST
HO o _ «
HO™ NN ~
O _o _MsnspP )]\/\/ PtSn-SPP P e
o) HO N - XN\F
2
)(J)\A \/:\
pentadiene

HO/\/\—>\/\

butadiene

pentanoic acid

Figure 6.6: Scheme of proposed strategy to produce butadiene and pentadiene from selective hydrogenation,
decarbonylation and dehydration with GVL and PEA as feedstock.
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same environment. Furthermore, PtSnK supported on silica catalysts was reported to be used for
the selective preparation of a-olefins through deoxygenation of methyl esters [18]. Combining
these applications with the results we found over PtSn catalysts, we propose a strategy to produce
pentadiene and butadiene based on biomass derivatives. Figure 6.6 demonstrates the proposed
reaction strategies. If selective hydrogenation of PEA to form pentenol or selective hydrogenation
of GVL to form 2-MTHF can be achieved, pentadiene can be acquired through subsequent
dehydration over SPP catalyst. Also, butadiene is possible to be obtained through decarbonylation
of pentenol over metal catalyst. To realize these plans, catalysts design, reactor design, catalytic
kinetics, and thermodynamics are required. Overall, the opportunities and challenges we present

here remain to be resolved in future studies.
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