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Abstract

Development of Heterogeneous Catalysis with Lignin Monomers and

Carbohydrates Obtained from “Lignin First” Biorefinery

by
Baoyuan Liu

Lignocellulosic biomass is composed of lignin, cellulose, and hemicellulose. Lignin is
naturally formed renewable aromatic biopolymer; the cellulose and hemicellulose are
polysaccharides. By far, the “second generation” biorefineries mainly use the value of
cellulose pulp in paper industries or in making low-value chemicals such as ethanol while
more than 98% of lignin is discarded into direct combustion. The valorizations of lignin and
polysaccharides are still under development. Herein, we have studied the heterogeneous
catalytic conversion of lignin monomers and polysaccharides with Ru/C catalyst with
different metal oxides for making a variety of value-added chemicals. For instance, we
developed a Ru/C and Nb.Os co-catalyst system to funnel different lignin monomers into C9
hydrocarbons which could potentially be used as drop-in fuels. We also investigated the
Ru/C and WOy co-catalysts to convert the polysaccharides into diols and polyols. By
performing the isotopic reactions and time programmed sampling, our study disclosed the
mechanisms and kinetics of the catalytic reactions. To achieve the goal of biomass
valorization, we also developed a purification method to avoid catalyst poisoning by the
contaminations from raw biomass and thus facilitated the sustainable utilization of native

lignin into valuable chemicals.
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Chapter 1. Introduction: Lignin Extraction and Valorization using

Heterogeneous Transition Metal Catalysts

1.1 Abstract

Lignocellulosic biomass is the most abundant renewable carbon source on our planet. It offers an
alternative as well as a complementary source to petrochemical refining for energy and chemical
production. The market of renewable energy and chemicals has been rapidly growing over the
past two decades. However, utilization of biomass is still underdeveloped. Energy production

from biomass has seen only moderate increases.

Today’s second generation biorefinery only uses the carbohydrate components (cellulose and
hemicellulose) from the biomass and lignin is generated as a waste byproduct to be used for its
low value heat. In contrast, the concept of lignin valorization can improve the economics of
biorefining by producing value-added products from lignin. This can be accomplished by
changing the pretreatment of biomass to provide fractionation and upgrading of lignin first into
valuable products, the “lignin-first” biorefinery concept. Alternatively, pretreatment can provide
a protected technical lignin byproduct which can be valorized to chemicals and/or hydrocarbon
biofuels. Monomeric phenols are the major products of lignin valorization through
heterogeneous catalysis. The complex structure of lignin, impurities from its preparation, and
catalyst selection are among the key factors restricting yield of products. This chapter presents
and contrasts preparation techniques of technical lignin, reviews the use of inorganic transition
metal heterogeneous catalysts for lignin valorization into chemicals and fuels, and lastly

demonstrates examples of subsequent applications of lignin derived monomers.

Keywords: Biomass; Lignin-first; Technical lignin; Heterogeneous catalysis; Biofuels



1.2 Biomass Basis

U.S. primary energy consumption by energy source, 2019

total = 100.2 quadrillion total = 11.4 quadrillion Btu
British thermal units (Btu)
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Figure 1.1 Chart of the U.S. energy consumption by energy source, 2019. Adapted from U.S. Energy Information
Administration (EIA). Source: U.S. Energy Information Administration, Monthly Energy Review, Table 1.3 and 10.1, April
2020. (Accessed on Oct 2020 at: https://www.eia.gov/energyexplained/us-energy-facts/)

Lignocellulose is sustainably produced by photosynthesis which converts solar energy into
stored chemical energy on Earth. Lignocellulosic biomass is the most abundant renewable
organic feedstock for energy consumption, yielding 50-85 EJ of energy per year.! An annual
production of ca. 1.5 billion tons of lignocellulosic biomass can be achievable by 2030.2
Meanwhile the value of global biomass power market will be doubled from the current value of
52 billon U.S. dollars (USD) to more than 100 billion USD by 2027. However, only 11% of the
total energy consumption in the U.S. is renewable energy in 2019, 43% of which comes from
biomass energy (Figure 1.1).2 During the past decade (2009-2019), energy consumption in the
U.S. from biomass increased at a moderate rate of less than 3% per year.> * The major energy
sources remain non-renewable fossil fuels: petroleum, natural gas, and coal. The continued

reliance on fossil fuels has many negative ramifications including greenhouse emission, toxic gas



release, and water pollution. Thus, a more rapid implementation of renewable resources

including lignocellulosic biomass is necessary to meet a sustainable future.

Lignin i

Figure 1.2 Structure of lignocellulosic biomass. Adapted from Jensen, C. U.; Guerrero, J. K. R.; Karatzos, S.; Olofsson, G.;
Iversen, S. B. Biomass Convers Bior 2017, 7 (4), 495-5009.

Lignocellulosic biomass is composed of three major biological polymers: cellulose
(50%), hemicellulose (25%), and lignin (25%).> They are the major building blocks of the
secondary cell walls (Figure 1.2).% The crystalline cellulose forms the fibrous trestle of plant cell
wall and is bundled with hemicellulose and lignin, which provides rigidity, ability of plants to
grow against gravity, and a mechanism for water transport.” While cellulose and hemicellulose
are polysaccharides, lignin is the only natural polymer made of aromatic monomers.®
Interestingly, the most common industrial method of biomass utilization is direct combustion,
which does not make use of the chemical differences between polysaccharides and lignin. Recent
advances in fermentation of lignocellulose (second generation biorefining) to bio-ethanol has
attracted commercial attention for the utilization of carbohydrates from cellulose and
hemicellulose on a large scale. However, in the second generation biorefineries lignin is a waste

by-product and used only for its heat value.®*? Similarly in the paper and pulp industries, 50-70



million tons of lignin is produced every year, of which 98% is discarded into direct combustion.>
13 Burning lignin for heat energy is an inefficient way of biomass utilization. It impedes lignin’s
potential valorization towards high energy density fuels and chemicals. Lignin because of its
composition has high carbon content and the potential to provide platform aromatic chemicals
and fuels.’*8 Hence, development of efficient lignin valorization to chemicals can be a game

changer for the future of biorefining.

The idea of efficient lignin valorization is to depolymerize the complex three-
dimensional lignin polymer into smaller molecules that can be selectively upgraded to chemicals,
fuels, and materials for further applications.'® This approach is distinctly different from the
conventional biorefinery methods where lignin is treated as the “left over” waste that can be used
for heat value only. Focusing on successful lignin utilization/valorization has been referred to as
“lignin first,” a concept which targets chemistry that affords selective depolymerization of lignin
into low molecular weight phenolic compounds.?%-?? Since native lignin is composed mostly of
C-O ether bonds and chemistry for cleaving C-O ether bonds is well known, “lignin first” targets
lignin valorization directly from lignocellulosic biomass.?® In contrast, lignin liquor obtained
from harsh pre-treatment in conventional biorefining (acid, base, steam explosion, and ammonia
treatment) is composed of re-condensed lignin products with non-native C-C bonds, which are
recalcitrant and cannot be upgraded selectively to valuable chemicals/molecules. However,
“lignin first” must contend with impurities in the biomass, limitations on process intensification
because of the use of solids and low density of biomass, tolerate carbohydrates (cellulose and

hemicellulose), and challenges in separations.



A third approach is extraction and separation of lignin in its native form, a pretreatment
that protects C-O bonds and prevents re-condensation of lignin into recalcitrant C-C bonds. In
this case, lignocellulosic biomass is pre-treated under conditions and/or in the presence of
specific reagents to allow for lignin isolation in which the “native” chemical connectivity is
maintained as much as possible. This isolated lignin is referred to as “technical lignin.”
Depending on the pre-treatment, technical lignin is divided into several categories. Kraft and
soda lignin refer to aqueous alkali (NaOH and Na»SO4) process.?* Klason lignin is obtained after
the cellulose and hemicellulose are dissolved in 72% sulfuric acid.?> Organosolv lignin results
from using various organic solvents such as formic acid, acetic acid, methanol, and acetone.> ?®
27 Lignin is first dissolved and extracted in an organic solvent, and recovered by precipitation.
Compared to alkali (kraft and soda) and acid (Klason) pre-treatment, organosolv lignin retains
chemical connectivity (C-O bonds) present in “native lignin”.> As a result, organosolv lignin can
be valorized to chemicals with reasonable yields. This contrasting approaches for handling lignin

are summarized in Figure 1.3.

. Second generation » Recondensed/recalcitrant lignin
biorefinery » Used for low value heat

» Chemicals from lignin directly
» Carbohydrate by-products

Lignin First

n
n
©
£

=

]

» Maintain “native” structure
» Can be valorized/upgraded

Isolated lignin

Figure 1.3 Comparison of biomass treatment with the respect to lignin separation and use.

Recent studies have investigated many lignin valorization methods including pyrolysis?®
%0, gasification! %2, enzymatic catalysis®> **, and inorganic catalysis**-, into a broad range of
high-value aromatic chemicals, such as guaiacol® 3 %6 3%-41 vanillin>5, dihydroeugenol (DHE)>
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35-37,46.47 2 6-dimethoxy-4-propylphenol (DMPP)> 35 37.48.49 ‘ferylic acid® % °!, and sinapyl
alcohol®® %2 53 (Figure 1.4). Among those lignin valorization methods, the use of heterogeneous

metal catalysts is a promising technology for making value-added chemicals from lignin.3 54

OH OH OH OH OH OH
@/O\ ?O\ (éo\ /O O\ O\ /O O\
o7 °H { =5 =
HO @] HO
(D) (E) (F)

(A) (B) (€)

Figure 1.4 Example of lignin monomers. (A) Guaiacol. (B) Vanillin. (C) Dihydroeugenol (DHE). (D) 2,6-dimethoxy-4-
propylphenol (DMPP). (E) Ferulic acid. (F) Sinapyl alcohol.

Among its attractive features are, high lignin conversion, relatively mild reaction
conditions, ease of product separation, production of cellulose and hemicellulose as unscathed
byproducts that can be used further in making biofuels and chemicals, and catalyst stability. The
application of various metals has been demonstrated. Pd, Pt, Rh, and Ru are the most common
used noble metals that have been studied to selectively cleave C-O bonds (in some instances C-C
bonds) of the lignin polymer.3”:47-56-%8 On one hand, these noble metals are usually supported on
activated carbon to increase the surface area for improved catalyst activity. On the other hand,
the integration of noble metals with an acidic zeolite or metal oxide support, creates a
bifunctional catalyst system which can improve selectivity to deoxygenated aromatic
hydrocarbons.>® To satisfy scientific curiosity, sustainability and economics, inexpensive earth-
abundant metals have been favored in recent investigations. Cu®® 61, Nj%* 36.62.63 gng C®
catalysts have been shown to give comparable results to noble metals. More interestingly, lignin
depolymerization can occur under supercritical conditions in ethanol/isopropanol medium

without the need for a transition-metal catalyst.5®
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In this chapter, we review “lignin first” valorization and compare it to isolation and
upgrading of technical lignin with a focus on organosolv lignin. An atomic level characterization
of lignin will be discussed to understand and contrast the properties of technical lignin compared
to recalcitrant and not upgradable lignin. A discussion of mechanistic aspects of lignin
conversion will be provided. We will end the chapter by showing how platform molecules
obtained from lignin can serve as versatile monomers to make renewable plastics and as
feedstock for making specialty hydrocarbon fuels, mapping a complete supply chain from

lignocellulosic biomass to value-added bioproducts.

1.3 Technical Lignin

a OH ‘ OH | OH I
0 0 0
b i
O O (0]
OH OH OH OH I o I on |

p-Coumaryl Coniferyl Sinapyl p-Hydroxyphenyl Guaiacyl Syringyl
aocohol alcohol alcohol (H unit) (G unit) (S unit)

Figure 1.5 a: The three monolignols that make up lignin units; b: The key units in lignin polymer.

Lignin is an aromatic polymer made of three major monolignols: p-coumaryl alcohol, coniferyl
alcohol, and sinapyl alcohol (Figure 1.5a). Through biological polymerization, the monolignols
are linked by C-O and C-C bonds forming three key lignin units: p-hydroxyphenyl (H unit),
guaiacyl (G unit), and syringy! (S unit) (Figure 1.5b).% In general, softwood lignin is composed
of 90-95% G unit with a small percentage of H unit, while hardwood lignin is 50-75% S unit and
25-50% G unit.?> %7 Even though the content of key units differ from species to species, the
lignin interunit linkages are similar among all types of lignocellulose. The most common linkage

is the 5-O-4 ether bond, which accounts for 50-60% of the total linkages (Figure 1.6).%% % Other
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linkages commonly found include a-O-4 and 4-O-5; connected by C-C covalent bond are 5-5, -
5, B-1, and B-B. The approximate content of each lignin linkage in softwood and hardwood is

summarized in Table 1.1.24 8971

B-5

Figure 1.6 Common lignin interunit linkages (labeled in red color) in lignin polymer. Reproduced from: (1) Patil, N. D.;
Tanguy, N. R,; Yan, N. In Lignin in Polymer Composites, Faruk, O.; Sain, M., Eds. William Andrew Publishing: 2016; pp 27-
47.(2) Luo, H.; Abu-Omar, M. M. In Encyclopedia of Sustainable Technologies, Abraham, M. A., Ed. Elsevier: Oxford,
2017; pp 573-585.

Making technical lignin is driven by the distinct solubility of biomass components. One
approach is dissolution of carbohydrates and leaving the lignin as a solid residue, such as Klason
lignin. Another strategy is to extract and dissolve the lignin in aqueous alkali or organic solvent
and leave other components of the biomass (cellulose) as a solid residue. Examples of the second
method include Kraft, soda, and organosolv lignin. Regardless of what method is used,
production of technical lignin generally requires elevated temperature and the use of acid/base to
cleave the intermolecular linkages between lignin and carbohydrates, and separation of the
different components. Because acid/base also catalyze lignin inter-unit cleavage, technical lignin

is always a modified structure from the native form and the extent of modification varies from



method to method. The differentiating characteristics between different technical lignins are type
of linkages preserved and introduced, molecular weight, and elemental composition. For
instance, the $-0-4 ether linkage is selectively cleaved during Kraft pulping by sulfonation and
result in increased content of non-native C-C bonds. Compared to organosolv, Kraft lignin
exhibits higher molecular weight and higher sulfur content.?* 72 73 Different pulping methods and

the resulting lignins will be discussed and compared in this section.

Table 1. Proportions of Linkages in Softwood and Hardwood Lignin

Linkage type Softwood (%) Hardwood (%)
B-0-4 45-50 50-65

a-0-4 6-8 4-8

4-0-5 4-8 6-7

B-1 7-10 5-7

B-5 9-12 4-6

B-B 3 3-7

5-5 18-25 4-10

Table 1.1 Values were obtained from: (1) Chakar, F. S.; Ragauskas, A. J. Ind Crop
Prod 2004, 20 (2), 131-141. (2) Zakzeski, J.; Bruijnincx, P. C. A.; Jongerius, A. L.;
Weckhuysen, B. M. Chem Rev 2010, 110 (6), 3552-3599. (3) Mei, Q.; Shen, X.;
Liu, H.; Han, B. Chinese Chemical Letters 2019, 30 (1), 15-24.

1.3.1 Kraft lignin

The most abundant production of technical lignin is via Kraft processing, which produces 55
million tons of lignin every year in the U.S.™ The Kraft pulping process was initially developed
in the paper industry by the German chemist C.F. Dahl in 1879. Wood chips are cooked under
alkaline condition with sodium hydroxide (NaOH) and sodium sulfide (Na.S) at 170 °C for 2
hours to dissolve lignin and hemicellulose in the aqueous solution. The residual cellulose from

Kraft pulping is a brown solid. After bleaching with hydrogen peroxide (H202) and chlorine



dioxide (ClOy) the cellulose is used for paper production. Lignin dissolved in the aqueous

alkaline fraction is recovered by decreasing the pH.”

C-C re-condensation
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Scheme 1.1 Cleavage of phenolic B-ether bond in kraft pulping process. Reproduced from: Rinaldi, R.; Jastrzebski, R.;
Clough, M. T.; Ralph, J.; Kennema, M.; Bruijnincx, P. C. A.; Weckhuysen, B. M. Angew Chem Int Edit 2016, 55 (29), 8164-
8215.

Studies have proved that the solubilization of lignin into the aqueous phase is
accompanied with the cleavage of both a and B ether bonds (a-O-4 and B-O-4 linkages).”
Content of a-O-4 linkage is relatively low in most lignin structures (6-8%). Therefore, one
characteristic of Kraft lignin is the low content of B-O-4 linkage. Advanced 2D (*H and **C)
Heteronuclear Single Quantum Coherence NMR (2D HSQC NMR) spectroscopy has been
widely used to analyze linkages and functional groups on the lignin framework.”® Quantitative
HSQC NMR indicates up to 86% of 3-O-4 linkages are cleaved during Kraft pulping.’” Scheme
1.1 illustrates the mechanism of cleaving 3-O-4 linkage in the presence of sulfide and hydroxide
ions. The cleavage of C-O ether bonds is initiated by dehydration and ring rearrangement to form
quinone methides and thiirane intermediates resulting in a coniferyl alcohol type fragment.””: 78
The sulfonation and sulfur extrusion promote an increase in sulfur content as well as

recondensation in Kraft lignin. This mechanism explains the high sulfur content and increased

10



amount of recalcitrant C-C bonds in Kraft lignin. Giummarella et al. recently reported their
findings of C-C direct coupling between S and G units in Eucalyptus Kraft lignin.” Analysis by
1D 3C NMR indicated non-native C-C bond formation is common through retro-aldol and
subsequent radical condensation between aromatic carbons. Oxidized quinone-like byproduct
from the condensation reaction gives Kraft lignin its amber color. Besides the direct coupling of
aromatic carbons, Lancefield et al. demonstrated another possibility of repolymerization by a
different type of C-C linkage between homovanillin and formaldehyde to a lactone structure.’
This complex condensation reaction can result in over 100 new C-C linkages in Kraft lignin.
Rinaldi et al. have summarized the bond dissociation energy (BDE) of both 3-O-4 linkages in
native lignin and C-C linkages in Kraft lignin. Accordingly, a typical BDE of 3-O-4 is 54-72
kcal/mol while the BDE of C-C linkage falls into a higher value range 86-118 kcal/mol.”” As a
result, the valorization of Kraft lignin is hindered by its recalcitrant C-C bonds formed during the

extraction process.

HO~CH, %
HC —San
- W e
HO ~CH HS—CH
R
R R R
- 0 0
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Figure 1.7 (a), (b) and (c) represents the -S-, -S-S- and -SH types sulfur structure in kraft lignin. Reproduced from:
Evdokimov, A. N.; Kurzin, A. V.; Fedorova, O.V.; Lukanin, P.V.; Kazakov, V. G.; Trifonova, A. D. Wood Sci Technol
2018, 52 (4), 1165-1174.

Another characteristic of Kraft lignin is its high sulfur content. Sulfur exists in both
organic and inorganic structures during the growth of native biomass.2% 8 In general, raw
biomass contains less than 0.1% of sulfur.8?2 However, the Kraft process increases the sulfur

11



content up to 7% in lignin.13 88 83,84 The sylfonation within Kraft lignin is caused by the residual
sulfur from sodium sulfide. It forms a variety of sulfur-containing structures in the Kraft lignin
including: thiol (-SH), sulfide (-S-), and disulfide bonds (-S-S-) (Figure 1.7).85 Although several
desulfurization methods have been investigated, such as sulfur extraction by organic solvent,
sulfur removal by O oxidation, reduction by Raney nickel, and sodium sulfite treatment etc., the
typical sulfur content remains between 1-3% in Kraft lignin. Inwood et al. studied the elemental
analysis and proposed the chemical formula of Kraft lignin to be CoH10.000323S0.53,
CoH7.9805.67S0.50, and CoHo 0603.76S0.19.8* The increased sulfur content can also prevent Kraft
lignin from further valorizations. Osada et al. reported sulfur-free lignin could be completely
converted to syngas (mixture of methane, carbon monoxide, and hydrogen) over Ru/TiO-
catalyst.®® However, the yield of syngas is significantly lowered when sulfur is present because
of catalyst poisoning. As a result, only catalysts resistant to sulfur poisoning can be used with
Kraft lignin.8’ Instead, fast pyrolysis at high temperature (up to 850 °C) is a common way to
utilize Kraft lignin. The thermal decomposition at high temperature overcomes sulfur poisoning;
however, sulfur byproducts such as SO, H>S, CH3SH, CH3SCHs, and CH3SSCH3 must be

scrubbed and managed to avoid pollution.®
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1.3.2 Lignosulfonates
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Figure 1.8 lllustration of main building blocks in sodium lignosulfonate molecule. Reproduced from: Flatt, R.;
Schober, I. In Understanding the Rheology of Concrete, Roussel, N., Ed. Woodhead Publishing: 2012; pp 144-208

Lignin made with sulfite ions (SO3>" or HSO3") is referred to as lignosulfonate. It is a byproduct
from the paper industry. The process of making lignosulfonates, sulfite pulping, has been used as
a delignification technique since the 1930s. It is the second lignin source in the market after
Kraft lignin. 1 million tons of lignosulfonate solids is produced annually .%° Lignosulfonate
pulping also generates sulfur-containing lignin. The sulfur content in dry lignosulfonate is
around 3-8%.% % While sulfur in Kraft lignin is mainly covalent sulfur, in lignosulfonates it is
anionic as salt of typical ions such as sodium (Na*) , potassium (K*), and calcium (Ca?*).%8 %
Figure 1.8 displays an example of sodium lignosulfonate.®? Because of its highly charged

structure, lignosulfonate is water-soluble.

Sulfite pulping takes up to 14 hours.®® After that, the lignosulfonate is extracted into an
aqueous phase. In most cases, acidic (pH 1-5) and neutral (pH 5-7) conditions are applied to the
sulfite pulping process. Reactions described in Scheme 1.2 represent the major mechanism of
sulfonation and condensation pathways during acidic sulfite pulping.*> % The o ether linkages
are first cleaved through hydrolysis catalyzed by acid (H*) at 130-160 °C followed by sulfonation

on the resulting benzylic cations. Competitive condensation of the benzylic cation with the
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aromatic ring of another lignin unit forms C-C bonds. In contrast to acidic conditions, the B ether
bond is selectively cleaved under neutral conditions.®® Therefore, the properties of lignosulfonate
are highly dependent on pH and the sulfite reagent used in pulping. The large variety makes
lignosulfonate a broad range of molecular weight (10 to 50 kg/mol) with distinct properties. For
example, lignosulfonate made with ammonium-based sulfite is more condensed and results in
higher molecular weight product. On the other hand, sodium lignosulfonates exhibit the lowest

viscosity because of the strong electro-kinetic repulsive force of sodium ions.*

HO5S
RO ® 3
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Lignin O/ Lignin Lignin

OR OR

(b)
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Scheme 1.2 Illustration of (a) sulfonation and (b) condensation pathways in acidic sulfite pulping. Reproduced
from: Aro, T.; Fatehi, P. Chemsuschem 2017, 10 (9), 1861-1877

Compared to Kraft lignin, lignosulfonates are generally of low purity. Carbohydrates,
ash, and inorganic salts can take up to 30% by mass of lignosulfonate. The high sulfur content,
highly condensed structure, and low lignin purity make lignosulfonate a less attractive feedstock
for production of chemicals. Instead, utilizing lignosulfonate polymer directly is more prevalent.
For example, the sodium lignosulfonate is a well-known dye dispersant.®* °® Besides, a recent

study by Huang et al. also demonstrated the comprehensive electrostatic repulsion and steric
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hindrance on the anionic surface-active structure makes lignosulfonate potentially a good water

reducer additive to improve the quality of concrete.*

1.3.3 Soda lignin

HO

HO
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Scheme 1.3 lllustration of lignin linkages modified in soda pulping. (a) describes the reaction of B-O-4 linkage in
alkaline condition. (b) represents the change of B-5 linkage in alkaline condition. Reproduced from: (1) Schutyser,
W.; Renders, T.; Van den Bossche, G.; Van den Bosch, S.; Koelewijn, S.-F.; Ennaert, T.; Sels, B., Catalysis in
Lignocellulosic Biorefineries. 2017; pp 537-584. (2) Rinaldi, R.; Jastrzebski, R.; Clough, M. T.; Ralph, J.;

Kennema, M.; Bruijnincx, P. C. A.; Weckhuysen, B. M. Angew Chem Int Edit 2016, 55 (29), 8164-8215.

Soda lignin is made from the soda pulping process. Compared to Kraft lignin and
lignosulfonates, soda lignin is sulfur-free and has higher purity.8® %" % The soda pulping method
is mainly used for processing annual crops such as straws, bagasse, and hardwood. In fact, the
alkaline process of delignification in soda pulping is quite comparable to the Kraft method.
Sodium hydroxide (NaOH) is used to generate an aqueous alkaline medium. Delignification
reaction occurs within the hot alkaline solution and can modify several lignin inter-units such as
B-O-4 and B-5 linkages (Scheme 1.3).7"% The chemical treatment in soda lignin generates many
vinyl ether and p-hydroxy! units.% " Condensation within in soda lignin often occurs on the

vinyl ether units. Nevertheless, most soda lignin still has low molecular weight of 0.3-3 kg/mol.%

After delignification, the dissolved soda lignin can be recovered from the alkaline

solution by lowering the pH. Mousavioun et al. reported an interesting two-stage acid
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precipitation in which the soda lignin collected at pH 5.5 gives higher purity and larger particle

size than that produced at pH 3.% Because of its low sulfur content and high purity, soda lignin is

100 101

more suited for chemical upgrading to functional biopolymers,~* phenols and hydrocarbons

than Kraft lignin and lignosulfonates. Besides, soda lignin can also serve as a natural feed

additive for monogastric animals.%

1.3.4 Organosolv lignin

The organosolv process is another important method for making sulfur-free lignin from biomass.
To date, there is no commercial organosolv lignin on the market. Most efforts are still on the
laboratory scale. The principle of organosolv method is to extract lignin by solubilization in
organic solvent or solvent mixtures. Methanol,> 1% ethanol,*** acetone,* 1% ethylene glycol,'%
and 1,4-dioxane have been among the most commonly used organic solvent for lignin extraction
and isolation.” Organosolv lignin is highly soluble in organic solvents but insoluble in water.%®
Due to this hydrophobic characteristic, organosolv lignin can be easily precipitated and

recovered by adding water to the solution.

Besides the simple recovery, organosolv lignin is attractive for the following reasons: (1)
The organosolv methodology affords complete fractionation of biomass major components:
cellulose, hemicellulose, and lignin into three separate streams. Cellulose is collected as the
leftover solid, lignin is recovered from the organic solvent phase, and hemicellulose (and its
derivatives) are washed out in the aqueous phase. This complete fractionation of biomass
establishes the possibility of utilizing every component of the biomass efficiently. (2)
Organosolv lignin has excellent chemical characteristics. It is sulfur-free, high in lignin purity,
and low in ash content (1.75 wt%).12 Thus, organosolv lignin is an ideal precursor for production

of chemicals and biopolymers.> 10%-111 (3) The preparation of organosolv lignin requires moderate
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conditions. (4) Compared to Kraft, sulfite, and soda lignin, organosolv lignin shows the least
chemical modifications and resembles “native” lignin the most.”® 112 113 (5) The production of
organosolv lignin is environmentally friendly.*'* 1% Organosolv lignin is generally made with
low energy input, reduced use of strong acid/base and metal catalyst. The organic solvent can be
recycled and reused. As a result, organosolv treatment exhibits low cost, no water pollution, and
no sulfur dioxide (SO) emission, while providing high quality lignin.
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Figure 1.9 Scanning electron microscopy (SEM) images of the isolated organosolv lignin from wild-type poplar
using different solvent extraction methods. (a) lignin sample from FA/AA treatment. (b) lignin sample from
acetone/formaldehyde treatment. (c) lignin sample from methanol treatment. Imiage was acquired from: Luo,
H.; Abu-Omar, M. M. Green Chem 2018, 20 (3), 745-753.

Organosolv lignin from different solvent systems may share similar properties such as
high lignin purity and low molecular weight.®® & However, studies have shown the quality of
organosolv lignin is highly dependent on the solvent system. A recent study from our group®
compared formic acid/acetic acid (FA/AA), acetone/formaldehyde, and methanol with dilute
sulfuric acid (0.045 N) for the preparation of poplar wood organosolv lignin. A narrow range of
molecular weight was observed (1.8-2.5 kg/mol) for the isolated organosolv lignins. Despite this
similarity in molecular weight average, the aggregation and shape of the resulting organosolv
lignin varied significantly. Scanning electron microscopy (SEM) images showed organosolv
lignin from methanol to be highly regular and spherical in structure while those from FA/AA and

acetone to irregular (Figure 1.9).
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Two-dimensional (*3C, *H) HSQC-NMR analysis revealed the presence of alcohol
(methoxy group) on the a position of the B-O-4 linkages (Scheme 1.4a). Another unique signal at
around §c/6H 94/5 ppm was only detected in the lignin made from acetone/formaldehyde
mixture. This signal was due to the dioxane structure formed by addition of formaldehyde to the
lignin linkage (Scheme 1.4b). Therefore, methanol and formaldehyde serve as protection groups
to trap the active a carbon cation intermediate and prevent formation of recalcitrant C-C bond
(Scheme 1.4c).
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Scheme 1.4 lllustration of acid catalyzed modifcation of lignin linkages within different organic solvents. (a)
nucleophil protected a-aryl ether bond in methanol sloution. (b) dioxane structure by formaldehyde addition. (c)

condensation occurs on the a carbon through recalcitrant c-c bond. Adapted from: Luo, H.; Abu-Omar, M. M.
Green Chem 2018, 20 (3), 745-753.

Overall, the organosolv extraction of lignocellulosic biomass is an attractive alternative to
Kraft, sulfite, and soda methods. It has potential for making high quality lignin and cellulose
fractions for further upgrading. Many studies have shown promising yields of phenolic products
from lignin by various heterogeneous catalysts. Compared to direct catalytic conversion of lignin
from lignocellulosic biomass where lignin is only a 20-30 wt% component, catalysis of

organosolv lignin has the advantage of process intensification because organosolv lignin is pure
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lignin and it is soluble in most common organic solvents. Studies of heterogeneous catalysis for
lignin valorization to phenolic monomers will be discussed next in terms of feedstock, reaction

mechanism, and catalyst selection.
1.4 Catalytic Depolymerization of Lignin

“Lignin first” refers to fractionation of lignocellulosic biomass and in the same step
depolymerizing lignin and upgrading it to bioproduct-chemicals and/or fuels.?® The lignin first
approach begins with the raw biomass directly. Lignin valorization can also start from technical

lignin and simplify products separation.

Catalytic depolymerization of lignin (CDL) is one of the most common strategies within
the “lignin first” valorization to produce value-added lignin monomers.> As described in Figure
4, lignin monomers are aromatic phenols with aldehyde or alcohol attached to the end of the
alkyl sidechain. Transition-metal heterogeneous catalysts have been well-studied for the
conversion of lignin into monomeric phenol derivatives. The approach of reductive lignin
depolymerization dates back to the 1940s when it was used to characterize the lignin structure in
woody biomass.? In the presence of a transition-metal catalyst and under reductive conditions,
lignin selectively undergoes CDL at temperatures < 250 °C and the cellulosic fibers are left
intact.3> 116117 The catalytic conversion requires elevated temperature to overcome the activation
barriers of the abundant C-O and C-C lignin linkages.'® 35119120 The high temperature and
pressure may limit the scalability of reductive lignin valorization.'?* Therefore, the use of
hydrogen transfer reagents instead of hydrogen gas promotes milder conditions. Alcohols, such
as methanol, ethanol, and 2-propanol can serve as a hydrogen source in lignin valorization.?® 47

122 These alcohols can provide hydrogen through reforming over a metal catalyst. Thus,
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reforming catalysts such as Pt, Ru and Raney-Ni can be ideal for CDL.*" 123 Due to the easy
recovery, low cost, and non-toxic characteristics, methanol and ethanol make good solvents for
CDL processes. They have also been found to reduce lignin re-condensation and avoid char

formation.?? 124125 Formic acid as an additive to ethanol has been shown as a good source of in
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Figure 1.10 Illustration of reductive catalytic fractionation (RCF) and technical lignin valorization via catalytic
depolymerization of lignin (CDL).
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Regardless of what H-source is used, catalytic fractionation of carbohydrate along with
lignin depolymerization is generally referred to as reductive catalytic fractionation (RCF), Figure
1.10.2 RCF is a convenient way of biomass valorization in a one-pot reaction. However, the
low-density of biomass (150-205 kg/m?®)!?® and complexity of products separation may limit the
future scalability of RCF. In contrast, a concentrated lignin feedstock can be obtained from the
organosolv process, and its subsequent conversion via CDL can be intensified and as a result
more amenable to industrial scaling. Most catalysts that are effective for RCF were found to
work well in CDL. Accordingly, upgrading lignin is protected by catalyst from re-condensation.

In this section, we review metal-catalyzed lignin valorizations that apply to both RCF and CDL.
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1.4.1 Palladium

Palladium is well known for its ability to catalyze hydrogenation and hydrogenolysis reactions.
Previous work by Pandarus et al. showed that supported metallic palladium was active for direct
C-O hydrogenolysis to cleave benzylic ether bonds.'?® They investigated several model
compounds and achieved 100% C-O cleavage with palladium catalyst in methanol under
hydrogen pressure. Up to 65% of lignin linkages are composed to C-O ether bonds (Table 1.1).
Pd/C has been shown as an effective catalyst for lignin valorization to cleave $-O-4, 4-O-5, a-O-

4, and even B- B linkages.?> 130
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Figure 1.11 Molecular structure of PG-OH, PG-diol, and PS-OH. Reproduced from: Klein, I.; Marcum, C,;
Kenttamaaa, H.; Abu-Omar, M. M. Green Chem 2016, 18 (8), 2399-2405.

We employed model compounds and poplar woody biomass to understand the
mechanism of B-O-4 cleavage over Pd/C catalyst.®” The catalytic conversion was performed in
methanol under hydrogen pressure at 225 °C. The primary result indicated the phenolic products
were mainly PG-OH and PS-OH when the monometallic Pd/C catalyst was used; product yields
were 59%. The two products were consistent from both poplar wood and model compounds. The
molecules defined as PG-OH and PS-OH are the DHE and DMPP with a hydroxyl group (OH)
attached to the y carbon on propy! sidechain (Figure 1.11).3” This result confirmed the Pd/C

catalyst is active in breaking the C-O ether bond in the lignin polymer. Our findings also
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indicated the OH at the a position of 3-O-4 linkage is cleaved by Pd/C as well. The experimental
results agreed with computational prediction from density function theory (DFT) for C-O ether

model compound and Pd (111) species by Lu et al.*3

However, Pd/C should not catalyze the hydrogenolysis of the hydroxyls at the y carbon
of B-O-4 linkage. This hypothesis was confirmed by the reaction of PG-diol and Pd/C which
yielded PG-OH. A modified Pd/C catalyst was also studied to understand the effect of
introducing Lewis acids to the reaction mixture. ZnCl, and Zn(OAc)2-2H20 were added as a co-
catalysts. Hydrogenolysis of the y carbon hydroxyl of B-O-4 linkages was observed in the
presence of Zn?*. DHE and DMPP were the major products. The addition of a Lewis acid
facilitated the hydrogenolysis of y C-OH. However, applying this Pd-Zn?* co-catalyst system to
PG-diol, the major product was still PG-OH (63% yield). DHE was only observed as minor
product. Therefore, PG-OH was not an intermediate and the hydroxyl group at the y position
must be activated and cleaved by Zn?* prior to hydroxyl removal from the a position by Pd/C.

Also, PG-OH was unreactive with the Pd-Zn?* co-catalyst.

Further investigations and spectroscopic evidence for coordination between the a/y OH
and Zn?*, led to a proposed mechanism for B-O-4 cleavage by the Pd-Zn?* co-catalyst system
(Scheme 1.5). Hydride transfer from the Pd surface to the C-O ether bond initiates the reaction.
Coordination between Zn?* and the substrate made the y OH a better leaving group. Lastly, Pd/C
catalyzed hydrogenolysis cleaved the benzylic OH on the a carbon and hydrogenation of the
terminal C=C bond completed the reaction. Other Lewis acids such as FeCls, NiCl, and AICl3

were also investigated and shown to be effective for producing DHE and DMPP from lignin.
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Scheme 1.5 Proposed mechanism for cleavage and HDO of B-O-4 ether linkage using Pd/C and ZnZ*. Reproduced
from: Klein, I.; Marcum, C.; Kenttamaaa, H.; Abu-Omar, M. M. Green Chem 2016, 18 (8), 2399-2405.

Another study investigated a prepared Pd-Zn bimetallic catalyst over carbon support for
lignin valorization instead of a physical mixture of Pd/C and a zinc salt.*3? The molar ratio
between Pd and Zn in the synthesized catalyst was 1:1. The Pd-Pd coordination was detected by
the Pd K-edge extended x-ray absorption fine structure (EXAFS) analysis while Pd-Zn
coordination was absent in the bimetallic catalyst. Thus, no Pd-Zn alloy nor direct interaction
was created during the in-situ catalyst preparation. The zinc was hypothesized to have adsorbed
onto the activated carbon via coordination to -OH groups on the carbon’s surface. When the
catalyst was heated to 225 °C with lignin substrate and methanol, the Zn?* could be activated and
released from the carbon surface to coordinate with hydroxyl groups of the lignin substrate.
Therefore, the cleavage of lignin catalyzed by this Zn/Pd/C bimetallic catalyst would undergo the
same reaction pathway as the physical mixture co-catalyst system. Compared to the physical
mixture catalyst, the Zn/Pd/C catalyst showed similar activity and selectivity for poplar wood.
54% total yield of DHE and DMPP was observed. Meanwhile the solid carbohydrate residue

containing 85% cellulose was recovered.*®
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1.4.2 Ruthenium

Ruthenium (Ru) has been widely used for biomass conversion. Similar to Pd, most of the active
Ru catalysts are metallic ruthenium on porous support. Ru/C is one of the most used catalysts for

lignin valorization. It exhibits the best selectivity for 4-ethylpehnol from lignin.**

Table 2. Comparison of Ru/C and Pd/C catalyzed RCF on birch wood

Ru/C Pd/C

Delignification (wt%) 85 90
Monomer yield (C%) 48 49
Dimer yield (C%) 13 15
DHE + DMPP selectivity (%) 75 4

PGOH + PSOH selectivity (%) 19 91
C5 carbohydrate retention (C%) 69 81
C6 carbohydrate retention (C%) 93 94

Table 1.2 Values are adapted from Van den Bosch, S.; Schutyser, W.;
Koelewijn, S. F.; Renders, T.; Courtin, C. M.; Sels, B. F. Chem Commun 2015, 51
(67), 13158-13161.

The Sels group contrasted Ru/C and Pd/C for lignin hydrogenolysis using birch wood as
substrate.'3* The reactions were performed in methanol under hydrogen pressure. Ru/C gave
comparable results to Pd/C, lignin conversion, total yield of monomers, and retention of
carbohydrates fraction (Table 1.2). The striking difference was the selectivity of y-OH. Pd/C
gave primarily PG-OH and PS-OH with 91% total selectivity. In contrast, 75% of the phenolic
monomers by Ru/C were DHE and DMPP. More -OH was removed by Ru/C indicating that it is
a more efficient in catalyzing hydrogenolysis. Interestingly, the hydrogenolysis of lignin by Ru/C
was found to be insignificantly affected by hydrogen pressure. As reported, when the Ru/C
reaction was carried out under 1 bar N2 in methanol, 40% yield of lignin monomers were still
obtained. This result is attributed to the activity of Ru/C in catalyzing methanol reforming to

produce in-situ hydrogen. In contrast, without added hydrogen, 4-ethylguaiacol and 4-
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ethylsyringol became the major products in the Pd/C reaction. This finding was attributed to C-C
hydrogenolysis by Pd/C through consecutive dehydrogenation/decarbonylation in the absence of
hydrogen gas.'® Overall, Ru/C is a good catalyst for reductive fractionation of lignin from

biomass to make phenolic monomers (DHE and DMPP) without requiring added hydrogen. This

could lower the cost and improve the safety and sustainability of lignin valorization.

Additional investigations from the Sels lab revealed further products arising from lignin
including dimers and oligomers.13 GPC and GC-MS analysis showed the phenolic monomers
represent 50% yield of lignin carbon while another 18% fall into dimeric products. 2D HSQC
NMR showed cleavage of all C-O ether bonds within the lignin network by Ru/C. However,
Ru/C was ineffective in converting dimers and oligomers connected by C-C bond, Scheme 1.6
for example. Moreover, the free-orthro position on the G unit is active to form the 5-5 bond
between two phenyl groups. The 5-5 bond is the most common and has the strongest BDE
among all C-C interunit linkages in the lignin polymer.”” 37 As a result, Ru/C does not achieve

complete depolymerization of lignin because of native and non-native C-C bonds.

Scheme 1.6 Illustration of breaking a-O-4 unit on B-5 linkage. Reproduced from: Van den Bosch, S.; Schutyser, W.;
Vanholme, R.; Driessen, T.; Koelewijn, S. F.; Renders, T.; De Meester, B.; Huijgen, W. J. J.; Dehaen, W.; Courtin,
C. M.; Lagrain, B.; Boerjan, W.; Sels, B. F. Energy & Environmental Science 2015, 8 (6), 1748-1763.

A modified ruthenium catalyst reported in 2019 may provide ways to overcome the
conventional limit of incomplete C-C bond cleavage. Dong et al. introduced a mesoporous

Ru/NbOPQ; catalyst which gave excellent activity towards cleaving recalcitrant C-C interunit
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linkages in Kraft lignin.**" Instead of making phenolic monomers, the monocyclic hydrocarbons
including benzene, toluene, ethylbenzene, propylbenzene, and their corresponding cyclohexanes
were obtained as the major products. This one-pot conversion was done in dodecane solvent with
5 bar H; at 310 °C over 40 hours. Under this condition, 68% selectivity to monocyclic arenes was
achieved. In this Ru/NbOPO4 catalyst, the abundant Brgnsted acid sites on the phosphate-based
support are possibly responsible for the superior C-C bond cleaving ability. Inelastic neutron
scattering (INS) and DFT analysis indicated the acidic NbOPO4 support shows stronger binding
of phenyl structures than conventional Nb.Os and other zeolitic materials. In cleaving the 5-5
bond, the biphenyl is first adsorbed on the NbOPO4 support and undergoes partial
hydrogenation. The BDE of the 5-5 bond is reduced by converting the stable sp?-sp? to an active
sp?-sp® bond. After this step, the partially reduced 5-5 bond is broken through direct
hydrogenolysis catalyzed by Ru particles. The design of this multifunctional ruthenium catalyst
suggested a pathway for improved phenyl binding onto a catalyst with abundant acid sites to
promote C-C interunit cleavage. Compared to the monometallic Ru/C catalyst, the products from
this Ru/NbOPQ4 system are fully deoxygenated hydrocarbons. Although these are less valuable
than phenolic monomers, C6-C9 hydrocarbons are potential drop-in fuels. The arene byproducts
can be used as fuel additives or BTX replacements.'® More studies on the catalyst design are

necessary to tune the selectivity between hydrocarbons and monomeric phenols.
1.4.3 Earth-abundant Ni catalyst

Nickle (Ni) is an earth-abundant element and has shown promising performance in valorizing
lignin into phenolic products. Compared with precious noble metal catalysts, the low-cost Ni
catalyst is ecofriendly for large scale applications. Supported monometallic Ni/C catalyst has

been studied extensively by our group with various biomass/lignin feedstock. An early study by
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Klein et al. used amorphous Ni/C to catalyze lignin valorization in methanol at 200 °C starting
from various woods, poplar, birch, and eucalyptus without added hydrogen.3® Overall, birch
performed best and gave DHE and DMPP as major products. It was also noted that Ni/C is active
in reforming methanol to produce hydrogen in-situ.3® Miscanthus, a grass biomass, was also
investigated.®® The one-pot RCF was carried out in methanol under hydrogen pressure at 225 °C.
Notably, besides DHE and DMPP, two molecules containing the methyl ferulate ester structure
were observed (Figure 1.12). These two molecules originated from the unique ferulate/diferulate
linkages that are present in grasses but absent from wood biomass. The total yield of the four
lignin monomers was 69%. This higher yield indicates that lignin in grass species is potentially
more accessible than in woody biomass. Besides, 61wt% of the starting miscanthus substrate was
recovered as a solid residue. This solid residue was found to be carbohydrate rich, 56% cellulose
and 21% xylan (monomer of hemicellulose). Moreover, this recovered polysaccharide pulp could
be further converted to furfural and levulinic acid by a FeCls catalyst. Because Ni/C exhibits the
abilities to fractionate the native biomass and to depolymerize/upgrade lignin, it is another

excellent catalyst for lignin-first processes.
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Figure 1.12 The unique methyl ferulate ester (labeled in red color) products only
obtained from grassy lignin. Reproduced from: Luo, H.; Klein, I. M.; Jiang, Y.; Zhu,
H.Y.; Liu, B.Y.; Kenttamaa, H. I.; Abu-Omar, M. M. Acs Sustain Chem Eng 2016, 4
(4), 2316-2322.

In order to understand the ability of Ni/C to valorize technical lignin, Luo et al. studied

several organosolv lignins from poplar wood.®> The Ni/C was an effective catalyst for valorizing
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organosolv lignin to phenolic monomers with yields comparable to those observed from “lignin
first” RCF processing. Genetically engineered poplar substrates were also used in this study. The
gene modification tuned the content of S unit in the lignin network. Compared to wild-type
poplar, one mutant contained higher content of S unit (high-S poplar) and another mutant had
less S unit (low-S poplar). Interestingly, compared to the wild-type lignin the monomer yield
obtained from high-S lignin was slightly improved. This was because the S unit, having two

occupied ortho positions does not form 5-5 carbon linkages.

Taking the series of studies on Ni/C together, it has clearly been shown that Ni/C is a
versatile catalyst for lignin valorization from biomass directly as well as from protected
organosolv lignin. It is also an attractive catalyst because it can catalyze methanol reforming,

thereby removing the requirement of added hydrogen.
1.4.4 Without an added transition-metal catalyst

Cheng and co-workers studied hydrogenolysis of organosolv lignin in ethanol/isopropanol
medium under supercritical condition without the addition of a transition metal catalyst.*° So
far, no other studies have mentioned using supercritical alcohol mixtures for lignin
depolymerization in the absence of an added catalyst. Organosolv lignins made from poplar
biomass prepared by two different solvent treatments: methanol/sulfuric acid (MPL) and
methanol/HCI (OPL) were employed as the feedstocks. Lignin depolymerization was performed
under supercritical condition at 270 °C with 10 bar N2 for 4 hours. In this study, isoeugenol and
4-propenyl syringol were obtained as the major products. Isopropanol acted as hydrogen-donor
as evidenced by the formation of acetone in the product mixture. HSQC NMR of pre and post
reaction mixtures showed significant disappearance of f-0-4 signal suggesting sufficient

cleavage of C-O ether bonds while retaining $-5 and - g signals. Therefore, C-C cross-links
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were not cleaved under supercritical conditions in EtOH/'PrOH. The optimal ratio between the
co-solvents was found to be 1:1 EtOH/'PrOH, which gave 48% total yield of phenolic
monomers. The yield of products and the selectivity for bond cleavages under these supercritical
conditions were comparable to those observed with transition metal catalysts.> 3+ 14! Notably,
the mechanism of lignin depolymerization under supercritical conditions remains unclear. A
study of the lignin 5-0-4 linkage model compound showed no conversion under the same
supercritical reaction conditions, suggesting that something in the lignin itself is essential for the
reaction. Conversion of the model compound was only observed when a small amount of
organosolv lignin or sodium chloride was added to the reaction mixture. Thus, the organosolv
lignin itself appeared to serve as a catalyst to break $-O-4 bonds. It was suggested that minor
ions or acids introduced along with the lignin from the organosolv treatment must be the actual

catalyst(s) in this unique depolymerization/hydrogenolysis system.

In summary, the crucial activity of metal catalysts for lignin valorization is to catalyze
hydrogenolysis of C-O and C-C bonds. Many carbon-supported monometallic catalysts are
active toward cleavage of C-O ether linkages but leave C-C linkages intact. The recalcitrance of
C-C bonds is attributed to their high BDEs. Thus, the C-C bonds in lignin limit the yields of
phenolic monomers. Although the content of natural C-C interunit linkages in native lignin is
relatively small, more C-C crosslinks form during the pulping of technical lignin and occur as
side reactions along reductive catalytic upgrading. Additionally, the use of alcohol solvents is
advantageous for lignin valorization because it prevents lignin re-condensation and can serve as
a hydrogen donor eliminating the need for added hydrogen. Considering the future development
of lignin valorization on a large industrial scale, technical lignin is a more desirable feedstock

because it is more amenable to process intensification than raw biomass.
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1.5 Upgrading of Lignin Derived Phenols

Lignin monomers are mainly methoxylated, hydroxylated, and alkylated benzenes. The highly
functionalized structure makes them attractive developing applications. Taking advantage of
these existing functional groups, lignin monomers can be further utilized as precursors for drug
and biopolymer synthesis. For instance, Blondiaux et al. developed a 5-step synthesis from
lignin-derived DHE to 3,4-dialkoxyanilines and alkyl propionates.*? Aniline is a key molecule
in the pharmaceutical industry. 3,4-dialkoxyanilines can be used as drop-in chemicals in the
synthesis of anticancer drugs such as Gefitinib and Erlotinib.1#® 144 Jiang et al. synthesized
polyphenol-furan thermoset polymers by using 4-methylcatechol, furfural, and 5-
hydroxymethylfurfural (5-HMF) as the building blocks.*> 4-methylcatechol can be obtained
from reductive lignin valorization. 5-HMF and furfural are well-known platform chemicals from
cellulose and hemicellulose, respectively.!4® 14" Thus, polyphenol-furan based thermosets is
100% renewable from lignocellulosic biomass. Besides organic synthesis, heterogeneous
catalysis is another effective approach to increase the intrinsic value of lignin derived phenols.
Hydrodeoxygenation (HDO) reactions catalyzed by transition metals can efficiently remove
oxygen and retain the carbon structure to produce hydrocarbon fuels from lignin. The
transformation of phenols to hydrocarbons increases the energy density and widens applications

to larger fuel markets.

Zhang et al. recently published such a strategy using Ru on an acid support,
Ru(S04?)/Zr0,-Ce0O;, to catalyze HDO of lignin monomers into arenes, cyclic alkanes, and
linear alkenes.**® The lignin-based C6 to C9 hydrocarbons are within the range of carbon

numbers in gasoline fuel. Utilization of lignin monomers for renewable biopolymer and biofuels
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has potential to reduce the demand on fossil energy and realize a more sustainable future. In this

section we provide examples from our own work of lignin-derived biopolymers and biofuels.
1.5.1 Renewable thermoset plastics

Thermoset is a big family of crosslinked polymers such as phenolic and urea formaldehyde
resins, unsaturated polyesters, and polyepoxides.'*® 20% of all commercial polymers are
thermoset, of which, 70% is polyepoxide.’>® Generally, thermosetting plastics are synthesized in
a liquid solution that irreversibly leads to solid material during the curing step. Heating and UV
irradiation are commonly applied to promote cross-linking during thermoset synthesis. Because
of the cross-linked structure, thermoset polymers exhibit outstanding mechanical properties,

thermal stability, and solvent resistance compared to thermoplastics.®!
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Scheme 1.7 Synthsis route of lignin-based epoxy nanocomposite. Reproduced from: Zhao, S.; Abu-Omar, M. M.
Biomacromolecules 2015, 16 (7), 2025-2031.

Zhao et al. introduced several pathways for making epoxy-based thermosetting plastics
from lignin monomers (Scheme 1.7).1% Monomers for making thermoset usually contain two to
three hydroxyl groups, whereas the methoxy group limits the reactivity of lignin-based phenols

such as DHE. To increase the content of hydroxyls, DHE was modified through ortho-
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demethylation to yield 4-propylcatechol (DHEQ), which can be glycidylated with
epichlorohydrin to generate a suitable epoxy monomer. With amine curing agents, lignin-based
epoxy nanocomposites are made. More importantly, since lignin-derived monophenols have
similar structures (Figure 1.3), this strategy can be applied to synthesize various types of lignin-

based thermosets.

l|3H

Lo
+ l "——3¢— Limited conversion (< 5%) o o
o F]{ — 2
Ry~ | R; : \ O-demethylation | 0 ?
| ! 0 Ry~ Ry Ry R
A / HB S
) HBr OH Ry R ] [
o oH R R [ Rs Ry Rs 7 Ry
L__oH | vl R Ra 'y A y A
I 21— A T T e o LT T o
[ A LT 1 A S G- o
o S .
® Reactive para site H AH J]H o HO_ A0 OO I\"-o OJ lO
® Reactive ortho sites ! ! v
Vanillin: R;= H, R,= -OCH, Lignin-based TPs Mono-epoxy Tri-epoxy Penta-epoxy
DHE: Ry= -CH,CH,CH, (14%) (55%) (31%)

Scheme 1.8 Synthsis route of renewable TPs-epoxy from lignin derived aromatic aldehydre and phenols. Reproduced from:
Zhao, S.; Abu-Omar, M. M. Macromolecules 2017, 50 (9), 3573-3581.

Zhao et al. demonstrated in further studies the general applicability of this synthetic
route. ! 153 Scheme 1.8 illustrates an optimized strategy for making epoxy thermosets from two
lignin monomers.2* In this work, ortho-demethylation of DHE could activate its para and ortho
sites. The activated catechol molecule can undergo condensation reactions with aldehydes to
form triphenylmethane-type polyphenols (TPs). Vanillin, another lignin monomer was employed
as the aldehyde precursor to produce a fully lignin-based TPs. According to the highly
functioned TPs structure, five epoxides could be attached to its framework. The newly made TP-
epoxy thermoset exhibited excellent storage modulus (12.3 GPa), glass transition temperature
(167 °C), and thermal stability among other biobased epoxy thermosets.'>*% The improved
mechanical properties of the TP-epoxy thermoset are attributed to its rigid framework and high

cross-link density.
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1.5.2 Bio-hydrocarbon fuels

Liquid hydrocarbons are the main energy sources consumed around the world. In 2019,
Americans used 142 billion gallons of motor gasoline.’®® Gasoline on today’s market is made
from non-renewable fossil carbons. Production of gasoline from non-fossil energy sources will
expand energy production in the future. Lignocellulose is by far the most abundant renewable
carbon source. Biomass pyrolysis is a thermochemical process that has been developed to
produce syngas and heavy oil for energy consumption.>® The syngas (carbon monoxide and
hydrogen gas) can be transformed by Fischer-Tropsch chemistry to produce liquid
hydrocarbons.'®® However, typical pyrolysis requires high energy input and the synthesis of
liquid hydrocarbons from syngas have low efficiency and the resulting bio-oils have undesirable
chemical properties. Due to this dilemma, preparation of hydrocarbon fuels directly from
biomass through low-energy cost, high efficiency, and simple processing is an attractive area of

research.

Lignin derived C6 to C9 phenolic monomers are good precursors to generate biogasoline
through HDO reactions. Lu and the co-workers introduced guaiacol conversion over Pd/TiO:
catalyst to cyclohexane.!®! The HDO reaction was performed between 200-280 °C in n-dodecane
solvent under 20 bar of hydrogen gas. In this study, several palladium catalysts were compared.
Pd/C, for example, did not affect HDO and instead yielded 2-methoxycyclohexanol via ring
hydrogenation. The TiO2 support was necessary for C-O scission to induce HDO. It was also
noted that the Pd/TiO; catalyst effectiveness in HDO reactions depended on the catalyst
preparation temperature. For instance, the Pd/TiO2 synthesized at 200 °C showed better
conversion and higher selectivity for fully deoxygenated products than when it was prepared at

50 °C. This was mainly because more Ti*" was reduced to a lower oxidation state at higher
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temperatures. The partially reduced titanium exhibited stronger binding with oxygenated
substrates. Although Pd/TiO> prepared at 500 °C still gave high selectivity toward the
cyclohexane, conversion of guaiacol was reduced. This hindrance of catalyst activity was
rationalized by more of the reduced TiOx species migrated to Pd surface and suppressed H:
adsorption. Therefore, Pd/TiO: prepared at 200 °C performed the best. However, some
improvements were still necessary including the need for added hydrogen and use of alkane

solvents,162 163

A recent advance towards making C9 hydrocarbons as drop-in biofuel in water (a green
solvent) was described by our group.®* In this system, full deoxygenation was achieved by
adding a small amount of methanol to serve as an in situ source of hydrogen. The HDO reaction
was catalyzed by a physical mixture of Ru/C and Nb2Os. The preparation temperature of the
Nb2Os was key to preserving its acidity.%® The mechanism of the co-catalyst system was
elucidated through analysis of intermediates and isotope labeling experiments. Scheme 1.9
describes the proposed reaction steps for the conversion of DHE to propylcyclohexane (1), the

green highlighted pathway. In the absence of Nb2Os conversion to propylphenol and
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propylcyclohexanol was more prominent.'®® The stability of this co-catalyst system was

demonstrated through multiple recycling tests.
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Scheme 1.9 Proposed sequence of mechanistic steps for conversion of DHE by the catalyst mixture Ru/C and Nb,Os.
Steps catalyzed by Ru/C is lebaled in green color. The steps lebaled in blue color indicate function of Nb,Os.

Reaction scheme was obtained from: Li, S.; Liu, B.; Truong, J.; Luo, Z.; Ford, P. C.; Abu-Omar, M. M. Green Chem
2020, 22 (21), 7406-7416.

Besides the gasoline range hydrocarbons, the heavier fuel molecules such as jet fuel and
biodiesel are also achievable from lignin. Wang et al. have studied a catalyst mixture of
Ru/Al,03 and acidic H*-Y zeolite.!®” One advantage of their work was the use of lignin directly.
This one-pot strategy combined lignin depolymerization and HDO for biofuel production. As
well, water was used as solvent. The large-porous H*-Y zeolite with abundant acid sites showed
promising activity in catalyzing lignin depolymerization. Coupling the Ru/Al>Os with the H*-Y

together did not only enhance the HDO reaction, but it also promoted the alkylation and
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dimerization reactions between monomers to yield higher carbon numbers. More than 80%
conversion of lignin was achieved within a relatively short time (4 hours) at 250 °C with 85%
selectivity for C12 — C18 hydrocarbons (jet fuel range). More importantly, the product
distribution among the hydrocarbons was tunable by adjusting the catalyst amount and reaction
temperature. For example, C6 — C11 cyclic hydrocarbons were the main product when only
Ru/Al>Os was used; and arenes were dominant when only H*-Y acidic zeolite was used. Higher
temperature promoted formation of non-cyclic alkanes with more than 18 carbons on average.
Overall, the carbon efficiency of lignin conversion to hydrocarbons in this system was 38%,
which compares well with other catalytic systems limited by 42-48 wt% conversion based on

lignin. 168
1.6 Conclusions and Further Perspectives

Lignin valorization can be achieved via catalytic reductive pathways either directly from the
biomass itself, “lignin first” approach, or through catalytic depolymerization and upgrading of
protected lignin such as organosolv. Both noble metal catalysts as well as earth-abundant
catalysts such as nickel have been successful in these endeavors. Preservation of the lignin’s
phenol monomer group can have advantages as these molecules can be used in making polymers,
pharmaceutical molecules, or still be deoxygenated to make hydrocarbon biofuels. Biomass
consumes CO- from the atmosphere. Thus, valorization of lignin enhances the carbon efficiency
of biomass utilization. The intrinsic value of lignin is being recognized and realized. With more
efficient methods and chemistries for lignin valorization, biomass use for renewable energy and

chemicals will expand.

36



Despite impressive recent advances, lignin valorization to monomeric phenols and
chemicals has been limited due to recalcitrant C-C bonds found in native lignin or formed via re-
condensation during the lignin extraction process. Either reduction in C-C bond formation or
new catalysts that can target specific C-C bonds without total pyrolysis are necessary. The use of
hydrogen limits commercial utility for cost and safety reasons. Laboratory scale reactions have
shown the use of alcohol solvents coupled with reforming catalysts can circumvent this
limitation. However, the implication on cost as well as industrial practice of such a strategy
remains to be vetted. Nevertheless, phenolic monomers that can be obtained from lignin have
been used in making renewable plastics, chemicals used in drug syntheses, and hydrocarbon
biofuels. In many instances, these chemistries have been demonstrated with commercial forms of
the molecules from non-renewable carbon source rather than with the actual molecules coming
from biomass processing. This presents a major challenge for separations and utilization of

products derived directly from biomass or lignin samples.

1.7 Abbreviations

USD: United State dollars

C-O bond: Carbon-oxygen single bond
C-C bond: Carbon-carbon single bond
C=C bond: Carbon-carbon double bond
DHE: Dihydrogeneugenol

DHEO: 4-propylcatechol

DMPP: 2,6-Dimethoxy-4-propylphenol
PG-OH: Dihydroconiferyl alcohol
PS-OH: Dihydrosinapy! alcohol
PG-diol: 1-(4-Hydroxy-3-methoxyphenyl)propane-1,3-diol
FA/AA: Formic acid/acetic acid
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5-HMF: 5-hydroxymethylfurfural

EtOH: Ethanol

'PrOH: Isopropyl alcohol

TPs: triphenylmethane-type polyphenols

H unit: p-Hydroxyphenyl lignin unit

G unit: Guaiacyl lignin unit

S unit: Syringyl lignin unit

BTX: Benzene toluene xylene

High-S poplar: Poplar wood with higher content of syringyl lignin unit
Low-S poplar: Poplar wood with lower content of syringy! lignin unit
MPL: Organosolv lignin prepared from methanol/sulfuric acid treatment
OPL.: Organosolv lignin prepared from methanol/hydrochloric acid treatment

2D HSQC NMR: Two-dimensional heteronuclear single quantum coherence nuclear magnetic
resonance

13C NMR: Carbon-13 nuclear magnetic resonance
SEM: Scanning electron microscopy

EXAFS: Extended x-ray absorption fine structure analysis
GPC: Gel permeation chromatography

GC-MS: Gas chromatography-mass spectrometry
INS: Inelastic neutron scattering

BDE: Bond dissociation energy

CDL.: Catalytic depolymerization of lignin

RCF: Reductive catalytic fractionation

DFT: Density function theory

HDO: Hydrodeoxygenation

UV: Ultraviolet

GPa: Gigapascal, 1GPa = one billion pascals
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Chapter 2. One-pot Hydrodeoxygenation (HDO) of Lignin
Monomers to C9 Hydrocarbons Co-catalyzed by Ru/C and Nb2Os
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Figure 2.1 lllustration figure of Chapter 2.

2.1 Abstract

A physical mixture of Ru/C and Nb.Os is an effective catalyst for upgrading lignin monomers
under low Ha pressure at 250 °C to give a clean cut of hydrocarbons appropriate for use as a liquid
fuel. The reaction solvent is water with a small amount of methanol additive. The
hydrodeoxygenation (HDO) was evaluated by using dihydroeugenol (DHE) as an exemplary
model lignin monomer. Under optimized conditions, 100% conversion of DHE and very high
selectivity to propyl cyclohexane (C9 hydrocarbon) was achieved. The Nb.Os was prepared at low
temperature (450 °C) and was shown to contain acid sites that enhance the production of fully
deoxygenated product. The methanol additive serves as hydrogen source for the Ru/C catalyzed
reduction of the aromatic ring. In addition, when a substrate mixture of DHE, isoeugenol and 4-
allylsyringol simulating lignin products was employed, 100% conversion to propyl cyclohexane
(76%) and propyl benzene (24%) was observed, thereby suggesting the general applicability of

this catalyst system for funneling lignin monomers into a clean slate of hydrocarbon liquid fuels.
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This study sheds light on the function of each catalyst component and provides a simple and green

utilization of biomass monomers as a feedstock for renewable hydrocarbon fuels.
Keywords: Lignin; Hydrodeoxygenation; Nb2Os; Biofuels
2.2 Introduction

Non-renewable fossil carbon has been the main resource to produce most chemicals and fuels for
the past century; however, renewable alternatives are available. Lignocellulose is by far the most
abundant renewable source of non-food-based carbon, and there is considerable interest in
upgrading such biomass as a sustainable feedstock.!® The lignin component of lignocellulose is
the second most plentiful biopolymer in nature (after cellulose), has a high carbon content, and is
(potentially) the largest renewable resource of aromatic chemicals and fuels.>® However, it has an
irregular structure with random linkages between monomeric components having different levels
of oxygenation that is challenging to utilize chemically.'® Due to this dilemma, pulp, and paper
industries and biorefineries typically dispose of lignin by burning it. Thus, lignin is an attractive

target for biomass valorization.

Lignin can be converted to bio-oil as a renewable liquid fuel.!! However, bio-oils
cannot be used in conventional gasoline and diesel fuel engines due to the high oxygen
content [up to 60 weight % (wt %)] that makes them immiscible with petroleum-derived
fuels.!> 13 Thus, oxygen removal while maintaining the carbon structures has the potential
to enhance the utilization of bio-oil as a transportation fuel.

Catalytic hydrodeoxygenation (HDO) can upgrade bio-oils. In most studies, HDO
involves treatment at high temperatures (250-500 °C) with high pressure of H2 (50-100 bar).

The high pressures required may limit the scalability of the reaction and is a safety hazard.*

62



These obstacles encourage the research towards alternative approaches for phenolic
upgrading under milder conditions.

The goal of the present study is to develop catalytic strategies that efficiently funnel
lignin disassembly components into a narrowly defined product stream useful as a
feedstock for the synthesis of aromatic chemicals (C6-C9 aromatic hydrocarbons) or as
drop-in biofuels. Phenolics would be desirable for the former processes, while oxygen-free
hydrocarbons that can replace fossil-carbon liquid fuels would serve the latter purpose.t>’
In previous studies, various types of heterogeneous catalysts,'’-?° transition metal
compounds (phosphides,?'-?® carbides,?* 2° and nitrides®® ?7), but mainly noble metals (Pt,
Pd, Rh, Ru),'* ¥ have been used, but these require high temperature, and high pressure
conditions. For example, Lu et al showed Pd/TiO: catalyst with the HDO/hydrogenation of
guaiacol to cyclohexane, but this required 30 bar H, at 260 °C.?® Kim et al. reported that
ruthenium on carbon (Ru/C) converted guaiacol to cyclohexanol with 60% selectivity using
the H-donor 2-propanol without added H; at 200 °C for 5 h, but the HDO was only partial.?

The use of Niobium Oxide has primarily been studied to show its specific role involved in
HDO. Shown in the studies of Wang et al., Nb2Os was primarily used as a catalyst support for
Ruthenium to form indane with and without the addition of CH2Cl: as its primary solvent. The
main function Nb.Os partook was catalysing the intramolecular cyclization and hydrogenation of
lignin oil.” Jiang et al., utilized Ni/Nb,Os catalyst to produce value-added alcohols from lignin-
derived phenols which exhibited selective HDO to give a total alcohol yield of 74%, but requires
higher pressure (25 bar H2).2 Puurunen et al., used Pt/Nb,Os to perform HDO on lignin
monomer, 4-propylphenol under harsh temperature and pressure (350 °C, 20 bar H») to give a

selectivity of 77% propylbenzene.® Rinaldi et al., studied Ni/Nb2Os by tuning the acidic and

63



hydrogenating properties of the catalyst to convert lignin to hydrocarbons at 91% yield under 15%
catalyst loading and harsh conditions (200°C, 40 bar H2).* Yang et al., reported Nb2Os
supported for Pd and Pt where they concluded HDO conversion of lignin to C7-Cg products at 42

and 64%, respectively.®

OH OH OH

A B C

Figure 2.2 Structures of lignin monomer compounds: (A) 4-allyl-
2,6-dimethoxyphenol (4-allysyringol), (B) isoeugenol, (C) 2-
methoxy-4-propylphenol (dihydroeugenol, DHE)

Described here is the hydroprocessing of dihydroeugenol (DHE) in an aqueous
medium using a physical mixture of two catalysts acting synergistically, one is Ru/C, the
other is niobium pentoxide (Nb2Os). DHE was used as the primary model compound for
testing the present catalytic system, since it includes the methoxy, hydroxy, and a propyl
groups characteristic of the lignin monomers present in bio-oils (Figure 2.2). Nb2Os is an
air stable, water insoluble white solid that exhibits both strong Lewis and Brgnsted acid
sites.®! It has proved to be an effective catalyst for hydration/dehydration, cracking,
condensation, isomerization, and alkylation®?-3® as well as for HDO.32-34. 36

The dual catalyst system is effective in hydroprocessing DHE and several other
lignin monomers under relatively mild conditions to produce hydrocarbons in high yields.
We find that addition of small quantities of methanol (MeOH) as a co-reactant has a
significant influence on the product distribution and offer evidence-based mechanistic
insight. Furthermore, this system can be tuned to give high selectivity towards hydrocarbon

products that can be employed as drop-in fuels.
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2.3 Experimental

2.3.1 Reagents and feedstocks

All commercial chemicals were purchased and used as received. 2-Methoxy-4-
propylphenol (>99%), isoeugenol (98%), 2,2-biphenol (99%), and niobium(V) oxide (325
mesh, 99.9%) were purchased from Sigma-Aldrich. Dichloromethane (ACS reagent grade),
methanol (ACS reagent grade), ethanol (200 Proof), and ethyl acetate (ACS reagent grade)
were purchased from Fisher Chemical. Cetyltrimethyl ammonium bromide (CTAB, 98%)
and n-dodecane (99%) were purchased from Alfa Aesar. Deuterium oxide (D, 99.9%), and
methanol-ds (D, 99.8%) were purchased from Cambridge Isotope Laboratories Inc. Propyl
benzene (98%) was purchased from Frontier Scientific. Para-cresol (cresylic acid) was
purchased from Hercules Powder Company. Hydrochloric Acid (GR ACS) was purchased
from EMD Millipore Corporation. Niobium (V) chloride (>99%) was purchased from
Strem Chemicals. Hydrogen gas (5.0 grade) and nitrogen (99.998%) were purchased from
Praxair. Water used for reaction and sample preparation was obtained from a A10 Milli-Q
water purification system by Millipore.

2.3.2 Catalyst preparation

Ru/C was obtained from Sigma-Aldrich with 5 wt% Ru loading and used as received.
Nb-Os was synthesized using a hydrothermal method according to a modified literature
procedure.® Typically, a 20 mmol portion of the precursor NbCls was dissolved in 20 mL
ethanol with rigorous stirring for 10 min, then the solution was added to water solution of
CTAB (1 g in 15 mL distilled water) dropwise. The mixed solution was then stirred for 0.5
h followed by adding 20 mL of aqueous HCI (pH 1) that was previously prepared by

dissolving a specific amount of hydrochloric acid in water and stirring for another 1.5 h.
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The resulting sol was then put into a Teflon-lined autoclave and aged at 160 °C for 24 h.
Subsequently, the solid was separated and washed with distilled water and dried at 60 °C
overnight. After that, the sample was ground and packed for calcination in air. A
Thermolyne F6020 1200C Muffle furnace was used to calcinate the niobia sample.
Ramping rate of the furnace was pre-set to 1 °C/min. After 6h calcination at 450°C, the
active Nb2Os catalyst was collected at room temperature.

2.3.3 Catalyst characterization

NH3-Temperature Programmed Desorption (TPD): To evaluate the acid sites on Nb2Os,
NH3-TPD was performed on a Micromeritics AutoChem 2920 instrument. A 200 mg
sample of Nb2Os was placed into a U-shaped quartz tube. This material was first pretreated
by heating under flowing helium (25 cm®/min) at 300 °C for 0.5 h. A mixture of NH3 in He
(1:9 v/v) was then passed through the tube at a flow rate of 15 cm3®/min at 25 °C for 1 h.
After that, the sample was flushed with He (25 cm®/min) at 100 °C for another hour. The
TPD measurements were carried out over the temperature range 100-500 °C at ramp rate of
10 °C /min and the ammonia concentration in the effluent was monitored with filament
thermal conductivity detector (TCD). The amount of desorbed ammonia was determined
based on the integrated peak area.

X-ray Diffraction (XRD): The phase structure of Nb2Os was analyzed by powder X-ray
diffraction in the diffraction angle 26 between 10° and 80° on a PANalytical X’Pert PRO
X-ray diffractometer with Cu Kal radiation (45 kV and 40 mA, k = 1.5406 A).

Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy (TEM):
The particle size and micro morphology of Nb2Os were characterized by scanning electron

microscopy (Hitachi SU-8010) at an acceleration voltage of 15 kV. The pore structure of
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Nb2Os was examined using high-resolution transmission electron microscopy (Tecnai G2
F20 S-TWIN) with the acceleration voltage of 200 kV.

X-ray Photoelectron Spectroscopy (XPS): The niobium oxidation state in the synthesized
Nb2Os catalyst was analyzed by X-ray photoelectron spectroscopy (Thermo Scientific K-
Alpha+, USA) with a monochromatic radiation source Al Ka (12kV, 6mA, 72W). The wide
scans were performed with 100 eV pass energy and 1 eV energy step, and the high
resolution scans were performed with 30 eV pass energy and 0.1 eV step size. The C1s
signal of adventitious carbon (284.8 eV) was used for energy calibration.

2.3.4 Catalytic reaction and product analysis

Reactions in Parr reactor: Batch reactions were carried out in a stainless steel 75 mL 6-
series pressure reactor (Parr Instrument Company, 5000 series). The reactor vessel was
equipped with magnetic stirring system. For a typical reaction, 0.1 g Ru/C and 0.2 g Nb2Os
were physically mixed in the vessel with 12 mL distilled water as solvent. To this were
added substrate (0.2 mL) and MeOH (0.8 mL). The reactor was then sealed and purged
with H> three times. Then, the reactor was filled with Hz (6 bar). The reactor was heated to
250 °C and held at that temperature for a defined time (typically for 12 h). The stirring rate
was kept at 700 rpm during the whole reaction period. Subsequently, the reactor was cooled
to room temperature. The products in the liquid phase were extracted using ethyl acetate
and the gas phase products were collected in a sealed gasbag for further analysis.

Catalyst recyclability test: The recycle experiments were performed in five successive
runs with 1 mL DHE loading of each. A physical mixture of fresh Ru/C (0.1 g) and Nb2Os
(0.2 g) was employed in the first run. MeOH (1 mL) was then added with 12 mL distilled

water as solvent to the reaction mixture in a 75 mL reactor vessel. The reactor was sealed
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and purged with H> three times. Then, the reactor was filled with 11 bar H, at room
temperature. After that, the reactor was heated to 250 °C and held for 16 h with magnetic
stirring at 700 rpm. After reaction, products in liquid phase were extracted using ethyl
acetate. The catalyst was washed using ethanol and collected by centrifugation, then dried
in a vacuum chamber for 24 h at room temperature. Prior to the next recycle run, the catalyst
mixture was heated in an oven at 120 °C for 1 h. The following runs were performed with
the same portion of this catalyst mixture collected from the previous run. Turnover number
(TON) of each catalyst was calculated based on the total amount of C9 hydrocarbons, i.e.
propyl benzene and propyl cyclohexane, produced after the fifth run to show the

productivity of each catalyst. The TON was defined and calculated as follows:

total moles of C9 hydrocarbons by 5 runs
TON =

moles of catalyst

GC-MS Analysis: A Hewlett-Packard 5890A gas chromatograph (GC) coupled to a
Hewlett-Packard 5970B Mass Selective Detector (MSD) was used to identify the products
qualitatively. A J&W DB-5 capillary column (30 m x 0.250 mm I.D. x 0.25 um film
thickness) was installed for analyte separation. Prior to the injection, the liquid sample was
dissolved in ethyl acetate and filtered through a 0.2 micron PTFE syringe filter. The GC
injector inlet was set to 280 °C. The oven temperature was held at 50 °C for 2 min. Then the
oven was heated to 300 °C at rate of 20 °C per min and held for 10 min. The MSD had a
dedicated electron ionization (El) source and a quadrupole mass analyzer. The mass range
of detection was 40 to 550 m/z at a rate of 1.6 scans per second.

GC-FID Analysis: An Agilent 6890N gas chromatograph equipped with a flame ionization

detector (FID) was used to quantify the reaction mixtures. A J&W DB-5 GC column (30 m
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x 0.250 mm I.D. x 0.25 um film thickness) was selectively used for separation. The liquid
products sample was first passed through a 0.2 micron PTFE syringe filter to remove solid
particles, and then diluted to 25 mL in a volumetric flask. A 10 mM n-dodecane solution
was pre-made as internal standard for GC quantification. The sample solution was mixed
with internal standard (1:1 v/v) in a 2 mL Agilent GC vial. The sample was injected by
autosampler. The inlet temperature was kept at 280 °C while the detector temperature was
310 °C. The initial temperature of oven was 40 °C and held for 7 min. Then the oven was
heated to 250 °C at ramp rate of 10 °C/min and kept at the final temperature for 5 min. The
split mode was used with the split ratio of 10:1. Helium was used as carrier gas at flow rate
of 14 mL/min. The instrument was calibrated using the known samples of the products.
The analytes were then identified according to their retention time. The quantification of
each analyte was acquired from a calibration curve which represented the relationship
between concentration versus the ratio of peak area over internal standard.

GC-TCD Analysis: Gas phase products were analyzed by GC-TCD. An Agilent 6890N
(G1530N) gas chromatograph equipped with a thermal conductivity detector (TCD) and 30
m x 0.53 mm Fused Silica Carboxen 1010 capillary column was used. The detector was set
to 250 °C with Hz flow at 7 mL/min and air flow at 8 mL/min. The gas phase products were
collected in RESTEK polypropylene combo valve gas sampling bag. For each measurement,
the 50 uL gas sample was manually injected by a gastight syringe into the GC inlet at 245
°C. The carrier gas, He, was set to 7 mL/min. The column was pre-heated to 35 °C and held
for 5 min. Then the temperature ramped to 245 °C at the rate of 10 °C/min and held for 10

min. Each gas analyte was identified by its retention time.
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NMR Analysis: *H NMR was obtained by Varian Unity Inova 600 MHz spectrometer. The
analyte was extracted by 700 uL. CDCIz and packed in glass NMR tube for analysis. 2H
NMR was done by using Agilent 400-MR DDR2 400 MHz spectrometer. CHCI3 with 10%

CDCl; internal standard was used as the solvent for 2H NMR analysis.

2.4 Results

OH OH OH OH
O\ E E OH

DHE 1 2 3 4 5
Figure 2.3 DHE Conversion into five main products: propyl

cyclohexane (1), propyl benzene (2), 4-propylcyclohexan-1-ol
(3), 4-propylpheol (4), and 4-propylcatechol (5).

2.4.1 Optimization of dihydroeugenol (DHE) hydrodeoxygenation:

A typical HDO run involved heating a mixture of the model substrate DHE (0.20 mL) with the
catalysts Ru/C (100 mg) and Nb2Os (200 mg) added separately, water (12 mL) and a small
amount of MeOH (0.8 mL) in a closed Parr® high pressure reactor that had been flushed with H»
(P(H2) = 1 atm at room temperature, RT) then sealed. After a 12 h reaction at 250 °C, the
conversion of DHE was 95% (entry 3, Table 2.1) and of the five potential products shown in
Figure 2.3, the fully deoxygenated hydrocarbons propyl cyclohexane (1) and propyl benzene (2)
made up 64% of the product mixture. The balance was mostly the partially deoxygenated
product 4-propylcyclohexanol (3). Thus, this catalyst mixture is a promising HDO system. The
studies described here were designed to examine the effects of key variables such as MeOH
concentration, H pressure, and catalyst loading in order to define those features that may give

the optimum selectivity toward desired product streams.
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Table 1 illustrates the remarkable sensitivity of this system to the amount of
methanol added as well as the cooperative requirement for both MeOH and H> to obtain
the desired HDO products (1) and (2). For example, the reaction with no MeOH but with
P(H2) = 6 bar (RT) (entry 1, Table 2.1) gave substantial conversion of DHE, but only ~7%
of the fully deoxygenated hydrocarbons. In the absence of both H> and MeOH, no

conversion was observed, and no products were detected (entry 5, Table 2.1).

Table 2.1 Performance comparison with different amounts of methanol.

Product Distribution (%)

Entry MeOH (mL) Cg,}z)\" r 1 > 3 4 s 1
R 0 ' 8 33 35 8 13 = -
2° 0.4 80 3.6 9.5 42 45 -
3b 0.8 95 42 22 34 2 -
4b 4 36 8 10 - 24 58
5¢ 0 0 - - - - -

Common conditions for each reaction: DHE 0.2 mL, Ru/C 100 mg, Nb,Os 200 mg, H,0 12 mL, 250 °C, 12 h. Unless noted
otherwise, the reactor was first flushed with H,. 2Initial P(Hz) at RT = 6 bar (5 bar, gauge). ®Initial P(H,) at RT = 1 bar. ¢ Purged
with nitrogen, no added H,.

Entries 2-4 in Table 2.1 compare the effect of changing the amount of MeOH added
while holding P(H2) constant at 1 bar (RT). Under these conditions, the optimum amount of
MeOH proved to be 0.8 mL. Surprisingly, raising the MeOH to 4 mL, only about one third the
quantity of the aqueous cosolvent, suppressed both the conversion of DHE and the relative

amount of HDO products.

Table 2.2 summarizes the product distributions found for DHE reactions for various
P(H2) (RT) under typical conditions with 0.8 mL MeOH. In the absence of any externally added
H> (entry 1, Table 2.2) there was about 64% conversion of DHE, but the only products were the

phenol and cyclohexanol derivatives (4) and (3). The amount of conversion increases under
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increasing Hz and is 100% when P(H.) is 6 bar or greater (entries 4-5, Table 2.2). More
importantly, the yield of propyl cyclohexane (1) is 100%. Thus, the latter result requires addition
of both MeOH and H and the distribution of HDO products is a function of P(H) with high
selectivity occurring at a relatively low P(Hy).

Table 2.2 Performance with different hydrogen pressures

Entry ir'?(;lazza Conv. (%) | Product Distribution (%) |
1 2 3 4 5
O 0 " oe4 - - 31 6 -
2¢ 1 95 42 22 34 2 -
3 2 98 53 17 27 3 -
4 6 100 100 - - - -
5 11 100 100 - - - -

Common conditions for each reaction: DHE 0.2 mL, Ru/C 100 mg, Nb,0Os 200 mg, H,0 12 mL, MeOH 0.8 mL, 250 °C, 12 h.
Unless noted otherwise, the reactor was first flushed with H,. @ Initial P(H,) at RT. ® Reactor purged with N only, P(N;) = 1
atm at RT. ¢ The same experiment as entry 3 in Table 1.

Table 2.3 summarizes experiments with different catalyst mixtures. Interestingly, when
the reaction was examined with the addition of Nb.Os alone, the material prepared in this
laboratory proved to be much more active than that purchased from a commercial source. The
XRD pattern, XPS analysis, SEM and TEM images of the synthesized Nb,Os showed it to be an
amorphous, mesoporous catalyst with the niobium in the +5 oxidation state (Supporting

information (SI) Figures S-2.1 and S-2.2).

The principal reaction in the former case was hydrolysis of the DHE methoxy group to
give catechol (5) (entry 1, Table 2.3) while little activity was seen with the commercial Nb2Os
(entry2, Table 2.3). One possible explanation may lie in the manner in which the two Nb2Os
samples were processed. The commercial sample had been calcined at 1000 °C while the Nb2Os

sample prepared in our laboratories and used for catalysis was calcined at 450 °C. Accordingly,
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we speculated that the higher temperature calcination may have diminished the number of acid
sites on Nb2Os. This idea was tested by TPD studies of Nb,Os samples that had been first dried
and then exposed to ammonia. The amount of NHz was absorbed by the Nb,Os sample calcined
at 450 °C was 28 mmol per gram of Nb2Os while an analogous sample prepared in this
laboratory but calcined at 600 °C only absorbed and released about 2 mmol NH3 per gram of the
sample (SI Figure S-2.3). Furthermore, the commercial sample absorbed and desorbed
essentially no NHs. Thus, it is clear that higher temperature calcination strongly diminishes the

number of acid sites on Nb2Os.

Table 2.3 Performance with different catalyst mixtures

Product Distribution (%)

Entry Ru/C(mg) Nb20s(mg) Conv. (%) 1 3 3 2 - Psinal (bar)
12 0o 200 = 8 - - - 4 9% 6
2° 0 200 - - - - - 6
3 100 0 96 7.7 82 82 21 - 14.5
4° 100 0 100 72 - 28 - - 11.6
5ad 100 200 100 100 - - - - 11

Reaction condition: DHE 0.2 mL, H,0 12 mL, methanol 0.8 mL, P(H;) = 6 bar, 250 °C, 12 h. 2@ Nb,Os was custom prepared in
this laboratory as described in the Experimental section. ® commercial Nb,Os calcined at 1000 °C. <Ru/C was pre-treated in
12 mL H,0 under 10 bar H; at 200 °C for 2 h. 4The same reaction as entry 4 in Table 2.

When Ru/C alone was used as a catalyst without pretreatment, the major product was
propylcyclohexanol (3) although about only 8% each of the hydrocarbons (1) & (2) were formed
(entry 3, Table 2.3). When the Ru/C was first pre-treated by heating under hydrogen to 200 °C,
the observed reactivity changed. The major product was propylcyclohexane (1) (72%) with the
cyclohexanol (3) being the remainder (28%) (entry 4, Table 2.3). Unde r analogous conditions,
the system to which both Ru/C (not activated with H2) and Nb2Os had been added gave 100%

conversion to the propylcyclohexane product exclusively (entry 5, Table 2.3). Notably, when
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either form of Ru/C was present, the final pressure in the Parr reactor (after cooling to RT) was

significantly higher than the initial P(H2). This is apparently due to catalytic reforming of MeOH.

OH OH
°.
Demethoxylation Dehydroxylation Hydrogenation
%
DHE 5 Qo(\ 4 %, 2 & 1
%, b 0O, 2
o, 43 s, N
%, O %, S
oy & % & 8
OH ) 6, OH 8
v/ & &
OH
Dehydration
5 3

Scheme 2.1 Possible sequence of reactions leading from DHE to (1).

Thus, Ho-pretreated Ru/C can catalyze the HDO/ hydrogenation of DHE, although the
reaction is more efficient when Nb2Os is present. On the other hand, low T calcined Nb2Os
alone only catalyzed the conversion of DHE to the catechol (5), presumably the product of

hydrolysis of the methoxy group.

The observation that the Ru/C catalyst is more active after pre-treatment suggested that
the early stages of the reactions with the physically mixed catalyst would show an induction
period while the Ru/C was being activated. This suggestion led to the experiments reported in
Figure 2.4 and Sl Table S-2.1 to examine the products formed by different catalyst combinations
over an initial period of 2 h. The take-home lesson from Figure 3 is that, on this time scale, Ru/C
alone displays modest activity (14% conversion), but the only product observed was the phenol
(4), the result of HDO removal of the DHE methoxy group. With Nb2Os alone, conversion was
considerably higher, but the primary product was the catechol (5). The result with both catalysts
illustrates the synergy of this mixture. Although the conversion was about the same as seen with
Nb2Os alone, products (1), (2) and (3) are also evident. Scheme 2.1 suggests a possible sequence

of these transformations, with a principal role of the Nb2Os being to catalyze the hydrolysis of
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the DHE methoxy group to form the catechol (5), although, surprisingly, a small amount of the

phenol (4) was still formed with Nb2Os alone.

40 4

w
o

1
o AW

n
o
1

Percent Conversion / %

=
o
1

0

—

T T
Ru/C Nb20s Ru/C+Nb20s

Figure 2.4 Graphic showing conversion (vertical axis) and
product distribution after a 2 h reaction for a mixture of DHE
(0.2 mL), H,0 (12 mL), MeOH (0.8 mL) under H, (6 bar) with
Ru/C (100 mg), Nb,Os (200 mg) or both at 250 °C.

Figure 2.5 illustrates the behavior of the mixed catalyst system as a function of reaction
time. These data confirm the suspected induction period, during which the Ru/C catalyst is
activated. After 4 h, all the DHE had been converted to products with 2/3 of the total being the
hydrocarbons (1) & (2). By 8 h, all the products were (1) & (2) with propyl cyclohexane (1)
representing an impressive 94 %, while after 12 h only a single product, (1), was evident (SI
Table S-2.1). Formation of (1) requires HDO of both oxygen containing functional groups of
DHE and the hydrogenation of the aromatic ring. Notably, the cyclohexanol (3) is observed as
an intermediate that presumably undergoes HDO, but none of the direct product of DHE ring-

hydrogenation 4 -propyl-2-methoxy-cyclohexanol was evident.
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Figure 2.5 Graphic showing conversion (vertical axis) and
product distribution after from 2h, 4h, 8h, 12h reaction for a
mixture of DHE (0.2 mL), H,0 (12 mL), MeOH (0.8 mL) under H,
(6 bar) with Ru/C (100 mg) and Nb,Os (200 mg) at 250 °C.

2.4.2 Reactions of DHE with deuterated reactants

Table 2.4 Reaction performance in different isotopically labelled reactants
Product Distribution (%)

Entry Water Methanol Hydrogen C(cz/r:)v " : >3 2 5 (Igg?')
' 12 H,0  MeOH Ha(lbar) 8 3.6 95 42 45 - 8

2  H,0  MeOH Hy(lbar) 95 42 22 34 2 - 11
3 D,0 metginol- H2 (1 bar) 54 ) ) . 66 34 6
4 D0 metgfno" Ha(lbar) g5 25 54 48 44 - 97
5 D0  MeOH Hp(lbar) 81 1 31 11 8 23 91
6  H,0  MeOH Hy(6bar) 100 100 - - - - 11
74 D0 metgfno" H,(6bar) 100 94 01 62 - - 89
8  H,0  MeOH Dy(6bar) 1200 61 21 16 2 - 96

Conditions: DHE 0.2 mL, Ru/C 100 mg, Nb,0s 200 mg, water 12 mL, methanol 0.8 mL unless noted, purged with H, and vented
to give P(H,) = 1 bar, unless noted, 250 °C, 12 h reaction time, unless noted. @ Methanol 0.4 mL.P Entry 1 and entry 2 are the
same reactions as entry 2 and entry 3 in Table 1; entry 6 is the same reaction as entry 4 in Table 2. <Reaction time 24 h. d
P(H3) = 6 bar.

Table 2.4 summarizes the conversion and products from analogous reactions of DHE in

deuterated solvents. Notably, when both D>O and methanol-ds4 were used instead of the perprotio
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analogues, there was a significant suppression both of the conversion and of the formation of the
more reduced products (1), (2) and (3) with only (4) and (5) being found (entry 3, Table 2.4).
Extending the reaction time to 24 h did increase production of (1), (2) & (3) with the
cyclohexanol (3) and the phenol (4) now being the major products (entry 4, Table 2.4). The
pattern was again different when the solvent mixture was D,O with perprotio MeOH (entry 5,
Table 2.4). The conversion was greater (81%) than when methanol-d4 was used (54%), and
measurable amounts of (1), (2) & (3) were found, but the primary product was (4). Thus, isotope

effects are evident in the product distributions from the deuteration of each solvent.

The DHE reaction with the two catalysts was also run in the D.O/methanol-ds solvent
with a higher P(H.) of 6 bar (entry 7, Table 2.4). As observed above (entry 6, Table 2.4), raising
the hydrogen pressure substantially accelerated the reaction and improved the selectivity toward

(1) to 94% in the deuterated medium.

D:0/Methanol-da }
(entry 4, Table 4)

D:0/MeOH ‘
(entry 5, Table 4)

H:0/MeOH l | |~ ‘} iR \1)‘\
entry 1, Table 4) R ST | U | L

76 75 74 73 72 71 70 69 68 67 66 65 64 63 62

Figure 2.6 'H NMR in the aromatic region of the products
obtained after DHE reactions in D,O/methanol-d, (top, entry 4 in
Table 2.4) D,0/MeOH (middle, entry 5 in Table 4) and
H,0/MeOH (bottom, entry 1 in Table 2.4)

Figure 2.6 displays the aromatic regions of the *H NMR spectra of products isolated after
reactions in H.O/MeOH (entry 1, Table 2.4), D-O/methanol-d4 (entry 4, Table 2.4) and

D>0/MeOH (entry 5, Table 2.4). Sl Figure S-2.4 displays the aliphatic regions of these spectra.
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A particularly meaningful comparison is between the spectra of entries 1 and 4 in Table 2.4 since
the product distributions for these are very similar with (4) being the primary aromatic product in
each case. Simple inspection of these spectra shows that considerable exchange of the aromatic
protons with the solvents accompanies the transformation of DHE to the phenolic product (4).
Their similar patterns in the aliphatic region indicate the deuterated reactants and solvent have
little influence on the exchange of alkyl protons. The 2H NMR spectrum of the product mixture
from entry 4 in Table 2.4 confirms the introduction of both aromatic and aliphatic hydrogens

from the deuterated solvent (SI Figure S-2.5).
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Scheme 2.2 Hypothetical pathways for exchange of aromatic protons with solvent. H-D exchange reaction is very fast in
water.

T

o

The same conclusion can be drawn from the mass spectrum (obtained by GC-MS
analysis) of product (2) formed by reaction in DoO/methanol-ds (entry 4, Table 2.4). The
parent MS peak for propylbenzene should appear at mass 120, but the major peak in this
region of the MS spectrum (SI Figure S-2.6) appeared at M /e 123, again indicating that

H/D exchange of the aromatic ring occurred prior to ring hydrogenation. Scheme 2.2 offers
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a plausible pathway for such exchange via tautomerization of the catechol product (4)
formed by hydrolysis of the DHE methoxy group.

The proposed catechol tautomerization mechanism was tested by carrying out the
reaction of p-cresol with Nb2Os with D2O under 6 bar Hz at 250 °C for 12 h. No HDO of
this substrate was observed, but inspection of the aromatic region ?H NMR and mass
spectrum of the recovered p-cresol (SI Figure S-2.7) showed that there had been
considerable hydrogen exchange with the solvent, as would be expected via tautomerization

as illustrated in Scheme 2.2.

None D2

Different Deuterium Sources

Selectivity: -
100%
61% 16% 21% T

Scheme 2.3 The apparent roles of different hydrogen sources.

Table 2.4 also lists the DHE reaction run with the two catalysts in the H.O/MeOH solvent
with D- at a pressure of 6 bar (entry 8, Table 2.4). In this case, the yield of (1) was only 61% as
opposed to the 100% selectivity seen under comparable conditions with Ha (entry 6, Table 2.4).
Products (2) (21%) and (3) (16%) made up the bulk of the other products. Thus, there is a
substantial kinetic isotope effect on the HDO and aromatic ring reduction reactions upon
replacing Hz with D,. The 2H NMR spectrum of the product mixture shows deuterium in the

aliphatic region corresponding to (1) and (3) and no deuterium in the aromatic region (SI Figure
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S-2.8), consistent with dihydrogen (H./D-) as the source of aromatic hydrogenation. Scheme 2.3

outlines the various pathways indicated by these isotope effects.

2.4.3 Catalyst recyclability and stability test

100 x X ~ 100

Percent Conversion / %
Material Balance / mol%

Run 1 Run 2 Run 3 Run 4 Run 5 Run &

Figure 2.7 Performance of catalyst reusability. The catalyst mixture was washed
twice using ethanol, dried in vacuum chamber at RT for 24 h, and heated in oven at
120 °C for 1 h prior to the next run. For Run 4, catalyst was calcinated under N, at
450 °C for another 45 min before use. For Run 5, catalyst was reduced under H,
(5 %)/Ar at 350 °C for 3 h before use. For run 6, fresh Nb,Os 0.1 g was added to the
recovered catalyst (0.2 g remained after run 5). The height of the bar represents the
amount of conversion while the small circle represents the material balance of
recovered reactant and products which averaged ~91% after workup.

The recyclability of the Ru/C and Nb>Os mixture for DHE conversion was tested in five
successive runs (Figure 2.7 and S| Table S-2.2). An optimized reaction condition with
higher substrate loading (1 mL DHE) and longer reaction time (16 h) was applied to
understand the performance of this catalyst mixture. Within the first two runs, 12.5 mmol
DHE was fully converted to products (1) (81%) and (2) (19%) (Runs 1 and 2, Figure 2.7
and Sl Table S-2.2). The conversion of DHE decreased significantly to 78.6%, for run 3.
Attempts to reactivate the catalyst mixture by calcining at 450 °C (run 4) or heating under
H2 (run 5) were unsuccessful with conversion dropping to 56%, and 47%, respectively.
Thus, the catalyst mixture became less active toward HDO reactions after the second

recycle given that propyl phenol (4) was the main product in the last three runs. Overall,
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the catalyst mixture was able to catalyze the reaction of 15.06 mmol DHE to fully
deoxygenated products (1) and (2) during the first five runs. Notably, the addition of fresh
Nb2Os (0.1 g) led to a marked increase in conversion (80%) and yield of hydrocarbon
products. For the six runs the material balance of recovered reactant and products averaged
91+3 mol%.

The calculated TON for hydrocarbon production for the first 5 runs was 301 based

on the ruthenium (0.05 mmol) or 20 based on the Nb2Os (0.75 mmol) initially present.

OH oH oH
|
1 2

Conv. 100% 76% 24%

Figure 2.8 The reaction with a mixture of monolignols:
dihydoeugenol (DHE), isoeugenol and 4-allylsyringol.
Conditions: 70 pL of each substrate, Ru/C (100 mg), Nb,Os (200
mg), H,0 (12 mL), MeOH (1.2 mL), P(H,) = 11 bar, 250 °C, 12 h
reaction time.

2.4.4 Application to a mixture of lignin monomers.

DHE, isoeugenol, and 4-allylsyringol are among the most common lignin monomers. When
a mixture of these three substrates (70 pL of each) was subjected to the standard procedure
for 12 h, the only products were the hydrocarbons (1) (76%) and (2) (24%) according to
GC analysis (Figure 2.8). Since a 100% vyield of (1) can be achieved with an extended
reaction time, this system offers a viable new strategy for funnelling the multiple

monolignols from lignin disassembly into a much simpler mixture of C9 alkanes.

2.5 Discussion

Reported are batch reactor studies addressing the hydrodeoxygenation (HDO) of the lignin

monomer dihydroeugenol to the hydrocarbons propyl cyclohexane (1) and propyl benzene
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(2). This transformation is affected by a Ru/C and Nb2Os co-catalyst mixture under Hz in
an aqueous medium containing a small amount of methanol additive. The key observations
are:

(a) MeOH serves as a secondary hydrogen donor that promotes HDO under lower
H. pressures compared to current methods.®’*** The overall reaction appears optimal with
a H2O/MeOH ratio ~15 and H> pressures of 1-6 bar. The increased pressure after the
reaction and the presence of CO: in the gas phase (S| Figure S-2.9) are consistent with
methanol being reformed in the presence of Ru/C.

(b) The Nb2Os is primarily active in the conversion of DHE to 4-propylcatechol (5),
presumably by hydrolysis of the methoxy group.*?> The Nb2Os prepared in this laboratory
and calcined at 450 °C was much more active than a commercial sample that was apparently
calcined at a much higher temperature.*® The difference was attributed to the much greater

number of acid sites on the former material as shown by NH3-TPD test (Figure S-2.1).44
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(¢) Ru/C catalyzes HDO of (5) and the subsequently formed intermediates 4-
propylcyclohexan-1-ol (3) and 4-propylphenol (4), and hydrogenation of the aromatic
ring.*> %¢ The Ru/C is more effective after pre-treatment by heating under Hz. While Ru/C
alone can catalyze HDO of DHE to products (1)-(4), the synergistic activity of the two-
catalyst system is more efficient and selective, toward as much as 100% conversion and

selectivity to propylcyclohexane (1).
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Scheme 2.4 A proposed sequence of mechanistic steps for conversion of
DHE by the catalyst mixture Ru/C and Nb,0Os in a H,0/MeOH medium under
H,. Hydrogenation is abbreviated as “HYD”.

Scheme 2.4 outlines the likely sequence of catalyzed reactions leading to the
potential products. Conversion of DHE is initiated into two pathways by each catalyst. The
proposed mechanism of Ru/C catalyzed HDO is, highlighted in green colour with solid

arrows in Scheme 2.4). This is based on the observed production of (1)-(4) with Ru/C alone
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(Entries 3 and 4, Table 2.3, and Figure 2.5). The deoxygenated products can be obtained
through hydrogenolysis, dehydration, and hydrogenation reactions.

The reactions labelled with dash lines and blue colour in Scheme 4 describe
proposed pathways via intermediates (IM1)-(IM4) facilitated by activated Nb>Os and
based upon the observations of 4-propylcatechol (5) formation in the initial stage (entry 1,
Table 2.3, and Figure 2.4). Key steps in this mechanism are Nb>Os -catalyzed
tautomerizations of (4) and (5) to give carbonyl species (IM1 & 1M3) followed by activated
Ru/C catalyzed hydrogenation to give a cyclic diene alcohols (IM2, 1M4), that upon
dehydration are rearomatized to (2) and (4), respectively.*’ Support for the tautomerization
steps was the observation that Nb2Os alone catalyzes the deuteration of the aromatic C-H
groups with solvent D,O as demonstrated by 2H NMR and MS experiments (Figure S-2.5
and Scheme S-2.1). Notably, even though this reaction was run under Hz, no HDO of p-
cresol occurred in the absence of Ru/C. Therefore, all the dehydration reactions should be
primarily catalyzed by Ru/C. This point was verified by examining the reactions of a
mixture of propyl cyclohexanol (3) and 2-methoxy-4-propylcyclohexanol with either Ru/C
or Nb20Os alone under the standard conditions (SI Table S-2.3). In the former case, nearly
100% conversion to propyl cyclohexane (1) was achieved: however, with Nb2Os alone,
conversion was 62% with only 14.5% selectivity towards (1) and the remaining products
were not identified.

The reactions with deuterated solvents (D20, methanol-d4) and with D> summarized
in Table 4 provide further insight into the HDO/hydrogenation mechanism(s). Strong
iIsotope effects on the product are observed upon using D2O and methanol-ds. These are

particularly evident in the Ru/C catalyzed HDO steps of (5) > (4) aswellas (4 & 3) > (1
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& 2). What’s more, the final pressure in the reactor is lower when using methanol-ds. An
isotope effect was also evident when D (6 bar) replaced H (6 bar) in a reaction with the
H>.O/MeOH medium. In this case, the principal isotope effect was some decrease in ring
hydrogenation further supporting the view that MeOH and H2 supply reducing equivalents
at distinctly different stages of the reaction.

The stability and reusability tests show this co-catalyst system to be recyclable and
stable during the first 32 h in producing a clean cut of C9 hydrocarbons and excellent
material balance of isolated products >90%. The catalyst system displayed decreasing
activity in the second, third and fourth recycles (Run 3, 4, and 5 in Figure 2.7), although
propyl cyclohexane was consistently produced in each case. Notably, adding fresh Nb2Os
to the system (Run 6, Figure 2.7) partially restored the activity in terms of the production
of (1), although the product distribution did not match that of a completely fresh catalyst.
Thus, a continuous feeding of fresh Nb>Os after the first recycle could improve the total
yield of hydrocarbons and maximize the usability of Ru/C catalyst. Ongoing studies will
address strategies to minimize catalyst deactivation pathways.

Lastly, subjecting a simulated bio-oil mixture of lignin monomers to the catalyst
system optimal for the conversion of DHE, gave a mixture of just the hydrocarbons (1) and
(2). Thus, this system provides the opportunity to funnel complex bio-oil mixtures
primarily composed of oxygenated lignins to simple C9 hydrocarbons more compatible

with applications as liquid transportation fuels.
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Figure S-2.1 XRD pattern (left) and XPS analysis (right) of Nb.Os catalyst.
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Figure S-2.2 SEM (a) and TEM (b) images of Nb2Os catalyst.
Figure S-2.3 NH3-TPD profile of different Nb2Os catlaysts.

Figure S-2.4 'H NMR in the aliphatic region of the products obtained after DHE reactions in
D>0/methanol-d4, D,O/MeOH and H.O/MeOH.

Figure S-2.5 2H NMR spectrum of products obtained from the reaction of DHE in D,O and
methanol-da.

Figure S-2.6 GC-MS of propyl benzene obtained as a product from the reaction of DHE in D2O
and methanol-da.

Figure S-2.7 2H NMR spectra and GC-MS of p-cresol after reaction with Nb,Os in D-O.

Figure S-2.8 2H NMR spectrum of the products from the catalyzed reaction of DHE with D2 in
H20 and MeOH.

Figure S-2.9 GC-TCD analysis of a typical reaction in the co-catalyst system.
Schemes: 1

Scheme S-2.1 The mechanism of p-cresol reacting with Nb2Os in D20.

2.7.1 Tables

Table S-2.1 Time profile of co-catalyst system

Product Distribution (%)

Entry Time (h) Conv. (%) 1 5 3 2 s 1
BT 2 o1 - - - 7 10 @ -
2° 2 41 - - - 18 82

2 36 4 59 9.4 65 16
4 4 100 35 33 31 - -
8 100 94 6.4 - - -
6° 12 100 100 - - - -

Reaction condition: DHE 0.2 mL, Ru/C 100 mg, Nb,Os 200 mg, H,0 12 mL, methanol 0.8 mL, P(H,) = 6 bar, 250 °C, 12h. @ Reaction
with Ru/C only. b Reaction with Nb,Os only. € The same experiment as entry 4 in Table 2.
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Table S-2.2 Catalyst recyclability test

Product Distribution (%)

Run Conv. (%) . . > 3 ” — Mate(:iriatljlttz/j\)lance
| | 100 " 81 19 - - o7 92 !

2 100 81 19 - ; ; 94

3 78.6 14 10 12 56 8 94

4 56.3 27 4 18 46 6 88

5° 47 17 3 21 55 3 88

6° 80 31 4 7 38 20 90

Reaction condition: DHE 1 mL, Ru/C 100 mg, Nb,0s 200 mg, H,0 12 mL, methanol 1 mL, P(H) = 6 bar, 250 °C, 16 h. Unless noted,
the catalyst was washed using ethanol twice, dried in vacuum chamber at room temperature for 24 h and in oven at 120 °C for 1
h before using for next run. @ Catalyst was calcinated under N, at 450 °C for another 45 min before use.  Catalyst was reduced
under H,(5%)/Ar at 350 °C for another 3 h before use. ¢ Fresh Nb,Os 0.1 g was added into the reused catalyst mixture (0.2 g left
after five runs) for the Run 6.

Table S-2.3 Reaction with cyclohexanol feedstock over Ru/C or Nb,Os alone.

Product Distribution (%)

Entry Substrate Conv. (%) . 1
1 other
1 on on 99 100 0
(o]
2 62 14.5 85.5

Reaction condition: propyl cyclohexanol and 2-methoxy-4-propycyclohexanol mixture (1:1) 0.4 mL, Ru/C 100 mg (entry 1) or
Nb,0Os 200 mg (entry 2), H,0 12 mL, methanol 0.8 mL, initial P(H;) = 6 bar, 250 °C, 12 h.
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2.7.2 Figures
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Figure S-2.1 XRD pattern (left) and XPS analysis (right) of Nb2Os catalyst. According to XRD
pattern of Nb2Os (left), only one broad diffraction peak located at about 22.7° is observed, which
corresponds to the facet (001). No sharp peak is observed, which suggests that the synthesized
Nb2Os has the amorphous structure. XPS analysis was also performed to obtain the oxidation state
(right). The catalyst shows the typical Nb 3ds/2 (209.9 eV) and Nb 3ds/2 (207.1 eV) peaks of Nb°*.
! No other peaks were obtained.

500nm

Figure S-2.2 SEM (a) and TEM (b) images of Nb2Os catalyst. According to the SEM image, the
bulk-shape particles of synthesized Nb2Os are not the crystalline form. Numerous pores are evenly
distributed on the top and cross section of the catalyst evenly. From the TEM image, the inner
pores of Nb2Os can be observed more clearly. The pores are not regular but has relatively consistent
pore size that is around 5 nm. Combining with the XRD result, the synthesized Nb.Os is an
amorphous mesoporous solid.
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Synthesized Nb,O, @ 450 °C
—— Synthesized Nb,O, @ 600 °C
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Figure S-2.3 NH3-TPD profiles of different Nb2Os catalysts. The Nb,Os was prepared by using
niobium (V) chloride and CTAB in a Teflon lined autoclave and calcinated at 450 °C and 600 °C,
respectively. Nb2Os purchased from Sigma-Aldrich used as is. SiO> has no acid sites and was
analyzed for comparison. 0.2600 g Nb2Os prepared at 450°C, 0.1964 g Nb>Os prepared at 600°C,
0.2210 g purchased Nb20Os, and 0.2173 g SiO2 samples were loaded for NHs-TPD analysis. The
ammonia adsorption was determined in term of mmol of NH3 per gram of loaded sample.

The acid property of Nb2Os catalyst is sensitive to the calcination temperature.
According to the figure, Nb2Os calcinated at 450 °C adsorbs the largest amount of ammonia
among other samples which indicates the 450 °C Nb2Os has the most abundant acid sites.
When the calcination temperature increased to 600 °C, the acid sites reduced dramatically.
And the purchased Nb>Os from Sigma-Aldrich has been reported to be calcinated at 1000
°C almost has no acid sites comparing to SiO2.2 According to our results, abundant acid
sites of Nb2Os are vital to our HDO reactions. From entries 1 and 2 in Table 3, Nb2Os
calcinated at 450 °C promotes the hydrolysis to catechol (5) and dehydroxylation to phenol
(4) but the purchased Nb2Os shows no activity.
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D:0/Methanol-da
(entry 4, Table 4)

D0/MeOH
A A (entry 5, Table 4)

H.0/MeOH
. (entry 1, Table 4)

T T T T T T T T T T T T T T T T T T T T T T T T T
2.9 2.7 2.5 2.3 2.1 1.9 1.7 15 13 11 0.8 0.7 0.5 0.3 0.1

Figure S-2.4 'H NMR in the aliphatic region of the products obtained after DHE reactions
in D20/methanol-ds (top, entry 4 in Table 4) D>O/MeOH (middle, entry 5 in Table 4) and
H>O/MeOH (bottom, entry 2 in Table 4). Conditions: DHE 0.2 mL, Ru/C 100 mg, Nb20Os 200
mg, water 12 mL, methanol 0.8 mL, purged with H> and vented to P(H2) = 1 bar, 250 °C, 12 h
reaction time. For the entry 4 in Table 4 (top), the reaction time was 24 h; for the entry 1 in
Table 4 (bottom), 0.4 mL MeOH was used.
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Chloroform-d
2H NMR of entry 4 in Table 4:
D:/Methanol-d4

Cyclic alkyl D
J Aromatic D “

T T T T T T T T T 1
9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 25 2.0 15 1.0 0.5 0.0

Figure S-2.52H NMR spectrum of products obtained from the reaction of DHE in D20
and methanol-d4. Conditions: DHE 0.2 mL, Ru/C 100 mg, Nb20Os 200 mg, D20 12 mL,
methanol-ds4 0.8 mL, purged with Hz and vented to P(H2) = 1 bar, 250 °C, 24 h reaction time.

61

46 GC-MS of entry 4 in Table 4:
D20/Methanol-da
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Figure S-2.6 GC-MS of propyl benzene obtained from the reaction of DHE in D>O and
methanol-ds. Conditions: DHE 0.2 mL, Ru/C 100 mg, Nb20s 200 mg, D-O 12 mL, methanol-d4
0.8 mL, purged with Hz and vented to P(H.) = 1 bar, 250 °C, 24 h reaction time.
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Chloroform-d

J \ Aromatic D 2H NMR spectrum of p-cresol reaction in D20

r T T T T T T T T T T T T T T T
9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 15 1.0 0.5 0.0

110 | p-cresol
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Figure S-2.7 ?H NMR (above) and GC-MS (bottom) spectra of p-cresol after reaction
with Nb20Os in D20. Conditions: p-cresol 0.2 mL, Nb20Os 200 mg, D20 12 mL, P(H2) = 6 bar,
250 °C, 12 h reaction time. No HDO product was observed after reaction. However, the
molecular weight of p-cresol was detected to be M/e 109, 110, and 111 by GC-MS. This
suggests that up to three aromatic hydrogens on p-cresol exchanged with the solvent D>O during
the reaction. The aromatic deuteriums detected upon recording the 2H NMR spectrum of the p-
cresol after reaction, can be explained by the tautomerization mechanism (Scheme S-1).
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Chloroform-d 2H NMR of entry 8 in Table 4:

D2/MeOH/H:0

Cyclic alkyl D
k No Aromatic D A

9.‘0 8.‘5 8.‘0 7;5 7.‘0 GTS 6?0 SCS 510 4‘,5 410 3‘.5 3i0 2.‘5 210 115 110 D.‘5 O.‘O
Figure S-2.8 ?H NMR spectrum of the products from the catalyzed reaction of DHE with

D: in H20 and MeOH. Conditions: DHE 0.2 mL, Ru/C 100 mg, Nb20s 200 mg, H20 12 mL,
MeOH 0.8 mL, P(D) at RT = 6 bar, 250 °C, 24 h reaction time.
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Figure S-2.9 GC-TCD analysis of a typical reaction in the co-catalyst system (entry 3,
Table 1). The gas phase products were collected after reaction (left). A standard CO»
sample was obtained and analyzed for peak assignment by its retention time at 28.2 to 28.
5 min (right). Reaction condition: DHE 0.2 mL, Ru/C 100 mg, Nb2Os 200 mg, H-0O 12
mL, methanol 0.8 mL, P(H2) = 1 bar, 250 °C, 12 h. CO gas was detected as the main
product in gas phase after the HDO reaction. It was evident that catalytic reforming of
methanol occurs in this co-catalyst system.
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2.7.3 Scheme
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Scheme S-2.1 The mechanism of p-cresol reaction with Nb2Os in D2O. The deuterium from
D.0 could transfer to aromatic ring through tautomerization catalyzed by Nb>Os. This
Scheme shows the possible structures and molecular weight of p-cresol after isotopic
reaction with Nb2Os in D20 in agreement with the GC/MS and 2H NMR results.
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Chapter 3. Catalytic Conversion of Activated Carbon Purified
Lignin Derived Phenolics to 4-Propylcyclohexanol under Mild

Condition

3.1 Abstract

Propylcyclohexanols can be achieved from Ru/C catalyzed conversion of lignin monomers under
H> pressure at low temperature 140 °C. Under optimized conditions, dihydroeugenol (DHE), a
model compound of lignin monomer, is 100 % converted to equal amount of 4-
propylcyclohexanol and 2-methoxy-4-propylcyclohexanol in a solvent-free system. The
applicability of this catalytic system is demonstrated by funneling a substrate mixture of DHE,
isoeugenol, and 4-allylsyringol simulating bio-oil into two propylcyclohexanol products. In the
case of upgrading real lignin derived bio-oil, its complex components deactivate Ru/C and
prevent the formation of propylcyclohexanol products. This obstacle is addressed in this work by
applying a simple purification treatment with activated carbon. By which, it illustrates the
catalyst deactivation attributes to the presence of sulfur and lignin biopolymer residues in bio-oil.
Thus, we have been able to show that a combination of both catalytic conversion and purification
strategy enables the utilization of biomass derived bio-oil directly as a renewable source for

propylcyclohexanol production.
3.2 Introduction

Lignin, a polymer of oxygenated aromatics, is the most abundant source of renewable phenolics
from nature.™ 37 20 million tons of lignin is grown through photosynthesis every year, and it

contributes to 10-25 % of natural biomass.® ° As a promising material, it has been widely

101



researched to be utilized in many ways. Methods such as pyrolysis, %12 catalytic conversion,
13,14 and enzymatic degradation'®>'” have been studied to break lignin into its monomers, a
mixture of small phenols with methoxy groups and short alkyl chains, also known as bio-oil.
Bio-oil is an important feedstock for energy products'® and renewable plastics.*® Among the
above three methods, metal-catalyzed depolymerization of lignin is well known for its highest
efficiency. We have reported an earth-abundant metal, nickel, to be one of the desired metals for
catalyzing native lignin into a mixture of mainly 4-propylguaiacol (DHE), 4-propylsyringol
(DMPP), and their propenyl forms.® 2° Herein, upgrading the Ni-catalyzed propylphenols will
provide further advances into utilizing the bio-oil feedstocks to the next-step chemicals and

complete a route from natural biomass to value-added products.

The goal of this study is to develop a further utilization method of lignin derived
propylphenols to 4-propylcyclohexanol. Propylcyclohexanols have many industrial uses. They
are known as useful intermediates and additives in the fragrance industry.?* Their hydroxyl group
can be easily oxidized to form propylcyclohexanone which makes it a potential intermediate for
making new nylon polymers.??-%* 4-propylcyclohexanol can be achieved from propylphenol
through hydrogenation of the aromatic ring. However, in the case of using bio-oil as a feedstock,
the specific 4-propylcyclohexanol cannot be achieved by a simple hydrogenation. Due to one or
two methoxy groups in the ortho positions of propylphenol, a deoxygenation reaction must be

selectively preformed between the aromatic carbon and methoxy oxygen.

By far, the existed studies have shown the hydrodeoxygenation (HDO) reactions with
transition metals (Co, Ni, Ru, Pd, and Zr etc.), organic solvents (n-dodecane, hexadecane, and
isooctane etc.), and hydrogen pressure (> 10 bar) at elevated temperature (> 200 °C) are efficient

for converting propylphenols to propylcyclohexanol.* 252 For example, Schutyser et al reported
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using DHE in hexadecane solvent with high nickel loading (65 wt% Ni) on silica/alumina
catalyst gives 85 % yield of propylcyclohexanol at 250 °C under 10 bar hydrogen atmosphere.?®
Xu et al showed their RuZrLa-2 catalyst is active for catalyzing DMPP to propylcyclohexanol
(86.9 % yield) at 200 °C with 40 bar hydrogen pressure.* However, using high-boiling organic
solvents increases the difficulty of product separation. The high temperature may also limit the
scalability of the reaction and is not energy-saving. Therefore, the milder condition with low-

boiling solvent, or even a neat reaction is more desirable for upgrading propylphenols.

Here, we studied Ru/C catalyzed DHE to propylcyclohexanol at 140 °C. Although, this

mild condition is effective to convert DHE to 4-propylcyclohexanol (1) and 2-methoxy-4-
propylcyclohexanol (2) without using any solvent, adding small amount of methanol (0.25 mL to
20 g DHE) plays a crucial role in avoiding formation of by-products. More importantly, even
though there are some studies that have provided promising yield of propylcyclohexanol, but due
to the complexity of natural biomass, the use of actual lignin bio-oil as the feedstock to make
propylcyclohexanol has not been realized until now.3%-32 In this contribution, we describe a
purification strategy that successfully promotes the upgrading of lignin bio-oil made from Poplar
wood to propylcyclohexanols (1) and (2), and we delineate the culprits in the bio-oil causing
catalyst inhibition/deactivation . Last but not least, the unreacted lignin biopolymer residue is

recycled in our purification treatment.

3.3 Experimental

Materials. All commercial chemicals were purchased and used as is. 2-methoxy-4-propylphenol
(=99 %), isoeugenol (98 %), acetic acid (= 99.7 %)), activated carbon (100 mesh), and
ruthenium on carbon (5 wt% loading) were purchased from Sigma-Aldrich. Acetone (ACS

Reagent Grade), ethyl acetate (ACS Reagent Grade), methanol (ACS Reagent Grade), methylene
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chloride (DCM, High-resolution Gas Chromatography Grade), and pyridine-ds (= 99.5 %
atom % D) were purchased from Fisher Chemical. 4-ally-2,6-dimethoxyphenol (98 %) and n-
dodecane (99 %) were purchased from Alfa Aesar. 4-propylcyclohexanol (cis- and trans-
mixture > 98 %) was purchased from Tokyo Chemical Industry Co., LTD (TCI). Dimethyl
sulfoxide-ds was purchased from Cambridge Isotope Laboratories Inc. Ultra-pure hydrogen gas
(5.0 Grade) was purchase from Praxair. Deionized water was obtained from A10 Milli-Q water

purification system by Millipore.

Poplar dry woody biomass was obtained from the ACE Hardware Lumberyard, Santa
Barbara, CA. Lignin was extracted from Poplar shavings by organosolv method.* Organosolv
lignin (OPL) was further depolymerized into lignin monomers by Ni/C catalyst. The bio-oil
obtained from catalytic depolymerization of lignin (CDL) and the preparation of Ni/C catalyst

were reported in our previous work.?

Purification of Biomass Products. The purification process was done in a stainless-steel
pressurized vessel equipped with magnetic stirring system (Parr Instrument Company, 5000
series). 1 g CDL mixture was first dissolved in 30mL methanol and then mixed with 3.5 g
activated carbon (100 mesh) into a 75 mL reactor vessel. The mixture was constantly stirred by a
magnetic glass stir bar at 700 rpm. The reactor vessel was then sealed and purged three times
with 5.0 grade hydrogen. 10 bar hydrogen was charged into the vessel after the purge cycles. The
vessel was then heated to 100 °C and held for 12 hours in heating jacket. The heating process was
controlled automatically by a programmable controller box (Parr Instrument Company). After
the heating period, vessel was cooled to room temperature with continuous stirring. Once the
vessel was cooled, remaining gas pressure was vented. The carbon-methanol mixture was then

transferred by washing with 50 mL methanol into a 100 mL Buchner funnel with glass frit plate.
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The Buchner funnel was connected to vacuum. The solid phase was separated and collected by
vacuum filtration. The methanol filtrate was stored in a 500 mL round bottom flask. 50 mL DI
water was used to wash the solid. The aqueous wash solution was collected for ICP analysis. The
remaining solid was dried under vacuum for four hours. Then the dry solid was transferred into
another 500 mL round bottom flask with 200 mL acetone. The mixture was stirred with magnetic
stir bar while refluxing at 60 °C for two hours. The solid was separated again by vacuum
filtration in Buchner funnel and washed slowly by another 100mL acetone. The total 300 mL
acetone filtrate was combined to the previous methanol filtrate. The acetone and methanol
solvents of the combined filtrate were removed by a rotavapor (Buchi Corporation V-100 series).
The remaining neat liquid containing organic CDL products were stored for further reactions.
After processing the solid with acetone, the remaining solid was stirred and refluxed again in 100
mL DCM at 40 °C for one hour. After that, the mixture was transferred to Buchner funnel
immediately at 40 °C for vacuum filtration. Another portion of 100 mL DCM was used to wash

the remaining solid. The DCM filtrate was then collected for further NMR analysis.

Catalytic Reactions. The catalytic conversion was carried out in a pressurized batch reactor
(Parr Instrument Company, 5000 series). A portion of 2 g starting material was physically mixed
with 10 wt% Ru/C (0.2 g, 5 wt% Ru loading on activated carbon) and employed to 20 mL
methanol in a 75 mL stainless-steel reactor vessel. A magnetic glass stir bar was used to stir the
reaction mixture. The reactor vessel was then sealed and placed into heating jacket. A magnetic
stirring system was equipped with the heating jacket and the stirring rate was preset to 700 rpm
for the whole reaction period. The vessel was purged three times with 5.0 Grade hydrogen gas.
After that, 35 bar H, was charged and sealed into the vessel at room temperature. The reaction

mixture was then heated to 140 °C and held for 4 hours. After the reaction, the vessel was
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removed from heating jacket and cooled to room temperature. Prior to collecting the products
mixture, the remaining gas was vented. The products and solid catalyst were washed from
reactor vessel by using 250 mL methanol and passed through a filter paper with pore size of 11
um (Whatman 150 mm) to remove solid catalyst from the products mixture. The liquid filtrate
was then stored in a 500 mL round bottom flask for GC-FID and GC-MS analysis. The neat
DHE reaction was carried out with the same condition using 20 g DHE but only 0.25 mL

methanol was added.

GC-FID Analysis. Methanol solvent was removed from the liquid filtrate of catalytic reaction
by using rotavapor. The neat organic products were diluted in ethyl acetate in 50 mL volumetric
flask. 10 mM n-dodecane in ethyl acetate solution was prepared as internal standard. 500 uL
products solution mixed with 500 uL internal standard solution and filtered through 0.2 micron
PTFE syringe filter into a 2 mL Agilent GC vial with screw cap for GC analysis. Agilent 6890N
gas chromatographer equipped with flame ionization detector (FID) was used to quantify the
products. J&W DB-5 column (30 m x 0.250 mm 1.D. x 0.25 uL film thickness) was installed to
separate the analytes. Prior to sample injection, the inlet temperature was set to 310 °C and its
total flow was at 14.0 mL/min. Helium was used as the carrier gas and the GC was set to split
mode with 10:1 split ratio. The initial oven temperature was equilibrated at 35 °C for three
minutes. The ramping rate was set at 15 °C/min to warm the oven to 310 °C after the equilibrium.
The FID detector was kept at 310 °C during the whole measurement. For each run of analysis, 2
uL analyte solution was injected by autosampler. Each product molecule was identified
according to its retention time which was pre-determined by using the commercial standards.

The quantification of each analyte was calculated based on a calibration curve. The calibration
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curve was made according to the function of the concentrations and the ratios of peak area

between analyte versus the internal standard.

GC-MS Analysis. The products were identified by mass spectrometer. 0.2 g neat products
mixture was dissolved in 25 mL ethyl acetate. Then the sample solution was filtered through 0.2-
micron PTFE syringe filter. 1 uL sample solution was then manually injected into a Hewlett-
Packard 5890A GC. The injector was set to 280 °C while the initial oven temperature was at 50
°C. Then the oven was heated to 300 °C at rate of 20 °C/min. During the ramping period, each
analyte molecule was separated by GC column (J&W DB-5 column, 30 m x 0.250 mm I.D. x
0.25 uL film thickness) and carried by helium gas into a Hewlett-Packard 5970B Mass Selective
Detector (MSD). The MSD was equipped with dedicated electron ionization (El) source and a
quadrupole mass analyzer. The mass range of detection was set from 40 to 550 m/z at rate of 1.6

scans per second.

ICP Analysis. Inductively Coupled Plasma (ICP) Spectrometer was used to analyze the elements
in water filtrate collected during the purification process. iCAP 6300 ICP (Thermo Scientific)
was used for this analysis. Sample uptake rate was pre-set to 1.5 mL/min and the carrier gas flow
being 0.5 L/min. The Burgener Teflon Mira Mist nebulizer and radical view torch with 13 mm
viewing height and 1150 W RF power were equipped to this ICP. The water sample was placed
into a 50 mL centrifuge tube (Falcon), then the aqueous solution was directly pumped into the
ICP instrument for analysis. A portion of clean DI water and a portion of DI water collected by

washing fresh activated carbon were also used as control samples for comparison.

NMR Analysis. A Bruker AVANCES500 (500 MHz) spectrometer was used for HSQC analysis
of DCM filtrate from the purification process. For a typical HSQC sample preparation, DCM

solvent was first removed by rotavapor, and then the remaining solid was dried under vacuum at
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room temperature for 12 hours. After that, the dried brown lignin solid was collected and
dissolved in a 700 uL DMSO-ds: pyridine-ds 5:1 (v/v) co-solvent mixture. The spectrometer
operated at 500.13 and 125.77 MHz for *H and **C nuclei. The 2D-HSQC spectra were then

acquired by an echo-antiecho experiment called HSQCETGP.

3.4 Results and Discussion

OH |

(o] (@]
— +

1 2

Scheme 3.1 DHE Conversion to two main products: 4-propylcyclohexanol (1)
and 2-methoxy-4-propylcyclohexanol (2)

Ruthenium had been reported to be one of the ideal metals in heterogeneous catalysis, especially

in catalyzing biomass derivatives into value-added chemicals.?® 323" Ruthenium loaded onto

activated carbon (Ru/C) is known for its ability highlighted in hydrodeoxygenation, thermo

stability, recyclability, and commercial accessibility in large quantities. Hence, Ru/C was chosen

to study the catalytic conversion of lignin monomers to propylcyclohexanol (1) and 2-methoxy-

4-propylcyclohexanol (2) (Scheme 3.1). DHE, one of the major lignin monomers was studied as

the model compound.

108



3.4.1 Optimization of reaction conditions
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Figure 3.1 Product distribution of (1) and (2) (by mass) in different low-boiling
alcohol solvents. Common condition for each reaction: DHE 2 g, Ru/C0.2 g,
alcohol solvent 20 mL, initial H, 35 bar, 140 °C, 4 h. (a) Entry 1 was done with
20 g DHE, 2 g Ru/C, and 0.25 mL methanol, initial H, was 50 bar for 1 hour
reaction at 140 °C, then cooled to room temperature to add another 50 bar H,
then held at 140°C for another 1 hour, repeated for 4 times to 4 hours in total.

The choice of solvent is important for a catalytic system. Investigations of using low-boiling
point alcohols and solvent-free reactions were done to understand the impact attributed to solvent
(Figure 3.1). Figure 3.1 illustrates that DHE can be converted to (1) and (2) at 140 °C within 4
hours in alcohols medium. Although a higher reaction temperature could potentially accelerate
the kinetics (Entries 1-4, SI, Figure S-3.1), surprisingly, raising the temperature above 160 °C
suppressed both the conversion of DHE and the formation of products (Entries 5 and 6, Figure S-
3.1). Therefore, in case of using alcohol solvent, temperature between 140-160 °C is desirable.
The amount of Ru/C was also examined and summarized in supporting information (SI) Figure
S-3.2. Although the 100 % conversion of DHE is still achieved with less catalyst in 4 hours, the
product distribution varies by 10 %. Entries 1-4 in Figure S-3.2 show 10 wt% of Ru/C is optimal

to achieve (1).
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Entries 1-3 in Figure 3.1 indicate the selectivity of (1) and (2) at different polarities of the
alcohol solvents. Thus, the more polar methanol improves hydrogenolysis reaction for methoxy
removal while the less polar 1-butanol promotes more hydrogenation on the aromatic ring. Entry
4 in Figure 3.1 shows the product distribution of the neat reaction (solvent-free). Without using
any alcohol solvent, DHE is fully converted to (1) and (2) equally. However, the product mixture
was initially observed becoming yellow-greenish in color. The formation of this colored
byproduct was found to be easily inhibited by adding a very small amount of methanol (0.25 mL
methanol to 20 g DHE) to the reaction mixture. This phenomenon suggests, besides being a
solvent, methanol also plays an important role in protecting this catalytic conversion of DHE.
Overall, the success of the neat reaction suggests the upgrading of phenolics can be done in a

greener way with a more favorable selectivity to (1) than in solvent.
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Figure 3.2 Sequences of neat reactions. (A) Product mixture of a reaction starting with DHE 20 g, Ru/C 2 g, and initial H,
50 bar, held at 140°C for 1 hour and cooled to room temperature to add another 50 bar H,, repeated three times; (B)
Distillate collected by vacuum distillation at 75 °C vapor temperature and combined with fresh Ru/C 1.7g, initial H, 50 bar
and repeated the heating and cooling steps till 4 hours at 140 °C in total; (C) The remaining product mixture after vacuum
distillation; (D) Product mixture of using (C) as the starting material with fresh Ru/C 0.2 g and 35 bar H; held at 140 °C for
4 hours.
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3.4.2 Mechanism

Propylphenol

Scheme 3.2 Possible reaction mechanism for conversion of DHE
catalyzed by Ru/C at 140 °C.

Described in Figure 3.2 are product mixtures of neat reactions as well as the mass balances.
Mixture (A) in Figure 3.2 was obtained from a solvent-free reaction starting with 20 g DHE. The
reaction was quenched before it went to completion. By performing vacuum distillation, mixture
(A) was separated into two fractions, (B) and (C). Products (1) and (2) maintained the same
proportions after the second run of reaction with mixture (B) and fresh Ru/C while the remaining
DHE in mixture (C) was converted further into (1) and (2). Accordingly, we hypothesized that
the demethoxylation must be performed prior to the saturation of the aromatic ring. This result
was consistent with the conclusion drawn from longer reaction time in methanol solvent (SI,
Figure S-3.3), which showed no conversion of (2) into (1) after 16-hour reaction. Scheme 3.2
outlines the possible mechanism for this Ru/C catalyzed reaction from DHE to (1) and (2). In the
presence of hydrogen gas, DHE is simply reduced to (2) via hydrogenation reaction which
stabilizes the methoxy group on the cyclohexane ring. Thus (2) does not convert to (1) under our
reaction conditions. The demethoxylation of (2) requires higher temperature (200-300 °C) to
overcome the activation boundaries for C(sp®)-O cleavage.* 2° On the other hand,

demethoxylation is favorable for C(sp?)-O of DHE at low temperature (140 °C) and produces
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propylpehnol as an intermediate. Then the propylphenol is rapidly reduced to (1). No 4-
propylcatechol was detected and the lack of acid sites on carbon support suggest the
demethoxylation of DHE into catechol (via hydrolysis) in this study is less likely.3® 3 Lastly,
taking mixtures (B) and (D) together accounts for 93 % of the mass balance of the starting 20 ¢

DHE.
3.4.3 Application to lignin derived monomer mixtures, simulated lignin bio-oil

A mixture of DHE, isoeugenol, and 4-allylsyringol was obtained from commercial standards to
simulate a bio-oil mixture of lignin monomers. This simulated bio-oil was fully converted to (1)
and (2) (Figure 3.3). Thus, this mild system provides the opportunity to funnel multiple lignin

monomers into propylcyclohexanols 1 and 2.

OH OH | OH | OH OH (‘)
0 O o G 100% Conversion
—
P %
(A) (B) ()

1(40%)  2(60%)

Figure 3.3. Reaction of simulated bio-oil mixture: 0.7 g of each (A) 4-
allylsyringol, (B) isoeugenol, and (C) DHE with Ru/C 0.2 g and H3 35 bar in 20 mL
methanol solvent at 140 °C for 4 hours.

Notably, when actual lignin bio-oil containing DMPP, isoeugenol, and DHE (obtained
from CDL reaction of Poplar biomass) was used, products 1 and 2 were not observed. This
outcome could be a result of catalyst deactivation caused by the complexity of the bio-oil
mixture, potentially containing more than 400 minor components.*° For example, sulfur is
ubiquitous in raw biomass and well known for its poisoning and deactivating Ru/C.** Sulfur can
be accumulated through processing biomass into bio-oil. Besides, deposition attributed to the
viscous unreacted lignin biopolymers and oligomers on catalyst surface could also play a role in

suppressing the reaction by preventing contact between monomeric substrates and active sites.*?
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Therefore, a purification treatment should be done to remove catalyst poisons and promote the

utilization of actual lignin bio-oil.

3.4.5 Purification strategy

Sulfur

e v
3.5 g activated carbon (AC) ‘ Vacuum filtration
= '
30 mL methanol,10 bar H,

Bio-oil adsorption on AC ’
1 g bio-oil Methanol filtrate
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Figure 3.4 Activated carbon purification treatment for bio-oil obtained from lignin of Poplar biomass.
Figure 3.4 outlines our three-step purification method of using activated carbon (AC) to adsorb
the bio-oil and release/fractionate different components. A similar strategy of using AC as the
purification agent has been previously studied for adsorption of arsenics.*® In this work, the raw
bio-oil after CDL is a viscous liquid of dark brown color. To 1 g of lignin bio-o0il 3.5 g AC in
methanol was added and the mixture held at 100 °C for 12 hours, the bio-oil adsorption onto the
AC was indicated by the disappearance of brown color in the methanol solution. After vacuum
filtration, light-yellow methanol filtrate was collected which gave DHE and DMPP as the major
solutes. 10 bar hydrogen pressure was necessary to create a pressurized system and retained
methanol in liquid phase at 100 °C. Moreover, isoeugenol was converted to DHE during
purification. This observation suggests hydrogenation of the side chain C=C of isoeugenol.

Follow route 1 in Figure 3.4, AC with adsorbed bio-oil was first washed with water. Although
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the aqueous wash solution appeared clear, ICP analysis showed sulfur in the aqueous filtrate (SI,
Figure S-3.4). Described in route 2 of Figure 3.4 is a reflux treatment of the sulfur-free AC
mixture in acetone. Collected in the light-yellow acetone filtrate was another portion of DHE and
DMPP from the raw bio-oil. Route 3 in Figure 3.4 shows reflux of the remaining AC solid in
methylene chloride (DCM). Brown colored DCM solution was collected after this treatment.
After evaporation of DCM, a brown solid was collected. 2D HSQC NMR analysis of this brown
solid product indicated typical lignin linkages (Figure 3.5). Thus, the brown solid recovered in
DCM is suggested to be unreacted lignin and thereby it can be recycled for further upgrading
CDL reaction. Notably, the recovered AC after performing route 3 was reusable for more than

two cycles of this purification treatment without doing additional reactivation to the AC.
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Figure 3.5 2D 'H-13C HSQC spectra of recovered brown solid (lignin) from the DCM filtrate (route 3 in Figure 3.4).
The left spectra show the aliphatic side chain region, in which, §-5 linkage (green), methoxy (yellow), $-0-4 linkage
(pink), and - B linkage (blue) are assigned. The right spectra depict the aromatic region where the Sand S’ lignin
(orange), G lignin (purple), and H lignin (indigo) are detected. All assighments were determined according to the
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After performing the AC purification, DHE and DMPP collected in methanol and acetone
fractions were combined and converted to propylcyclohexanols (1) and (2). Figure S-3.5 in Sl
summarizes the mass balance of purifying bio-oil and upgrading clean monomers to (1) and (2).
AC purification recovered 81 % by mass of the starting phenolics in the methanol and acetone
fractions. 0.63 g of (1) and (2) were produced from the recovered phenolics by the mild
conversion with Ru/C which was about 91 % yield by mass of purified phenolics and 73 % yield
by mass of the starting phenolics in the raw lignin bio-oil. Therefore, the reasons for inhibiting
upgrading actual lignin bio-oil are concluded to be catalyst deactivation caused by the sulfur

content and lignin biopolymer residue in the bio-oil mixture.
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Figure 3.6 outlines an overview of processing biomass as feedstock to (1) and (2).

Figure 3.6 Bio-oil processing sequence to (1) and (2)

Typically, lignin in raw biomass can be directly converted to bio-oil (dark brown liquid) by Ni/C
catalyzed CDL reaction.® On the other hand, lignin (brown solid) can also be first isolated by an

organosolv method prior to CDL reaction leading to the same bio-oil.! Purification by activated
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carbon is the key step of this process. Activated carbon has large surface area which allows the
components of bio-oil depositing on its surface and sequentially releasing different components
into different fractions. The sulfur impurity is removed by water and the unreacted lignin
biopolymer is recycled in DCM. By which, the deactivation of Ru/C is avoided. Therefore, the
purified lignin monomers collected in organic solvents can be eventually converted to (1) and
(2). Interestingly, the isoeugenol is reduced to DHE during the purification under small amount
of hydrogen pressure. Even though performing a direct fractional distillation (labelled in red
color) of the bio-oil can also isolate a clean mixture of phenolic compounds. However, the
elevated temperature for distilling those high-boiling phenolics could drive self-condensation of
lignin and lignin derivatives and result in an inactive form of bio-oil that becomes quite
recalcitrant towards upgrading.* Thus, the fractional distillation is less favorable in collecting

clean lignin monomers and recycling lignin biopolymer from bio-oil.

3.5 Conclusion

In summary, our study provides a new route of utilizing lignin derivatives into useful chemicals
through hydrogenolysis and hydrogenation reactions under mild conditions and without requiring
a solvent. DHE and DMPP with Ru/C react in neat conditions and produce selectively
propylcyclohexanols (1) and (2); addition of a small amount of methanol (1.25 % v/v) protects
the reaction from colored byproducts. The solvent effect suggests the less polar alcohol solvents
lead to ring hydrogenation favoring (2) while polar alcohols such as methanol and neat reactions
improve the yield of propylcyclohexanol (1). Moreover, selectivity to (2) can also be tuned by
using less amount of Ru/C. Our mechanistic study indicates the hydrogenation of the aromatic
ring stabilizes the attached methoxy group and under our conditions C(sp®)-O cleavage is less
favored in comparison to C(sp?)-O. Thus, the formation of (1) is only achieved through

116



hydrogenolysis of the methoxy group on DHE first to 4-propylphenol, followed by ring
hydrogenation. Although many studies have reported success in upgrading lignin model
compounds, our AC purification treatment realizes a more practical route to utilize native lignin
monomers from actual lignin bio-oil into value-added products. What’s more, the purification
illustrates the sulfur and lignin biopolymer could be the reason of Ru/C deactivation and
preventing the upgradability of actual bio-oil. The highlight of this treatment is not only
purifying the bio-oil mixtures, but also recycling the unreacted lignin biopolymer from CDL
mixture. More importantly, our success in upgrading lignin bio-oil from Poplar biomass to (1)

and (2) provides the opportunity for utilizing many lignocellulosic derivatives to wide purposes.
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Figure S-3.1 Temperature profile of the DHE conversion catalyzed by Ru/C to (1) and (2).
Reaction condition: DHE 2 g, Ru/C 0.2 g, methanol 20 mL, H 35 bar, 4 hours at various
reaction temperatures.
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Figure S-3.2 DHE conversion catalyzed by Ru/C to (1) and (2) with different amount of catalyst.
Reaction condition: DHE 2 g, methanol 20 mL, H 35 bar, 4 hours at 140 °C.
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Figure S-3.3 DHE conversion catalyzed by Ru/C to (1) and (2) at different reaction time.
Reaction condition: DHE 2 g, Ru/C 0.2 g, methanol 20 mL, H2 35 bar at 140 °C held for 2, 4, 8,
and 16 hours of reaction time.
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Figure S-3.4 ICP analysis of water sample from AC purification treatment.

Figure S-3.4 compares the ICP spectra of three aqueous samples. Peak labeled in red color shows
the blank link of injecting pure water in ICP. The blank line also indicates there is no sulfur
detection in clean water. The peak labeled in blue color illustrates the very small sulfur
measurement from a sample of 3.5 g fresh activated carbon washed by 50 mL clean water. The
sulfur component of bio-oil acquired from AC purification treatment is shown in the green
colored peak. Activated carbon used for AC purification was 3.5 g and water used to wash sulfur
after the adsorption of bio-oil on AC surface was 50 mL. The large green peak shows the
evidence of sulfur content removed from AC purification is significant. The peak assignment for
sulfur at 180.731 nm is based on the specific ICP instrument calibration and literature result.
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Figure S-3.5 Mass balance of bio-oil processed by AC purification treatment to product (1) and
).
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2 g bio-oil was obtained from CDL reaction of Poplar biomass. The total content of DHE,
isoeugenol, and DMPP was analyzed being 0.86 g by HPLC which the method has been
previously reported.? The 2 g bio-oil was purified by using AC treatment in 2 portions, 1 g bio-
oil with 3.5 g AC of each portion. The propylphenols collected in methanol solvent was 0.3905 g
while it collected by refluxing in acetone was 0.3044 g in total. Then the propylphenols isolated
in different solvents were reacted in two separated reactions with the same condition. A 4-hour
reaction at 140 °C with 10 wt% Ru/C, 20 mL methanol, and 35 bar Hz was applied to convert the
recovered propylphenols to (1) and (2).
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Chapter 4. Stepwise Kinetic Study of Glucose Conversion to EG and
PG over Ru/C-AMT Co-catalysts System

4.1 Abstract

The combination of Ru/C and ammonium metatungstate (AMT) constitute a bifunctional catalyst system
for ethylene glycol (EG) and propylene glycol (PG) production from glucose under hydrogen atmosphere
at elevated temperature (240 °C). Herein, the kinetic details and effect of each catalyst component are
described. The kinetics of the three-phase reaction revealed the Ru/C is activated at moderate temperature
(120 °C) and glucose is initially hydrogenated to sorbitol following first-order kinetics. This
hydrogenation process is not mass transfer limited at pressure > 450 psi. 10 wt% of Ru/C showed the best
catalyst efficiency. Sorbitol is then converted to smaller aldose and polyols through first order
hydrogenolysis at elevated temperature (> 200 °C). Ru/C shows activity towards C-C bond cleavage to
polyols at a temperature > 200 °C. AMT requires higher temperature (> 185 °C) to activate and it plays an
important role in converting aldose intermediates. EG is immediately produced by C2-C4 cleavage of
sorbitol. C4 intermediates are determined to be erythrose and erythritol. Further C-C cleavage of these
intermediates gives PG and additional EG. Moreover, deposition of soluble AMT is observed, and it
modifies Ru/C and results in a slower degradation of sorbitol and higher EG formation. Since AMT’s role
impacts selectivity for EG, the ratio of EG and PG can be adjusted from 2:1 to 100:1 by controlling the
amount of AMT. 10 wt% Ru/C with 5 wt% of AMT provides an optimal reaction condition, at which
glucose and intermediate sorbitol reach the highest conversion toward EG and PG formation with the
highest reaction rate. A comprehensive reaction mechanism is described for Ru/C-AMT catalysis for
making EG and PG from glucose. Kinetic modeling is developed to fit experimental data and provide

elementary rate constants.

4.2 Introduction
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Much attention has been given to converting lignocellulosic feedstocks into bioenergy, new
materials, and value-added chemicals.** Cellulose is the largest component (> 50%) of
lignocellulosic biomass.*?** Glucose is the monomeric unit of cellulose. Development of
catalytic conversion of glucose to value-added chemicals and the understanding of reaction
mechanisms and kinetics will result in advancing cellulose valorization in renewable

applications.

Glucose has wide spectrum of products by either upgradation,**® or degradation.¢-
The two important derivatives from glucose, ethylene glycol (EG) and propylene glycol (PG)
have high annual consumptions.? 2226 An ultimate goal of cellulose valorization is to use
glucose as a sustainable resource to produce EG and PG and substitute their conventional
production from petrochemicals. Hydrothermal condition with heterogeneous catalysts is
promising for glucose conversion among other methods. Noble metals and earth abundant
metals, such as Ru,? 26-27 W 2830 pt 12 Nj 2731 and Cu®? respectively, are active for converting
glucose to EG and PG. The combination of ruthenium on activated carbon support (Ru/C) and
ammonia metatungstate hydrate (AMT) gives in outstanding yield and selectivity in aqueous
mixture under hydrogen pressure. Up to 60% of EG yield can be obtained with 80% of total
polyol yield.'? Herein, understanding the mechanistic and kinetic details of this Ru/C — AMT co-

catalysts with the tri-phase system is essential for cellulose valorization.

The mechanism of converting glucose to EG and PG is still not well-understood. Two
major pathways have been proposed. They are distinguished based on C-C bond cleavage and
the resulting intermediates. One involves Ru/C catalyzed aldose and ketose epimerization to their
stereoisomers through Lobry de Bruyn-Alberda van Ekenstein reaction.®3* By which, glucose is

first partially isomerized to fructose, and followed by direct C-C cleavage via retro-aldol
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condensation to generate intermediate aldehydes, such as erythrose, glycerolaldehyde, and
glycolaldehyde.® Then the erythrose can be further fragmented to two units of glycolaldehyde.
The glycerolaldehyde is reduced to PG and glycerol by Ru/C while glycolaldehyde is reduced to
EG through hydrogenation. In the second mechanism sorbitol is converted to diols, which is
consistent with the observation of sorbitol during catalysis.?” Ru/C is both an efficient
hydrogenation catalyst as well as a good hydrogenolysis catalyst.>* Thus, the reaction pathway
through sorbitol became more plausible. Instead of stereoisomerization, glucose is first reduced
to sorbitol by Ru/C through hydrogenation. Sorbitol is subsequently cleaved by hydrogenolysis
to generate the same series of aldehyde intermediates as those proposed for the direct C-C
cleavage pathway of glucose. However, the hydrogenolysis leads to another point of contention,
retro-aldol condensation versus decarbonylation.3* 36-3” Although this question cannot be fully

answered, the release of carbon monoxide supports C-C cleavage through decarbonylation.

Glucose conversion under heterogeneous catalysis is commonly conducted under harsh
conditions such that the proposed intermediates are also unstable. As a result the kinetics and
catalyst performance are difficult to determine. Therefore, the reaction setup should be defined to
study the catalysis of glucose. In general, there are two kinds of reaction setup. One is a
continuous flow reactor and the other one is a fixed batch reactor. Zhao et al.'? introduced the
advantages of using a continuous reactor, but it is still limited by the low energy efficiency,
residence time, and mass transfer effect between the substrates and catalyst. Compared to the
continuous reactor, although the yield and selectivity of EG are not significantly improved with
the use of batch reactors, the batch system equipped with fast stirring and higher pressure can
minimize mass transfer effects between both solid-liquid and liquid-gas phases. Therefore, it is

more advantageous to use a batch reactor system to study the catalysis and kinetics of converting
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glucose to diols. Glucose in both setups requires elevated temperature (above 150 °C) and
pressure (above 400 psi) to promote catalyst activation and glucose conversion. To study the
Kinetics, a pressurized sampler was utilized to sample from the tri-phase reaction mixture in situ
and minimize hydrogen pressure and solid catalyst losses. The hot liquid samples are cooled
immediately to quench the reaction and to archive its instantaneous composition of glucose,

intermediates, and diol products.

To obtain the kinetic details and understand the mechanism, we defined a batch reactor
system to study the physical mixture of the co-catalyst system with physically mixed Ru/C and
AMT in aqueous glucose solution under hydrogen pressure and coupled with magnetic stirring
at constant rate of 700 rpm. After an investigation of reaction temperature from 90 °C to 240 °C,
our findings indicated Ru/C was activated at 120 °C in the presence of hydrogen. At this stage,
while maintained above 225 psi gauge pressure, hydrogen had no impact on reaction rates. AMT
was observed to be activated above 185 °C and became homogeneous tungsten bronze
(HxWO3).® The different activation temperature allowed us to study the two catalysts separately
to understand their respective functions as well as their combined benefits. In this work, the
catalytic conversion of glucose was studied under two distinct conditions, under mild
temperatures (120 — 180 °C) and elevated temperatures (185 — 240 °C). Hydrogen pressure,
substrate concentration, and catalysts ratio were evaluated as factors to understand their
influences on the mechanism, diol selectivity, and reaction kinetics. Experimental kinetic data
was obtained under different controls and fitted with kinetic models. A plausible mechanism is

proposed based on intermediates, products distribution, and kinetic dependencies.

4.3 Experimental Section
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4.3.1 Reaction setup and auto sampling

The batch reaction was carried in 100mL stainless steel pressure vessel designed by Parr
Instrument Company. The pressure vessel was equipped with a mechanical impeller stirrer,
sampling dip tube, and a Parr 4848 reactor controller. Ru/C and AMT were physically mixed and
employed to 50 mL of glucose aqueous solution in reactor vessel. The vessel was sealed and
purged 4 times by 5.0 grade hydrogen gas. The hydrogen pressure was then adjusted and charged
into the vessel. The reaction mixture was heated and stirred automatically by the programmed
controller system to desired temperature. The mechanical impeller was set at 800 rpm stirring
rate. The kinetics samples were taken by using the Parr 4878 automated liquid sampler once the
reaction mixture reached the setting temperature. The auto-sampler was purged and pressurized
with nitrogen gas. It created a 50 — 100 psi higher than the pressure in reaction vessel at working
temperature. A 1mL liquid sample was taken through a dipping tube for each measurement at a
recorded reaction time. The dipping tube was equipped with a fine filter to minimize the loss of
solid catalyst from reaction mixture. The hot liquid sample was fast cooled by circling through
cooling pipes to quench the reaction immediately. Then the cold liquid sample was ejected out
from the cooling pipes by a small nitrogen pressure. Liquid samples were collected and sealed in
10 mL glass tube for further analysis. The auto-sampler was cleaned by purging three times of

high-pressure nitrogen gas between each sampling.

4.3.2 ldentification and quantification methods

The liquid sample was filtered through a 0.2 microns PTFE syringe filter to remove insoluble
particles. A 500 micro liters of filtrate was mixed with internal standard by 1:1 volume ratio in
an Agilent screw cap vial for HPLC analysis. A 10 mM tert-butanol agueous solution was pre-

made as the HPLC internal standard. Agilent 1260 Infinity HPLC system was used to analyze the
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composition of the liquid sample. An Agilent Hi-Plex H column (300 x 7.7 mm) was selected to
separate sugar alcohols in this work. A 5 mM sulfuric acid aqueous solution was prepared as
mobile phase and flowed through the column at rate of 0.6000 mL/min. The column was set to
70 °C at its working condition. Refractive index detector (RID) was used for sample analysis.
The electronic signal was automatically transformed into chromatography spectrum by Agilent
HPLC control program. The retention time of each possible product at the described HPLC
condition was first determined by the pure commercial standard. Then the composing analytes
were qualitatively identified according to their retention time. Quantification of each analyte was
determined based on a calibration curve which represented the function of analyte concentration
versus peak area ratio between analyte and internal standard. The calibration curve was pre-made
and followed the same sample preparation steps and HPLC condition by using various
concentrations of commercial standard of each analyte and the 10 mM tert-butanol aqueous
solution. Additionally, an Agilent Hi-Plex Ca column was also used to distinguish glucose,

fructose, sorbitol, and mannitol at the same HPLC working condition as described above.

TGA and NHs-TPD analysis were also performed to determine the AMT and organic
substrates deposition on Ru/C. TGA analysis showed the evidence of organic substrates was
adsorbed on Ru/C by measuring the weight loss. Ru/C from different reactions were collected
and dried under vacuum for 12 hours. A portion of 10mg Ru/C sample was placed in a platinum
pan and loaded to a Discovery Thermogravimetric Analyzer. The percentage of weight loss was

recorded after a temperature scanning from 40 °C to 600 °C at 20 °C/min ramping rate.

NHz3-TPD was done by Micromeritics AutoChem 2920 instrument. A portion of 100 mg
Ru/C sample was placed into a U-shaped, flow thru, quartz sample tube. Prior to measurements,

the catalyst was pretreated in He (25 cm®/min) at 500 °C for 0.5 hours. A mixture of NH3 in He
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(10%) was passed (15 cm®/min) at 25 °C for 1 hour. Then, the sample was, subsequently flushed
with He (25 cm®/min) at 100 °C for another hour. The TPD measurements were carried out in the
range 100-800 °C at a heating rate of 10 °C/min. Ammonia concentration in the effluent was
monitored with filament thermal conductivity detector. The amount of desorbed ammonia was
determined based on the integrated area under the peak.

The gas phase of reaction mixture was analyzed by using Residual Gas Analyzer (RGA).
Gas phase samples were collected after each reaction while the whole system was cooled to
room temperature. Samples were vent from reaction vessel and collected in gas sampling bags.
100 micro liters of gas sample were then injected to RGA by gas-tight syringe. Analytes were
identified by directly reading the molecular weight (m/Z) signals from RGA.

4.3.3 Data processing and computational modeling

The first order experimental rate constant, Kobs, was determined by fitting the exponential
function into the curve of the analyte concentration (mM) versus time (s). The obtained Kops Was
then used in computational modeling. The computational work was performed based on the

function of rate expressions derived from proposed kinetic models (KS4-1, KS4-2).
4.3.4 Materials

All commercial chemicals were purchased and used as is. Ammonium metatungstate hydrate
(99.99%), D-mannitol (=98%), D-sorbitol (99%), 1,3-butanediol (=99%), ethylene glycol
(99.8%), tert-butanol (=99.5%), glycolaldehyde (99%), erythrose (75%), ruthenium (I11)
chloride (99.98%), zirconium (IV) oxide, and ruthenium on carbon (5wt% Ru loading) were
purchased from Sigma Aldrich. According to the merchant report, commercial Ru/C was
synthesized and analyzed to have 900 m?/g surface area and 19 microns particle size on average.

No further catalyst characterization and pretreatment had been done before use in this work. D-
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glucose (99%) was purchased from Alfa Aesar. D-fructose (99%) was purchased from Acros
Organics. Glycerol (99%) was purchased from Fisher Chemical. 1,4-butanediol (99%) was
purchased from Spectrum. 1000 ppm ruthenium in 10% (V/V) HCI was purchased from
Inorganic Ventures. The 5.0 grade hydrogen gas and nitrogen (99.998%) were purchased from
Praxair. Water used for reaction and sample preparation was obtained from a A10 Milli-Q water

purification system by Millipore.

Ru (5 wt%) supported on ZrO was prepared by wet impregnation method. Ruthenium
chloride precursor (0.0980 g) (RuCls, Aldrich) taken in beaker containing 10 mL of distilled
water. This solution was added to 0.950 g of ZrO.. It was mixed thoroughly and dried at 80 °C
using a rotary evaporator. The solid obtained was recovered and dried at 110 °C for 4 hours in an
electric oven. In specific case, Ru/ZrO, material was calcined at 400 °C for 3 hours. In other

cases, catalysts were reduced under flow of hydrogen (50 mL/min) at 400 °C for 3 hours.
4.4 Results and Discussion

4.4.1 Hydrogenation of glucose to sorbitol

4.4.1.1 Catalyst dependence
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Scheme 4.1 Proposed mechanism scheme of glucose conversion through sorbitol to EG and PG catalyzed by Ru/C and AMT
under hydrogen at 240 °C.
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By summarizing the literature and our experimental results from the detection of products and
intermediates, Scheme 4.1 illustrates our proposed mechanism of Ru/C and AMT catalyzed
glucose conversion to EG and PG. The overall mechanism can be divided into two stages: (1)
hydrogenation of glucose to sorbitol, and (2) the hydrogenolysis of sorbitol to cleave carbon-
carbon bonds into smaller intermediates and products. By which, we first observed the glucose
was fully converted into sorbitol rapidly during this catalytic process. The C-C cleavage and
subsequent reactions occurred mainly after catalyst activation at higher temperature. EG product
was detected concurrently with erythritol once the reaction reached the hydrogenolysis
temperature. Thus, we propose the first step of the hydrogenolysis is C2-C4 cleavage to give EG
(C2 product) and erythrose (C4 intermediate). However, glycerol was also detected during the
reaction and the formation of PG was not observed initially. Therefore, we concluded there were
also some C3-C3 hydrogenolysis decomposed sorbitol to glycerol and glycerolaldehyde (C3
intermediates). After that, the C3 intermediates were converted to PG. Meanwhile, the further
conversion of erythritol could either undergo C2-C2 hydrogenolysis to EG or C3-C1
hydrogenolysis to PG. In this work, the reaction kinetics was studied according to this proposed
mechanism. More details of the reaction mechanism and the experimental results of the reaction

pathways will be provided and discussed below.

To investigate the hydrogenation of glucose in this system (Scheme 4.1), a series of
reactions at different temperatures were conducted (Figure S-4.1). Hydrogenation product
sorbitol was detected at 97% yield, and Ru/C catalyst only showed activity of hydrogenation
between 120 °C to 180 °C. As a result, 120 °C was selected as the reaction temperature to study

the conversion of glucose to sorbitol by Ru/C. Different amount of catalyst was loaded into the
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reaction mixture from 2.2 wt% to 40 wt%. Interestingly, a negative trend between the observed
rate constant (Kons) With increasing amount of catalyst loading were observed when more than 10

wt% Ru/C was used (Figure 4.1).

Kops VS. RU/C
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1m0

20wt%

0.0030 4

0.0025 A

0.0020 A
40wt%

0.0015 A

kobs (S-l)

0.0010 A
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0.0000 A

0 20 40 60 80 100
Ru/C (mg)

Figure 4.1. Kops of glucose conversion dependence on Ru/C. (Condition: 28 mM glucose aqueous solution 50 mL, 2.2 wt% - 40
wt% Ru/C, 450 psi Hy, 240 °C)

Ru/C  AC/G Ru/G Kops
(Wt%) (wt) (wt) (s1)
2.2 0.0209  0.0011 1.67x10%
4 0.038 0002 7.02x10*
6 0057 0003 1.39x10°3
8 0076 0004 2.24x103
10 0.095  0.005 2.56x107
20 0.19 001  2.27x10°
40 0.38 002  1.57x10°

Table 4.1 Koy of glucose conversion with various amount of Ru/C catalyst. Mass of activated carbon (AC) and ruthenium metal
were determined based on the loading of ruthenium on support. The amount (mg) of Ru/C was contributed by 5% ruthenium
and 95% activated carbon.

When the catalyst loading is increased, the ratio between activated carbon and glucose
substrate increased as well and more significantly than the ratio between Ru and glucose (Figure

4.2).
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Ac/G ratio vs. Ru/G ratio by adding catalyst
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Figure 4.2 Ratio of carbon-glucose and ruthenium-glucose at different amount of catalyst loading. Ac: activated carbon, G:
glucose.

According to this phenomenon, our hypothesis was the adsorption of substrate on excess
catalyst support (activated carbon) slows down glucose conversion to sorbitol because less
glucose is available for reaction on Ru sites (Figure S-4.2, Table S-4.1). This process is
summarized as the following hypothesized equations (HEQ) 1-3. By which, the HEQ.1 states the
glucose that is sufficiently adsorbed the Ru active sites which can be further converted to sorbitol
and released from Ru site to reaction medium in HEg.2. In contrast, the HEQ.3 represents the
glucose is adsorbed on the excess carbon surface which is not immediately converted by Ru sites

and thus slows the reaction rate.

Glucose + Ru/C — Glucose-Ru/C  ------ HEq.1
Glucose-Ru/C = Ru/C + Sorbitol ~ ------ HEq.2
Glucose + Ru/C - Ru/C-Glucose  ------ HEq.3
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Therefore, catalyst loading from 2.2 wt% to 10 wt% (Figure 4.1) resulted in a linear increase in
kobs indicating first order dependence on catalyst and in this range the additional amount of

activated carbon did not impact the kinetics of glucose hydrogenation .

4.4.1.2 Hydrogen dependence and mass transfer effect

The hydrogen gas pressure was another important parameter to be evaluated for its effect on the
kinetics. A sequence of reactions was performed with 10 wt% Ru/C loading and 5 different
initial Hz pressures: 225, 450, 550, 650, and 750 psi. A significant increase of kons Was detected
when the H> loading was increased from 225 to 450 psi (Figure 4.3 and Table 4.2). However,

kobs Values remained constant over Hz pressure from 450 to 750 psi (Figure 4.3, Table 4.2).
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Figure 4.3 K,ps of glucose conversion dependence on H,. (Condition: 28mM glucose aqueous solution 50mL, 25mg Ru/C, 225psi
— 750psi Hy, 240°C)
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HZi Kobs-G
(psi) (s1)

225 1.58x10°3
450 2.56x103
550 2.69x10°3
650 2.96x10°3
750 2.65x103

Table 4.2 Kqs of glucose conversion with various amount of initial hydrogen pressure recorded at room temperature.

Table 4.2 summarizes Kobs at different Hz pressures. By which, it suggested the
conversion of glucose to sorbitol is independent of hydrogen pressure > 450 psi. Moreover, this
finding also indicated the gas phase hydrogen above 450 psi created a nearly constant soluble
hydrogen ([H]) in liquid phase which was enough accessible for hydrogenation reaction and thus
overcame the mass transfer effect between the gas phase and catalyst active sites. Besides,
different amount of initial glucose concentrations was tested. Concentration of glucose also
showed negligible impact on the observed reaction rate constant (Figure S-4.3, Table S-4.2).
Therefore, we concluded there was no mass transfer effect in both gas-liquid and liquid-solid

phases in our defined batch reactor system.

4.4.1.3 Kinetic model

Assumption of a four-step process was made for hydrogenation of glucose on Ru/C catalyst
surface (Kinetic Model KS4-1), which included (1) glucose adsorption on catalyst surface, (2)
catalyst activation by hydrogen ([H]), (3) irreversible hydrogenation of glucose, and (4) sorbitol
desorption from catalyst surface. An expression was derived to describe this four-step process
(Eq. 1) with steady state approximation. Since no mass transfer effect and zero-order dependence
on hydrogen pressure (> 450 psi) were determined, the constant [H] was estimated by Henry’s

law.
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dlsl _ _karkarksplGIRUlH) ) roorn o
dt (kg +kzf)(kir+kap[Hz]) Kar[S][Ru] Eq. 1

The sorbitol term in Eq. 1, ka[S][Ru], demonstrates that as the sorbitol concentration in
liquid phase increases the conversion rate slows down by affecting the equilibrium between
sorbitol adsorption and desorption from the catalyst surface. A higher [S] would reduce the
reaction rate by shifting the equilibrium to sorbitol adsorption. More sorbitol would occupy the
surface of catalyst and reduced accessibility of active sites for glucose. With this assumption,
two sequences of control experiments were done with adding different amount of sorbitol at the
beginning of reaction, and different starting ratios of sorbitol and glucose vs. Ru/C. Very small
change of Kons Was observed with different amount of sorbitol added (Figure S-4.4, Table S-4.3).
This finding suggested the effect by sorbitol concentration was negligible to the whole kinetic
process. Therefore, the desorption of sorbitol from catalyst surface is more favorable than its
adsorption. Furthermore, this simplifies the rate expression into Eq. 2, which was advanced for
computational modeling (Figure 4.4, Table 4.3).

kqfkorksr[Ru][Hz]
(kor + ks ) (kar+kaf[Hz])

R

o kObS Eq 2
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K¢ 21.6396 4.55 4.67 0.0176
Ky, 0.17063 0.296 0.576 0.605
Ky 23.0312 0.002 10.5 1.91E-12
K, 10.0539 3.56 2.83 0.0664
K¢ 17.5910 2.03 8.65 0.00325

Figure 4.4 Experimental kops fitted with kinetics model.

Table 4.3 Estimated rate constant with standard error, T-statistic, and P-values.

In comparison with the simulated result (blue line on Figure 4), our experimental values
(orange dots on Figure 4.4), kobs were well dispersed around ksit curve, which indicated the
overall hydrogenation of glucose over Ru/C in this batch system follows first-order kinetics.
Table 4.3 summarizes the fitted rate constants based on the kinetic model. The very small
estimated kir suggested the adsorption of glucose was favorable, and can be considered
irreversible. The values of kir and kor were estimated to be larger than kst which indicated the
rate-determine step was the hydrogenation step where the glucose was reduced after the binding
to the active sites of catalyst (SI, KS4-1 Step 3). Although kas and ksr could not be estimated in
this study, control experiments with initial sorbitol addition suggested the sorbitol adsorption on

Ru/C was not favorable. Thereby, kar was expected to be a much smaller value than Ka.
4.4.2 Sorbitol hydrogenolysis to ethylene glycol and propylene glycol

4.4.2.1 Catalyst behavior
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To understand the C-C cleavage step, a control reaction of glucose, Ru/C, and AMT was first
brought up to 185°C, at this point both Ru/C and AMT would be activated under hydrogen
pressure (Figure S-4.5). Over 85% of glucose was converted into sorbitol within five minutes
during the heating up period. Once the mixture reached 185 °C, the clear colorless solution
turned into light yellow within 2 minutes and all glucose was converted, but sorbitol
accumulated, and its concentration stayed steady as the reactor temperature reached 185 °C. This
phenomenon suggested the major starting substrate for the following hydrogenolysis steps was

sorbitol.

However, previous studies introduced the tungsten catalyst as more active towards C-C
bonds in aldose (glucose) than saturated polyols (sorbitol).%®2° Thus, a sequence of reactions was
performed to understand the role of the tungsten catalyst (AMT) and Ru/C in the sorbitol
conversion to diols. First, a mixture of 28 mM sorbitol and 10 wt% of AMT was heated to 240 °C
under 850 psi hydrogen. Without Ru/C, no reaction was observed (Figure S-4.6). In contrast, a
mixture of 28 mM sorbitol with 10 wt% of Ru/C was investigated under the same condition and
100% conversion of sorbitol was observed with an observed first-order rate constant Kops of
1.24x10°2 s (Figure S-4.7). Meanwhile, first order formation of EG and PG were also observed
and the product distribution between those two was about 2:1 (Figure S-4.8). Lastly, with both
AMT and Ru/C (10 wt% of each), sorbitol under the same condition was converted slower than

with Ru/C alone but produced EG with much higher selectivity (Table 4.4).
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Trials Kops-s Kobs-£6 Kobs.p S Conversion EG: PG
xo” (57) xao” () xa0” (57) (%)
2.5wt% Ru/C, 5wt% AMT, 850psi H, 1.90 3.20 3.72 54 56:1
5wt% Ru/C, 5wt% AMT, 850psi H, 2.35 4.67 7.14 68 37:1
10wt% Ru/C, 5wt% AMT, 850psi H, 3.82 12.7 11.8 91 165:1
10wt% Ru/C, 10wt% AMT, 850psi H, 1.81 3.07 6.70 58 37:1
10wt% Ru/C, 20wt% AMT, 850psi H, 1.78 1.97 4.67 58 115:1
10wt% Ru/C, 5wt% AMT, 450psi H, 3.81 5.72 15.2 84 55:1
10wt% Ru/C, 5wt% AMT, 650psi H, 373 6.83 15.6 83 44:1
10wt% Ru/ZrO,, 5wt% AMT, 850psi H, 213 7.3 6.1 60 28:1

Table 4.4 Experimental rate constant, sorbitol conversion, and product distribution at Ru/C-AMT bi-catalyst system. Sorbitol
conversion and EG:PG was recorded at 5000 seconds of reaction period. Reaction condition: 28 mL sorbitol aqueous solution 50
mL, Ru/C, AMT, H2, 240 °C.

Interestingly, although the conversion of sorbitol was lowered to 58% when the co-
catalyst of AMT and Ru/C was employed, product selectivity was improved. The ratio of EG:PG
was 37:1. This finding suggested the EG formation was favorable with the addition of AMT.
Even though EG formation was improved for the co-catalyst system, the observed rate constant
of was slower by an order of magnitude compared to Ru/C alone (Table 4.4). In total, our
experimental results are consistent with the hydrogenolysis of sorbitol being initiated by Ru/C to
form unsaturated aldose and aldehyde intermediates. And AMT catalyzes further C-C cleavage
of the aldose and aldehyde intermediates to produce EG. However, with addition of AMT to the
reaction mixture, the overall reaction rate of sorbitol hydrogenolysis was decreased. Thus, there
must be some interaction between AMT and Ru/C modifying the catalyst and affecting the

overall reaction kinetics.

4.4.2.2 Ru/C only system
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The catalytic conversion of sorbitol with the two catalysts mixture was more complicated than
the step of glucose hydrogenation (Scheme 4.1). Not only because it had multiple reaction
pathways, and intermediates, but also interactions between the two catalysts were observed. To
understand the function of each catalyst clearly for both sorbitol decomposition and EG
formation, control experiments with solo catalyst were first performed to study the factors that
could influence the reaction kinetics. Since the AMT was observed to have no activity in
catalyzing sorbitol but still affecting the rate of sorbitol hydrogenolysis, and meanwhile Ru/C
could catalyze sorbitol to EG and PG by itself, a study of the solo dependence on Ru/C for
sorbitol hydrogenolysis was undertaken. The Ru/C catalyzed hydrogenolysis for C-C cleavage
occurred only above 220 °C. A sequence of experiments with different Ru/C loading, 2.5 wt%, 5
wt%, and 10 wt%, were investigated under 450 psi hydrogen pressure at 240 °C. As a result,
sorbitol disappearance and the products formation were both observed with first order

dependence on Ru/C loading.

Trials Kobs-s Kobs-G Kops-pg S Conversion EG: PG

x10™ (S7) x10” (57) x10” () (%)
2.5wt% Ru/C, 450psi H, 2.35 3.04 1.29 68 20:1
5wt% Ru/C, 450psi H, 3.52 6.66 2.76 81 12:1
10wt% Ru/C, 450psi H, 6.83 9.27 4.92 98 21:1
10wt% Ru/C, 650psi H, 8.16 24.8 15.7 100 1.2:1
10wt% Ru/C, 850psi H, 12.4 321 22.7 100 18:1

Table 4.5 Experimental rate constant, sorbitol conversion, and product distribution at Ru/C solo system. Sorbitol conversion
and EG:PG was recorded at 5000 second of reaction period. (Condition: 28mL sorbitol aqueous solution 50mL, Ru/C, H2, 240°C)

Table 4.5 summarizes the measured kinetics data of sorbitol conversion by Ru/C solo

catalyst trials. It indicates the complete conversion of sorbitol was reached at10 wt% of Ru/C
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loading. We hypothesized the sorbitol degradation would follow substrate-adsorption and
product-desorption steps on catalyst surface. However, compared to the catalytic hydrogenation
of glucose under the same reaction condition, sorbitol required longer times to the react. This
could be because the adsorption of sorbitol from liquid phase onto the Ru/C surface was not
favorable and thus reduced the rate of reaction. This phenomenon of unfavorable sorbitol
adsorption onto Ru/C catalyst was consistent with what we have concluded above. In case of
starting from glucose, the generated sorbitol could possibly undergo an inner-surface transfer to

the active sites of hydrogenolysis on Ru/C, and this resulted a faster overall reaction rate.

The effect of hydrogen pressure was also studied in this Ru/C solo system and the
Kinetics data obtained with different hydrogen pressure summarized in Table 4.5. Within the
hydrogen pressure from 450 to 850 psi (gauge), first order dependence on hydrogen was
observed (Figure S-4.9). According to the proposed mechanism in Scheme 4.1, the last step prior
to EG and PG formation is a Ru/C catalyzed hydrogenation of C; (glycolaldehyde) and C3
aldehyde intermediates, which we had concluded the hydrogenation process was zero order
dependence on hydrogen in our batch reactor system when hydrogen pressure was above 450 psi.
The first order dependence on hydrogen suggested the C-C cleavage is accelerated by higher

hydrogen pressure, (Figure S-4.10).
4.4.2.3 Co-catalyst system

As we determined, the AMT only catalyzed the reaction with aldose and aldehyde intermediates
in this system. However, the unstable aldehyde intermediates were not detectable in our in situ

sampling.
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Various ratios of AMT:Ru/C were investigated with 28 mM sorbitol solution at 240 °C. A
critical point was found at mass ratio of 0.5:1 which had 12.5 mg AMT and 25 mg Ru/C charged
into the co-catalyst system. 91% of sorbitol conversion was observed with an observed rate
constant of 3.82 x 10 s (Table 4.4). As summarized in Table 4.4, increasing the Ru/C loading
from 2.5 wt% to 10 wt% significantly increased the reaction rate. Meanwhile, when the AMT
loading was increased from 0 to 5 wt% it decreased the reaction rate when compared to the Ru/C
solo reaction. Interestingly, although the AMT slowed the overall reaction, with 10 wt% and 20
wt% of AMT had no impact on further reduction of the reaction rate. By which the observed rate
constant of sorbitol decomposition was determined to be around 1.80 x 10 s when more than 5
wt% of AMT was used. Besides, when the catalysts ratio was 1:1 (10 wt% of each catalyst), the
product distribution of EG:PG was obtained as 37:1, while lower AMT loading by half
(AMT:Ru/C at 0.5:1) gave the EG and PG ratio as 1.65 : 1 (Table 4.4). Moreover, in comparison
with Ru/C solo system, EG formation was improved with use of AMT, but production of PG was
inhibited with use of more than 5 wt% AMT. Although high AMT content (>10 wt%) would
result in more selective EG formation, the lower ratio of AMT gave nearly twice of the total
product yield. In total, 10 wt% Ru/C and 5 wt% AMT was determined as the most efficient
combination for this co-catalyst system (Figure S-4.11). A higher AMT loading may be used if

only EG is desired, with 20 wt% AMT, EG:PG = 115:1.

Although the use of AMT affected the reaction rate and products distribution, AMT did
not change the kinetics dependencies of the reaction. The slower reaction rate observed for
sorbitol hydrogenolysis suggested that the Ru/C must be modified by AMT. To understand the
interactions between AMT and Ru/C, several analyses of the catalysts were performed. While

AMT was activated, it became homogeneous in the reaction solution.*?> We hypothesized the
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homogeneous tungsten species were possibly adsorbed to the Ru/C surface. Since the contact
between the substrate and ruthenium had been discussed to affect the kinetics, therefore the
slower sorbitol conversion could attribute to the competition between AMT and sorbitol
adsorption on Ru/C surface. To understand this, ruthenium catalyst on zirconia with smaller
surface area (Ru(5%)/ZrO2, < 300 m?/g) were synthesized to simulate the reduced catalyst
surface area after AMT deposition onto Ru/C. The less surface area of catalyst support provides
a less contact between substrate and active sites. 25 mg Ru/ZrO, was charged into 28 mM
sorbitol aqueous solution with 12.5 mg AMT. The reaction was heated to 240 °C under 850 psi
hydrogen pressure. The Kops Was measured as 2.13x10* s which is nearly 2x less than using the
same equivalent Ru/C (Table 4.4). This confirmed the poor accessibility of substrate to catalyst
resulted in slower sorbitol conversion. To detect the adsorbed AMT on Ru/C and determine if it
was competing with the substrate adsorption, thermal desorption measurement (NH3-TPD) and
thermogravimetric analysis (TGA) were conducted. Known AMT’s higher acidity compared to
Ru/C, NH3-TPD was used to observe the existence of tungsten species on Ru/C (Figure S-4.12,
Table S-4.4), by which a higher acidity would be observed when AMT was adsorbed on Ru/C.
As a result, the spent Ru/C catalyst was recovered from the co-catalyst system and it gave 1.4
mmol/g of NHz adsorption compared to 0.90 mmol/g for fresh Ru/C. The higher NH3 adsorption
indicated the spent Ru/C catalyst became more acidic than the starting Ru/C catalyst. Therefore,
the NH3-TPD analysis is consistent with our hypothesis of increased acidity due to AMT
deposition onto the Ru/C catalyst. On the other hand, TGA test was performed for a further
confirmation of the occupancy of tungsten, by which the adsorbed AMT would lower the
adsorption of sorbitol or other intermediates on Ru/C. Figure S-4.13 and Table S-4.5 illustrate

the spent Ru/C versus Ru/C solo reaction gave 17% and 22.5% weight loss, respectively. This
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result is consistent with lowered substrate adsorption on Ru/C by addition of AMT. Therefore,
the slower hydrogenolysis of sorbitol hydrogenolysis was mainly because of the deposition of

tungsten species onto Ru/C inhibiting sorbitol access.

4.4.2.4 Co-catalyst kinetic model

Scheme 4.2 describes the proposed stepwise reaction pathways of converting glucose into EG
and PG with the co-catalyst system (Ru + W). The overall mechanism contains multiple steps.
Different intermediates are involved. However, for the Kinetics data analysis , a simplified

mechanism of the whole process is needed.

1 OH
3 OH Ru/C (s) KH) \jH
. 2l 1 Hy (g), H,0 *oome
Sorbitel (S} OH = OH 2 (el Ho OH OH Ethylene Glycol (EG)

Erythrose

H.{e) J,Ru/C (s) RUIC‘S)HZ(g) H; (g)

o o oH on/ 12 11 Ru/C (s)
) H,WO; (aqg)
2 1(J\+ A\I ’/K[)
OH OH o] OH
OH O Glycerol OH OH HO\) + HO\)

Glycerolaldehyde Erythritol

Glycolaldehyde Ethylene Glycol (EG)

H, H (g)lau/c (s) H, (g)

(E% Ru/C (s) o 2 o o/C 5]
\)Oi Ru/C (s) OH r Ru/C (s) HO: H,WO, (aq) Hoj

o H, (g) [O*/g H, (g) | +CH;0H

OH O Glycolaldehyd
Propylene Glycol (PG) -H,0 Glycerolaldehyde ycolaldehyde
+ CH,0H

Scheme 4.2 Reaction scheme of sorbitol conversion to EG and PG through various intermediates.

According to Scheme 4.2, the formation of PG is mainly through the pathway 2-1 and 1-
2-2. These two pathways are catalyzed by Ru/C. As a result, 2-1 and 1-2-2 could be combined
and the determined kons Of PG formation represent the rate constants of both pathways. EG
formation is dependent on AMT, herein pathways 1-1 and 1-2-1 could be combined for the best
estimation of kinetic parameters. A significant amount of erythritol was detected as an

intermediate during the reaction. Thus, route 1 was proposed in which the Ru/C catalyzed
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hydrogenolysis produces erythrose and EG from sorbitol. Subsequently erythrose is either
reduced over Ru/C to form erythritol, or erythrose is converted over tungsten to glycolaldehyde
and EG through pathway 1-1. Therefore, kons determined by EG formation stems from the
complex pathways of 1, 1-1, and 1-2-1. With these assumptions, a simplified reaction scheme is

proposed in Scheme 4.3.

Ru/C, H, Ru/C, H,

PG

Scheme 4.3 Simplified scheme for computational modeling. 11: intermediate of the direct sorbitol conversion by Ru/C catalyzed
hydrogenolysis.

The rate expressions for sorbitol conversion and EG, PG formation could be derived

based on this simplified model (Eqs 3-6 and Kinetic Model KS4-2).

dl[s]

T = —klfRH[S] - kaRH[S] —————— Eq. 3

dlI

28 = ks RHIS] — kapRH[I] — kypA[I] = 0 - Eq. 4
alp]

D) = 2Ky RHIS) + kg RH[I] - Eq. 5

d|E

L8 = kyfRH[S] + kypA[l] —— Eq. 6

By solving for intermediate [I], the rate expressions were further transformed into a

function in terms of sorbitol (Eq #7-#9 and Kinetic Model KS4-2).
S(t) = a,y explat] ------ Eq. 7
P(t) = %,B explat] + by ---—--- Eq. 8
E(t) = %y explat] + ¢ ------ Eq. 9
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The Greek letters a, 8, and y represent observed rate constant for sorbitol, PG, and EG
respectively. The computational fitting was accomplished by applying the observed rate

constants back to Eg. 3-6.
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Figure 4.5 Experimental kinetic parameters (Table S-4.6) of sorbitol conversion and EG, PG formation at various reaction

conditions fitted with computational model.
Figure 4.5 compares the computed kinetic data (blue line?) versus experimental results

(dots). The estimation of rate constant ki through ks was acquired based on a quasi-Newton
method, Broyden Fletcher Goldfarb Shanno algorithm (BFGS). The k; was estimated to be
(1.340.5) x10° mM-2sL. The unit of k1 in this estimation is third-order rate constant which was
attributed to taking the amount of Ru/C and soluble [H] into account. However, using number of
active sites on Ru/C instead of using the amount of reagents (in unit of moles) of Ru/C could
give a better estimation. k2 was computed to be (241) x10° mM2s%, The large error obtained in
the k> estimation was because of the complexity of PG formation though erythritol pathways. In
contrast, the lower uncertainty in k1 estimation suggested the EG was the major product from
both Ru/C catalyzed hydrogenolysis of sorbitol and AMT catalyzed aldehyde conversion, and
thus experimental kobs measured by EG formation were well represented in the experimental

reaction kinetics. ki could help to estimate ks to be a much larger value than ki indicating

151



pathway 1-1 over AMT is fast and the rate determining step is C-C cleavage through
hydrogenolysis. Moreover, this also explains the phenomenon that EG was detected immediately
once the reaction reached the catalyst activation temperature, but PG formation was delayed.
However, ks and ks were estimated with large errors due to the complexity of the other
undetected intermediates, not much information is reflected on these steps from experimental

measurements.

4.5 Conclusion

In this work, we studied the kinetics of the tri-phasic catalytic conversion of glucose over Ru/C
and AMT in a fixed batch reactor system. The well fitted experimental results indicated glucose
conversion in our system followed first order Kinetics. Substrate consumption and product
formation over the heterogeneous catalyst was through adsorption-desorption steps, and thus the
mathematical expression described well glucose conversion. Sorbitol formation at mild
temperature (120 — 180 °C), and the absence of fructose, indicated the reaction was initiated by
the hydrogenation reaction of glucose, instead of isomerization or direct glucose
hydrogenolysis/scission. AMT catalyzed the cracking of aldose at above 180 °C. The addition of
AMT improved the formation of EG, but the homogenous tungsten species reduced the contact
between substrates and Ru/C and herein resulted in a slower reaction rate of the co-catalyst
system. The absence of carbon monoxide in the gas phase supported sorbitol degradation through
retro-aldol condensation, rather than decarbonylation. The computed rate constants also
suggested the hydrogenolysis of sorbitol was the rate determining step in this reaction. While
evaluating the factors impacting reaction kinetics, our findings indicated that excess of carbon
support inhibited glucose conversion. Thereby, we concluded 10 wt% Ru/C and 5wt% AMT
loading was desirable. Although hydrogen pressure >450 psi had no influence on sorbitol
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formation within the Ru/C catalyzed hydrogenation of glucose, a higher pressure was ideal for
sorbitol hydrogenolysis (C-C cleavage). The rate constants of sorbitol conversion to C,-C4 and
C3-Cs were estimated according to a simplified kinetics model, yielding estimated rate constants

of EG was (1.29+0.54) x10° mM2S* and PG was (2.1441.05) x10° mM2S, respectively.
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4.7 Supporting Information

Glucose + Ru/C Temperature Profile
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Figure S-4.1. Determination of activation temperature of Ru/C for glucose conversion. Reaction
condition: 12mM aqueous glucose solution, 10wt% Ru/C, 450psi Hy, scanning temperature range
from 100 to 180°C by taking samples every 5 minutes.
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Figure S-4.2 Influence of additional activated carbon on glucose conversion. Reaction condition:
28mM glucose aqueous solution 50mL, 25mg Ru/C, Omg — 100mg activated carbon (AC),
450psi Hz, 120°C.
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AC Kobs-G

(mg) (s1)
0 2.89x10°
50 2.40x10°
100 1.93x10°

Table S-4.1 Kobs measured by glucose conversion at different amount of additional activated
carbon. Reaction condition: 28mM glucose aqueous solution 50mL, 25mg Ru/C, 0Omg — 100mg
activated carbon (AC), 450psi H2, 120°C.

0.004

Kops VS- [G] " Kops
Linear fit]
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Figure S-4.3 Kobs dependence of initial glucose concentration measured by glucose conversion.
(Condition: 28mM — 56mM glucose aqueous solution 50mL, 15mg Ru/C, 450psi H2, 120°C)

Glucose, Ru/C Kobs-G/Ru
(mM) (mg) (s?)

28 15 1.39x103

40 15 1.31x103

55 15 1.34x10*

Table S-4.2 Kobs measured by glucose conversion at different initial glucose concentration.
(Condition: 28mM — 56mM glucose agqueous solution 50mL, 15mg Ru/C, 450psi H2, 120°C)

160



Kinetic Model KS4-1:

1. G+Rus= GRu with rate constant ks and k.

%

2. GRu+ H2 < G'Ru with rate constant k¢ and k-

*

3. GRu — S'Ru withrate constant ks

4. SRus S +Ru withrate constant k,; and k,,

d[G Ru]
dt

= k17[G][Ru] - k1,-[G'Ru] - sz[G'Ru][Hz] =0

CIGRUT =
~[GRu] = ] [G][Ru] ----- Eq.1

d[GRu"]
dt

=kor[GRUJ[H ] - Eq. 2

Eq.l + Eq. 2

. d[GRu’] _ kis[G][Ru][H,]
Tode kir+kap[Hz]

*

diGRu] _ kap[GRUJ[H | - k2r[G'Ru ] - k3r[GRu =0

dt

*

 kop[GRUIH ] = (kpy + kp) [GRu ] = Eq. 4

Take Eq.4 into Eq.3

kyrkor[G][Ru][H;]

R —
[GRu ] (kzr + k3p)(kar+kaf[H2])

Eq.5

LB — kof[G'Ru'] - gy [SRU] = 0
- [S'Ru] = %ﬁ“] —-Eq.6

Take Eq.6 and Eq.5 together

kirkarksr[GI[Rul[H,]

~[S'Rul =
S R = e+ k) Cear ko, 112D

Eq. 7
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d[s
28— keay [S'Ru] - kegr [SI[RU]

Take Eq.7 together

_dls] __kaskaplea[Gl[Ru][Hy]

: - kyr[SIRU] - Eq.8
4r q
dt  (kar +kgp)(kirtkap[Ha])
Kops v&. [Gl and [3] Glucose; Sorbitol Kobs-6/Ru
0 (mM) (mM) (1)
. 28 0 2.56x10°
0.008 - " Kigir
| ® kem 28 28 1.41x103
0,006 - 28 56 1.97x10°?
= 56 0 3.05x10°
00041 56 28 1.83x103
L
[ L ] <
0,002 . : 56 56 2.58x10°
L 3
0.000 T T T T T T 1
0 10 20 30 40 50 60

Sorbitol (mM)

Figure S-4.4 & Table S-4.3 Kobs dependence of sorbitol concentration with different initial
concentration of glucose at the same weight percentage of Ru/C loading (10wt%). (Conditions:
28mM, 56mM glucose aqueous solution with OmM, 28mM, 56mM sorbitol 50mL, 10wt% Ru/C
according to glucose, 450psi H2 120°C)
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28mM [G] + 25mg Ru/C + 12.5mg AMT+ 450psi H, 185°C
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Figure S-4.5 Glucose conversion and sorbitol formation during reactor heating up process.
(Condition: 28mM glucose agqueous solution 50 mL, 25mg Ru/C, 12.5 mg AMT, 450 psi Hz, 120

OC)
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Figure S-4.6 Sorbitol conversion in case of using AMT solo catalyst. (Condition: 27.5 mM
sorbitol aqueous solution 50 mL, 12.5 mg AMT, 450 psi Hz, 240 °C)
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Sorbitol with 25mg Ru/C solo catalyst under 450psi H, at 240°C
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Figure S-4.7 Sorbitol conversion in case of using Ru/C solo catalyst. (Condition: 27.5 mM
sorbitol aqueous solution 50 mL, 25 mg Ru/C, 450 psi Hz, 240 °C)

EG & PG from S at 25mg Ru/C solo catalyst under 450psi H, at 240°C
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Figure S-4.8 First order behavior of EG and PG formation from sorbitol in case of Ru/C solo
catalyst. (Condition: 28 mM sorbitol agueous solution 50 mL, 25 mg Ru/C, 450 psi Hz, 240 °C)

164



30 1 = Sorbitol-450
[ ® Sorbitol-650
25 4 Sorbitol-850
< 20
£ e
E 15 -
a A
3 ]
10
[ |
5] s .
L] [ ]
A e "
04 A ) ] "
T T T T T T
0 1000 2000 3000 4000 5000 6000
Time (S)

Figure S-4.9 Dependence of initial hydrogen pressure on sorbitol conversion in case of Ru/C
solo catalyst. (Condition: 28 mM sorbitol agueous solution 50 mL, 25 mg Ru/C, 450 psi — 850
psi Hz, 240 °C)
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Figure S-4.10 Dependence of initial hydrogen pressure on EG and PG formation from sorbitol in

case of Ru/C solo catalyst. (Condition: 28mM sorbitol aqueous solution 50 mL, 25 mg Ru/C, 450
psi — 850 psi Hz, 240 °C)
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Figure S-4.11 AMT dependence on sorbitol conversion and EG, PG formation. (Condition: 28
mM sorbitol agueous solution 50 mL, Ru/C, AMT, 850 psi Hz, 240 °C)
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Figure S-4.12 NHs-TPD results of fresh and used Ru/C. Peaks in region of 150 °C - 300 °C
indicated acidity changes on activated carbon support. Peaks in region of 500 °C - 800 °C
indicated acidity changes on ruthenium metal.

Table S-4.4 NHz adsorption measured by NH3-TPD of different Ru/C samples. Used Ru/C
samples were collected from reaction condition: 28 mM sorbitol aqueous solution 50 mL, 10

Ru/C Catalyst NH; (mmol/g)
Fresh 0.899
Used 1.394

wt% Ru/C, 5 wt% AMT, 850 psi Hy, 240 °C, 5000 seconds.
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TGA Result of Ru/C
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Figure S-4.13 TGA spectrum of fresh and used Ru/C samples in temperature range of 30 °C -

750 °C.
Fresh Ru/C Used
Ru/C +AMT Ru/C
Weight lost 13 17 22.5

(wt%)

Table S-4.5 Weight loss (wt%) of different Ru/C samples measured by TGA. Used Ru/C +
AMT was collected from reaction condition: 28 mM sorbitol aqueous solution 50 mL, 10 wt%
Ru/C, 5 wt% AMT, 850 psi Ha, 240 °C, 5000 seconds. Used Ru/C was collected from reaction

condition: 28m M sorbitol aqueous solution 50 mL, 10 wt% Ru/C, 850 psi Ha, 240 °C, 5000

seconds.

Kinetic Model KS4-2. For Ruthenium concentration R, hydrogen concentration H, and AMT
concentration A. Hydrogen is assumed to be in large excess, as in prior steps.

% = —kysRH[S] — ks RH[S] - Eq. 3

W — ey RHIS] — ks RHI] — ey A[I] = 0 - Eq. 4
D) = 2Ky RHIS] + kayRHI] - Eq. 5

% = kysRH[S] + kypA[l] - Eq. 6
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From Eqg3. — 6. The [I] intermediate can be solved and resulted:

d[s
d[_t] = —(kis + ko )RH[S] = a[S]
d[P] kapks s RH

dr <2k2f + KafA + k3fRH> RHIS] = B1S]

d[E] Jeas A
—— =k (14
dt kagA + ks RH

)RH[S] =y[S]

Simplified form of [S], [E], and [P] as:

S(t) = ay explat]
P(t) = by explat] + by

E(t) = cyexplat] + ¢,

Notably, all growth/decay follows the same time constant a, .
The b, and ¢, constants are related to the step rate constants via:

Ao Ao
by = — Co = —
0 aﬁ' 0 a)/

B and y are combinations of rate constants found by solving the system.
This preserves the correct sign: by < 0, but 8 > 0
The procedure of computational estimation of kinetic models follows the steps:

1. Perform a rough (global) minimization via differential evolution.
2. Refine that guess with BFGS.
3. The values of ag, bo, and co were summarized in the Table S-4.6.
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Trials

dg

by

Co

2.5wt% Ru/C, 450psi H,
Swt% Ru/C, 450psi H,
10wt% Ru/C, 450psi H,
10wt% Ru/C, 650psi H,
10wt% Ru/C, 850psi H,
2.5wt% Ru/C, Swt% AMT, 850psi H,
5wt% Ru/C, Swt% AMT, 850psi H,
10wt% Ru/C, 5wt% AMT, 850psi H,
10wt% Ru/C, 10wt% AMT, 850psi H,
10wt% Ru/C, 20wt% AMT, 850psi H,
10wt% Ru/C, Swt% AMT, 450psi H,

10wt% Ru/C, Swt% AMT, 650psi H,

3.131976185260018042e+01

3.481841750940597535e+01

4.072915301253477338e+01

4.327301650797204502e+01

4.870555452727766266e+01

3.663066742987538760e+01

3.708453118364056422e+01

4.019981839518772659e+01

3.198134413790045372e+01

3.283519923699459042e+01

4.030412381463631277e+01

4.2591075124049594367e+01

-1.716559450403492892e+00

-2.735829112183947309e+00

-2.932060269027001898e+00

-8.348470305511606071e+00

-8.917025236135369681e+00

-7.196900298581483391e+00

-1,125201142786525743e+01

-1.241748787605101434e+01

-1.185447242650822375e+01

-8.598875636791156296e+00

-1.610587256928132049e+01

-1,787304357980998049e+01

EG, and PG versus time.
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-4,056027662905104414e+00

-6.589070018332206402e+00

-5.529015077627058794e+00

-1.312660285105961933e+01

-1.259718874055196558e+01

-6.187658584587810040e+00

-7.369030652667779790e+00

-1.340583606599472333e+01

-5.435913759076769658e+00

-3.628598676415227597e+00

-6.046246272152998813e+00

-7.801911665418534092e+00

Table S-4.6 The ao, bo, and co values acquired by plotting experimental concentration of sorbitol,



Chapter 5. Catalytic Conversion of Delignified Biomass Residue to
Diols with Ru/C and AMT Co-catalysts

5.1 Abstract

Cellulose is one of the major components in biomass. It is the largest renewable carbon resource
from nature. Utilization of cellulose from native biomass to produce value-added chemicals
brings a lot of benefits for the sustainable future. Cellulose from Poplar wood can be extracted
from several biomass pretreatments. Catalytic depolymerization of lignin reactions (CDL)
selectively remove lignin from biomass and leave the intact cellulose and hemicellulose as solid
residue. On the other hand, organosolv treatments can separate the fractions of biomass into
clean cut lignin, cellulose, and hemicellulose derivatives. In this work, the cellulose obtained
from genetically modified Poplar biomass with different pretreatments were studied to produce
ethylene glycol (EG) with other diols, such as propylene glycol (PG), 1,2-butanediol (12BD),
and 2,3-butanediol (23BD). The maximum yield of EG was 47% obtained from the cellulose
prepared by acetone treated high-S Poplar biomass. The acetone treated organosolv method also
gave the best purity of cellulose which had an average content of cellulose above 82%. The
optimal condition of cellulose conversion was determined to bel0 wt% equivalent amounts of
Ru/C and AMT (each) co-catalysts at 240 °C under 5 MPa gauge pressure of hydrogen for 1.5

hours.

5.2 Introduction

Biomass has drawn a lot of efforts to study its valorization in recent years.:® According to its
clean and renewable characteristics, biomass has been concerned as an ideal substitute of
petrochemicals for future production of sustainable fuels and chemicals. In general, biomass has
three major components, known as cellulose (40-60%), hemicellulose (20-40%), and lignin (10-
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25%).* Nowadays, the “lignin first” biomass valorization is mainly using the value of lignin
while the secondary generation biorefinery is mainly making low-value products such as ethanol
from carbohydrates (cellulose and hemicellulose). Therefore, the use of carbohydrates for

making value-added products is necessary to enlarge the profits of biomass valorization.

Ethylene glycol (EG) has high values, and it plays important roles in many industries.
The conventional production of EG was mainly from the fossils in petrochemical industries.
Fossil is unrenewable source and use of fossil also generates a lot of pollutions. Thus, the recent
studies are looking for a greener and more sustainable production of EG. By which, it has proven
the EG can be produced by decomposition of the most abundant natural polymer, cellulose, with
heterogeneous catalysts.® There are several studies focusing on the conversion of glucose and
microcrystalline cellulose to various value-added products including EG.% * However, there are
still few studies on the direct catalytic conversion of the cellulose from real biomass into EG.
Using the raw carbohydrate residues from biomass as feedstock would be extremely meaningful
to understand the durability of performing catalysis with natural polymer and to evaluate the

application of biomass valorization for EG production.

Crystalline Cellulose

Cellulose

20-80% Aqueous glucose solutions

Palyol
Agueous xylose, alyols

- acids, and other
sugars

__1 Hemicellulose
15-30%

Lignin
| 10-25%

Polyaromatic

Hemicellulose

Figure 5.1 General structure and components of woody biomass.

Figure 5.1 displays a general configuration and composition of woody biomass.® Each

portion of the biomass could be utilized in different ways for different chemicals. Cellulose and

171



hemicellulose are renewable polysaccharides in nature while lignin is the most abundant
aromatic biopolymers from biomass.® In this work, we aimed the study on making EG and other
value-added polyol products from cellulose and hemicellulose. In the native form of biomass,
cellulose is bonded with lignin and intercrossed by hemicellulose. Therefore, lignin could
prevent the conversion of carbohydrates.'® In order to obtain a clean cut of carbohydrates from
biomass, methods for lignin removal have been developed.!! Catalytic depolymerization of
lignin (CDL) has been reported as one of the lignin removal methods. By which, the catalyst
used in CDL catalysis selectively catalyzes lignin depolymerization into monomers that are
dissolved and extracted by organic solvents.'? 1> Meanwhile, the CDL catalysts leave the
carbohydrates intact in its original chemical and physical form. Hao et al. studied a nickel
catalyst on carbon support (Ni/C) was an efficient catalyst for CDL reaction. By which, the Ni/C
selective depolymerized lignin Miscanthus biomass into its aromatic monomers but left the
carbohydrates as solid residue.'> Moreover, Hao et al. also showed their leftover carbohydrates
was upgradable with Lewis acids to produce higher value products, such as furfural. On the other
hand, organosolv method is another approach to remove lignin from biomass and generate a
clean-cut carbohydrates.'* ° In a typical organosolv treatment, the lignin biopolymer is soluble
in organic solvent while the cellulose is not. Thus, the dissolved lignin can be extracted in
organic filtrates and leave the cellulose as solid residue. Abdelkafi et al developed an organosolv
treatment by using acetic acid coupled with formic acid.'* Among them, not only the lignin was
removed, but also cellulose and hemicellulose were successfully isolated into two different
fractions. Therefore, the organosolv method separates the three major biomass components into
different fractions with high quality. The clean-cut cellulose obtained from organosolv methods

is potentially an ideal feedstock for further utilizations into high-value products.
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After the removal of lignin, conversion of cellulose to valuable chemicals could be
catalyzed by using heterogeneous catalysts.*® Transition metals, such as Ni'®, Pd’, Pt*8, W*°, and
Ru?, were reported to be the most efficient catalysts for catalyzing the hydrogenolysis of
cellulose to break its carbon back bone and the hydrogenation of unsaturated aldehyde
intermediates to diols. For instance, the monometallic catalyst system with Ni, Pt, Ru, and Pd
could give 40% yield of diols with a conversion of 63.5% cellulose.® Interestingly, Zhang et al.
reported their total yield of diols was only 2.2% while using tungsten (W) in a monometallic
catalyst system.?® Although the yield of diols was low, the conversion of cellulose was 100%
with W catalyst. Therefore, Zhang et al. concluded the W should have great ability in
depolymerization of cellulose by cleaving the carbon-oxygen linkages (C-O cleavage), but W
was not functionalized in catalyzing the carbon bond cleavage (C-C cleavage) to produce small
diols. Thus, a transition metal coupled with W for a co-catalyst system was proposed. By which,
the cellulose would be more rapidly depolymerized by W into its monomeric form. After that,
the other metal species would catalyze the hydrogenolysis of cellulose monomers, such as
glucose or other equivalent six carbon intermediates, into the diols. By doing this, the
monomeric form of cellulose could be easier and more selectively converted into EG. For
instance, Yan et al. introduced their co-catalyst system with Ru nanoparticles gave 100%
conversion of cellulose and 61.7% was EG.?° According to the previous studies, Ru was one of
the most promising catalysts for hydrogenolysis and hydrogenation reaction. Ru catalysts have
been widely used in industrial productions.?*23 Therefore, a co-catalyst system with use of Ru
and W could be an efficient catalyst system for cellulose conversion and EG formation. Zhao et
al. studied the Ru-W co-catalyst system with glucose and gave EG yield at 61%.2* In order to

provide a sufficient tungsten species for depolymerization of cellulose, water soluble ammonium
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metatungstate hydrate (AMT) 2° was selectively used in this study with Ru/C to promote EG

production from cellulose.

Poplar is one of the fast-growing biomasses and widely grown within northern temperate
zone on Earth. Most of Poplar trees are consumed in making paper, furniture, and raw
woodwares.®® Thus, using cellulose from Poplar woody biomass as feedstock to produce EG is
attractive. Our lab have previously introduced several contributions of using poplar biomass as
feedstocks for chemical productions.™® 26 These studies focused on the catalytic conversions of
lignin with both CDL and organosolv methods. However, the intact cellulose residues from our
previous work were not used. Due to the under-developed catalysis of CDL and organosolv
cellulose residues, here we report a continuous study to understand the heterogeneous catalysis

of different cellulose residues for EG production.

In this work, an optimized condition with Ru/C-AMT co-catalyst system was developed
to convert cellulose from gene modified Poplar woody biomass (High S, Low S, and wild type)*®
into diol products. Ethylene glycol (EG), propylene glycol (PG), 1,2-butandiol (12BD), and 2,3-
butandiol (23BD) were detected as the major products giving a total yield of 55%. The maximum
yield of EG was 47%. Besides, some minor polyols, such as sorbitol and glycerol were also

observed in the product mixture.

5.3 Experimental Section
5.3.1 Materials

Catalyst Ru/C and ammonium metatungstate hydrate (AMT) were purchased from Sigma-
Aldrich. Ni/C catalyst was prepared by the incipient wetness impregnation method.?” The wild

type Popular raw biomass was obtained from Purdue University and milled to a fine particle size
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of 40 mesh by using a Mini Wiley Mill (Thomas Scientific, Swedesboro, NJ). High-S Poplar was
provided by Drs. Clint Chapple and Richard Meilan from Purdue University.*® Low-S Poplar
was provided by the U.S. Department of Energy BES project (0012846). The contents of the
intact biomass are summarized in the Table S5-1. Tert-butyl alcohol was purchased from Sigma-
Aldrich as internal standards for quantification analysis. Water was obtained from Milli-Q
Academic A10 water purification system (EMD Millipore Co.). All chemicals were used without

further purification.
5.3.2 Pretreatment of raw biomass

CDL cellulose was collected from solid residue after catalytic depolymerization of lignin (CDL)
with raw biomass.!2 CDL reaction was performed in a 75 mL stainless steel vessel of batch Parr
reactor (Parr Instrument Co., MRS 5000). Ni/C catalyst was synthesized based on reported
literature method.* 15 wt% Ni/C was loaded to a 325 mesh microporous catalyst cage placing in
the vessel. Then 45mL methanol, 1 g raw biomass, and 3.5 MPa hydrogen were added at room
temperature. The whole CDL reaction took 12 hours at 225 °C. Cellulose remained as solid

residue after CDL was washed with 200 mL methanol and dried under vacuum.

Cellulose from organic solvent method (Organosolv cellulose) was isolated following the steps
were previously reported.** Formic acid coupled with acetic acid and acetone were the two types
of organic solvent investigated in this work (details of the organosolv methods are mention in the
supporting information). Organosolv cellulose collected from each type was washed with large

amount of water to remove organic solvent and dried under vacuum.

5.3.3 Conversion of biomass cellulose to diols
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Reactions in heterogeneous system were performed in stainless steel batch Parr reactor (Parr
Instrument Co., MRS 5000). 0.5 g of biomass cellulose, 10 wt% Ru/C catalyst, 10 wt% AMT, 40
mL water, and a glass shielded magnetic stair bar were added to a 75 mL stainless steel vessel.
The loaded vessel was well sealed and purged with UHP grade hydrogen gas for 4 times to
remove air. Then the vessel was pressurized to 50 bar by hydrogen gas at 20 °C and heated to
240 °C. The reaction was conducting at 240 °C and holding for 2 h at 600 rpm stirring rate. After
reaction, the vessel was cooled to room temperature in air. The heterogeneous mixture was
separated by using filter paper. Ru/C, unreacted biomass cellulose, and impurities were
remaining in solid phase and washed with 250 mL water. Polyols were collected in aqueous
phase after filtration. The aqueous phase was concentrated to 25 mL in volumetric flask after
extra water solvent was removed by using rotavapor (Buchi V100). 500 uL. 10 mM tert-Butyl
alcohol as internal standard was added to 500 pL. aqueous sample and filtered with 0.2 um PTFE

syringe filter before injecting to HPLC.

5.3.4 Acid hydrolysis of biomass cellulose

The composition analysis of biomass cellulose was based on a standard acid hydrolysis method
reported by NREL. 0.3 g biomass cellulose and 3 mL 72% sulfuric acid were added to a 100 mL
pressure tube. Then the pressure tube was heated to 30 °C in water bath on a thermo shaker with
shaking speed at 150 rpm for 1 h. Glass rod was inserted to pressure tube. The mixture was well
stirred by using glass rod every 10 min. After shaking, glass rod was removed and 87 mL water
was added to the mixture. Then the pressure tube was well sealed and transferred to a liquid
mode autoclave. The mixture was heated to 121 °C for 1 h in autoclave. 1 mL liquid sample from
final mixture was obtained from pressure tube and added to 10 mL water. 400 uL 10 mM tert-

butyl alcohol as internal standard was added to 600 uL diluted sample and filtered with 0.2 um
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PTFE syringe filter before injecting to HPLC (Agilent HPLC 1260). Examples of acid hydrolysis

and HPLC spectra are described in supporting information and Figure S-5.1.
5.3.5 Analytical methods

The liquid polyol samples and acid hydrolysis samples were analyzed with liquid
chromatography (Agilent HPLC 1260). The analyte was identified and quantified by retention
time and peak area ratio to internal standard. The HPLC was operating with a H-column at 70 °C,
a refractive index detector (RID), and 5mM sulfuric acid as mobile phase with flowing rate of
0.6 mL/min. The remaining solid from biomass cellulose conversion reactions was dried in air
and weighed to analyze the remaining residue. An example of HPLC spectra for product

measurement is displayed in Figure S-5.2.
5.4 Results and Discussion

5.4.1 Catalyst loading

To date, most articles published on the catalytic conversions to make EG with monometallic
catalyst, such as Ni, Pt, Pd, Ir, and Ru are still mainly focused on the use of commercial clean
standard glucose and/or cellulose.?* In contrast, the bimetallic co-catalysts system is more active
for decomposing raw cellulose and biomass feedstocks to EG and other diols.'® Ru/C-AMT has
been reported as one of the most effective combinations of catalysts for glucose degradation.
Therefore, the amount of catalyst loading of each species as weight percentage (wt%) of biomass

feedstock should be investigated to obtain an optimal conversion.
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Figure 5.2 Conversion of WT Poplar cellulose pretreated by acetone. Reaction conditions: Organosolv WT cellulose 0.5 g; 25 mg
AMT; 0 g (0 wt%), 25 mg (5 wt%), 50 mg (10 wt%), 100 mg (20%), 150 mg (30 wt%), 200 mg (40 wt%), and 250 mg (50 wt%)
Ru/AC; 40 mL H,0; 240°C; 1.5 hour. Conversion was calculated based on the weight difference between the total amount of

feedstock cellulose and catalysts solid versus the solid residue after reaction. Yield was calculated based on the weight of
product divided by the weight of feedstock.

In this study, many types of cellulose obtained from different biomass treatments were
used as feedstock for EG production. Among those, cellulose collected from wild type Poplar
biomass processed by organosolv treatment in acetone was selected to study the catalyst loading.
Figure 5.2 illustrates the results of cellulose conversion and diols formation with different Ru/C
loading. Although the cellulose was decomposed with 5 wt% addition of AMT, there was no
product detected without adding Ru/C. Thus, the Ru/C catalyst was essential for the diols’

formation.

According to the results summarized in Figure 5.2, it indicated more cellulose was
converted into liquid products and gave fewer solid residues when AMT was the only catalyst or
with equal amount of Ru/C (5 wt% of each). In contrast, with increasing addition of Ru/C (> 10
wt%), more solid residues were collected at the end of reaction. Regarding the yield of EG, its
maximum production was observed when 10 wt% of Ru/C and 5 wt% of AMT were used.

Interestingly, when increasing the Ru/C loading above 30 wt%, PG formation was increased. PG
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became the major product when 50 wt% of Ru/C loading was used. Taking the results together,
10 wt% of Ru/C with 5 wt% of AMT was optimal which gave the maximum 40% total yield and

80% selectivity toward EG formation.
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Figure 5.3 Sorbitol yield with different amount of Ru/C.

Sorbitol as the initial intermediate was also detected and quantified during the reaction.
Figure 5.3 summarizes the formation of sorbitol from the conversion of cellulose from wild type
Poplar biomass. The yield of sorbitol was increased when more Ru/C was used for the reaction.
However, the sorbitol started decreasing when more than 30 wt% of Ru/C was used. Scheme 5.1
illustrates the reaction pathway of sorbitol formation from cellulose and further conversion of
sorbitol to diols.?® By which, the cellulose polymer was first decomposed to its monomer glucose
at elevated temperature by AMT. Then glucose intermediates underwent two reaction pathways.
Glucose could be directly decomposed by AMT to smaller aldose or aldehydes and followed by
hydrogenolysis reaction catalyzed by Ru/C to diols (Scheme 5.1, black arrow). On the other
hand, with excess amount of Ru/C than AMT, other reaction pathways became competitive with
the AMT catalyzed C-C cleavage. Instead, the Ru/C catalyzed hydrogenation reduced glucose to

sorbitol. However, AMT alone showed no activity in catalyzing the polyols for C-C cleavages
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(as discussed in Chapter 4). Therefore, when more than 5 wt% of Ru/C was loaded, more
sorbitol was detected. Nevertheless, Ru/C could also catalyze the hydrogenolysis to decompose
sorbitol directly. Thus, when more than 30 wt% of Ru/C was used, less sorbitol was detected due

to its further reaction with Ru/C (Scheme 5.1, red arrow).
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Scheme 5.1 Reaction pathway from cellulose to diols.

Taking Figures 5.2 and 5.3 together suggest EG was selectively produced by AMT.
carbon-carbon bond cleavage catalyzed by AMT with aldose were dominant through C2-C4 (six
carbon intermediates, such as glucose) and C2-C2 (four carbon intermediates, such as erythrose)
cleavages toward EG formation. In contrast, the Ru/C catalyzed hydrogenolysis could cleave
both C2-C4 and C3-C3 breakage of sorbitol and thus more PG was observed when increasing

Ru/C loading.
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Figure 5.4 Conversion of WT Poplar cellulose pretreated by acetone with different amount of AMT loading. Reaction conditions:
Organosolv WT cellulose 0.5 g; 50 mg Ru/AC; 0 g (0 wt%), 5 mg (1 wt%), 25 mg (5 wt%), 50 mg (10 wt%), 100 mg (20%), and 150
mg (30 wt) AMT; 40 mL H,0; 240°C; 1.5 hour. Conversion was calculated based on the weight difference between the total
amount of feedstock cellulose and catalysts solid versus the solid residue after reaction. Yield was calculated based on the
weight of product divided by the weight of feedstock.

EG formation over the variation of AMT loading is displayed in Figure 5.4. In this case,
10 wt% AMT with 10 wt% Ru/C resulted in the least amount of solid residues (90% conversion)
and the highest yield of EG (37%). It is notable that when even without AMT added, 10 wt%
Ru/C still gave 7% yield of diols. Adding a small amount of AMT (5 wt%) improved EG yield
by 16 times higher than without AMT. Hence, AMT greatly enhanced the catalytic conversion of
cellulose decomposition and EG formation. Although excess amount of AMT (30 wt% loading)
could slightly improve EG yield to 40%, it also generated more solid residues by the end of
reaction. The solid residues could be coke, which may result from the higher acidity by adding
more AMT to the reaction. Therefore, more than 10 wt% of AMT gave negative impact on the
conversion of cellulose and EG selectivity. Moreover, significant PG formation was observed
when AMT loading was low. When increasing the AMT loading, the production of PG was
inhibited. Therefore, this also suggests that AMT modified the carbon-carbonbond cleavage. By

which, the C2-C4 and C2-C2 were more selective with AMT. Taking Figures 5.2 and 5.4
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together, the reaction pathway leading to the production of PG from cellulose was dependent on

Ru/C.
5.4.2 Reaction time profile

To obtain an ideal reaction for cellulose conversion, other reaction parameters were also studied.
For instance, the reaction temperature, gauge pressure of hydrogen, and reaction time. Tai et al.
had investigated the effect of reaction temperature for cellulose conversion to EG.?° Their results
indicated the highest EG yield at 60% could be obtained at 240 °C. Besides, hydrogen pressure
was also investigated from 4 MPa to 6 MPa with relevant yield of EG and other diols. By which,
5 MPa hydrogen gauge pressure had been reported as the most efficient pressure for EG with a
yield of 60%.2* However, there was a lack of studies on the time profile to monitor cellulose
conversion to EG. Especially for cellulose derived from biomass which usually have other
contaminants. For instance, the acid insoluble lignin, protein, ash, and inorganic salts were
identified in the cellulose residue after CDL and organosolv treatments.®® Thus, in general the
conversions of organosolv and CDL cellulose require longer reaction time but give lower yield

of EG than using glucose or commercial cellulose as feedstock.

Figure 5.5 summarizes the time profile of cellulose conversion and EG formation.
Highest yield of EG was detected from a 10 min reaction affording good yield as high as 44%.
However, the conversion of cellulose was only 32% at 10 min and thus the overall amount of EG
was small. With a longer reaction to 2 hours, the cellulose conversion was up to 90% while the
EG formation was slightly reduced to 30%. Therefore, an optimal reaction time for cellulose
conversion should be between 1 hour to 2 hours to balance the overall conversion and product
yield. When the reaction time was longer than 2 hours, the total yield of diols was decreased. Our

hypothesis is that some dimerization or polymerization reaction could happen between the diols
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at the reaction temperature (240 °C) and thus it lowers the yield of monomeric diols. For
instance, Ru may also be a dehydrogenation catalyst that converts the diols and polyols to the
more reactive aldehydes. Thus, aldol condensation could happen between the reactive aldehydes
and lead to formation of byproducts. Compare the results with the study from Zhang et al. which
indicated 50 min was sufficient for converting > 95% commercial microcrystalline cellulose and

cellobiose to EG,*! cellulose made from poplar biomass in this work indeed required longer

reaction time.
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Figure 5.5 Time profile of conversion of WT Poplar cellulose pretreated by acetone. Reaction conditions: Organosolv WT
cellulose 0.5 g; 25 mg AMT; 50 mg Ru/AC; 40 mL H20; 240°C; 10 min, 20 min, 30 min, 1 hr, 2 hr, 5 hr, 12 hr, and 24 hr.
Conversion was calculated based on the weight difference between the total amount of feedstock cellulose and catalysts solid
versus the solid residue after reaction. Yield was calculated based on the weight of product divided by the weight of feedstock.
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5.4.3 EG production from different cellulose

Table 5.1. Cellulose content from different treatments of poplar biomass

Pretreatment methods

Biomass type Acetone FA/AA CDL Raw
WT 82% 69% 62% 43%
Low S 88% 70% 60% 45%
High S 80% 66% 66% 45%

Table 5.1 Cellulose content in different type of Poplar biomass. The cellulose content was measured according to the standard
acid hydrolysis method provided by NREL. The details of acid hydrolysis method are introduced in the supporting information
and Appendix i.

The content of cellulose was analyzed by doing acid hydrolysis according to NREL
standard procedure (Appendix i). During the acid hydrolysis, all cellulose was converted to
glucose by acid and the quantification of glucose represented the amount of cellulose in biomass

sample.

Table 5.1 summarizes the cellulose content determined from different biomass
treatments. Among these, the organosolv method with acetone gave the best purity of cellulose
which nearly 88% of the residue recovered from low-S Poplar was cellulose. The cellulose
content was low in the FA/AA treatment due to the presence of organic acids was mainly
extracting the acid soluble lignin and left the acid insoluble lignin behind. Meanwhile, the acids
also converted the cellulose and hemicellulose into furfural (FF) and hydroxymethylfurfural
(HMF) under organosolv conditions at 110 °C.*? In contrast, the CDL treatment could only
decompose lignin and removed the lignin monomers by washing with methanol. Therefore, the
CDL treatment did not separate hemicellulose and cellulose into two portions and thus the

presence of hemicellulose decreased the content of cellulose. However, the polymer unit (xylose
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or xylan) of hemicellulose has 5 carbon backbone which could potentially give an improved PG
yield. The content of cellulose in raw biomass was analyzed and provided by NREL which had

been summarized in Table S-5.1.
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Figure 5.6 Diols yield of different Poplar biomass derived cellulose at optimized condition. Reaction conditions: Poplar biomass
0.5 g; 50 mg AMT; 50 mg Ru/AC; 40 mL H20; 240°C; 1.5 hr.

The yield of diols from different types of cellulose are summarized in 4 charts and
displayed in Figure 5.6. In this study, among all types of the cellulose feedstock, the maximum
yield of diols was obtained by using the cellulose from high-S Poplar treated with acetone
organosolv method. By which, the yield of EG was 47% with 5% 12BD and 3% 23BD. The

overall conversion of high-S acetone cellulose was 98%. Moreover, the yield of byproducts

185



glycerol and sorbitol were determined around 1%. Figure S-5.3 illustrates an example of mass
balance by using high-S acetone treated cellulose for EG production which shows 73.5 wt% of
the feedstock cellulose were converted into the diol products. The maximum yield of EG from
FA/AA and CDL cellulose and raw biomass were 39%, 43%, and 31%, respectively. Taking the
cellulose retention into consideration (Table 5.1), it suggested the higher purity of cellulose

which had less contaminations would give a better yield of diols.

The other diols, such as 12BD and 23 BD are also valuable products obtained from
cellulose conversion. Interestingly, cellulose obtained from organosolv treatment (both acetone
and FA/AA) gave higher yield of 12BD and 23BD, except from high-S FA/AA treated cellulose.
In contrast, the CDL cellulose and raw biomass gave less 12BD and 23BD products. Instead, PG
production from CDL cellulose and raw biomass were higher than the organosolv cellulose. This
phenomenon is because in both CDL and raw biomass there is significant hemicellulose present,
which yields PG through C2-C3 cleavage of xylose/xylitol. Therefore, the higher yield of PG
produced from CDL cellulose and raw biomass were because of the higher content of

hemicellulose along with cellulose.

5.5 Conclusion

In this study, we investigated the catalytic conversion of poplar cellulose produced from different
pretreatments to EG over the Ru/C and AMT co-catalysts system. Our results indicated the
depolymerization of cellulose was catalyzed by AMT, reduction of glucose to sorbitol over
Ru/C, and subsequent hydrogenolysis to EG by both Ru/C and AMT. AMT improved the
selectivity for EG formation. An optimized catalyst loading has been determined as 10 wt% for

each of the Ru/C and AMT. To balance the overall cellulose conversion between the yield of EG,
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1.5 — 2 hours reaction time at 240 °C was desirable. After screening organosolv methods and the
CDL treatment, our findings indicated the organosolv treatment with acetone resulted in the best
quality of cellulose. Regarding the cellulose from different genetically modified Poplar
biomasses, the cellulose obtained from high-S poplar with acetone treatment gave the best yield
of EG at 47 % with 98% conversion. In the case of PG production, both low-S and high-S raw

poplar wood are suitablefeedstock.
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5.7 Supporting Information

CDL pretreatment

Ni catalyst preparation. 5.5 g nickel nitrate hexahydrate (Sigma-aldrich) was first dissolved in
16 mL deionized water in beaker and stirred for 30 minutes till no solid left in mixture. This
resulted a clear green solution. Then transfer the solution to a 50 mL burette and wash beaker
three times with deionized water and add washing solution to burette to ensure all nickel nitrate
was collected. 10 g activated carbon was placed in a 150 mL beaker with a glass rod inserted.
Slowly add nickel nitrate solution dropwise to AC carbon while the AC carbon was stirring by
glass rod at the same time to ensure a fine dispersion of nickel on AC carbon. The dispersion
took about one hour with stirring. After all nickel nitrate solution was add to AC carbon, 2 mL

deionized water was added to wash burette then slowly dispersed on AC carbon with stirring.
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The AC carbon with nickel nitrate dispersed then placed in a fume hood overnight to dry the AC
carbon in room temperature. Then transfer Ni/AC to 120°C oven for 12 hours deep dry. The
oven-dried Ni/AC was finally reduced under flowing nitrogen with rate 60-80 mL/min at 450°C

for 2 hours with a heating rate from 20°C to 450 °C in 60 minutes.

CDL reaction and cellulose collection. The heterogeneous catalytic reaction was performed in
a 75 mL stainless steel vessel in Parr MRS 5000 batch reactor system. 0.15 g Ni/AC catalyst was
first added to a catalyst cage which the microporous cage had a passing size of 325 mesh. The
loaded cage was placing in the middle of vessel on hood. The cage with catalyst was first washed
twice with 45 mL HPLC grade methanol. After washing the catalyst, 1.0 g of 40 mesh dry raw
Poplar biomass with 45 mL HPLC grade methanol and a glass-shield magnetic stir bar were
added to the vessel and well-sealed. Using UHP grade hydrogen for 5 times purging at pressure
of 3.5 MPa. After the vessel was purged, then add 3.5 MPa UHP grade hydrogen to pressurize
the vessel. The vessel was then heated to 225°C for 12 hours. After the reaction, the solid phase
was collected by filtration. The lignin was removed into liquid phase in methanol. The filtered
solid residue was washed by HPLC grade methanol 4 times and 60 mL for each time. Dry the
solid residue in fume hood for two days. The dry solid finally collected was the lignin removed

CDL biomass.

Organosolv treatments

Treatment with acetic acid with formic acid (FA/AA). The FA/AA solvent was first prepared
by FA/AA/water in volume ratio of 50/30/20. Then 30 g of 40 mesh dry raw Proplar biomass
was combined with 300 mL FA/AA solvent ina 1 L round bottom flask. The mixture was then
transferred to oil bath in fume hood. There was a two-step heating process. First, heated the

mixture to 60°C for 60 minutes. Then the temperature was quickly increased to 110°C for 3
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hours. After reaction, the mixture was cooled to room temperature. The solid phase was collected
by filtration and washed by 3 portions of 200 mL 0.5 N acetic acid at 60°C for 30 minutes. Then
the solid was dried in fume hood for two days. The solid fraction was the cellulose portion
isolated from raw Poplar biomass. Lignin and hemicellulose was extracted into acidic liquid

phase.

Treatment with acetone. 2 g of 40 mesh dry raw Poplar biomass was add to 75 mL stainless
steel vessel in Parr MRS 5000 batch reactor system. 20 mL acetone was then added to the vessel
following by 1:20 solid: liquid ratio. The reaction was catalyzed by 20 mL 0.045 N sulfuric acid
and 4 mL 37% formaldehyde. A glass-shield magnetic stir bar was also added to the vessel. The
vessel was well-sealed and purged by UHP grade nitrogen gas for 5 times. The vessel was then
heated up to 160°C for 30 minutes under 1.2 MPa nitrogen pressure. After reaction, solid phase
was collected by filtration and washed 3 times by 20 mL acetone for each. Lignin and
hemicellulose were extracted into liquid. The remaining solid was cellulose fraction. Left the

cellulose fraction in fume hood for two days to dry.

Analysis of cellulose content and diols

HPLC details. The analyte with internal standard was added to a 2 mL LC vial before injecting
to HPLC. The analyte was identified by retention time. The quantification analysis was based on

the peak area of each analyte and the area ratio between analyte and internal standard.
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Glucose peak with 10 mM tert-butyl alcohol as shown below Figure S-5.1.
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Figure S-5.1 HPLC result of glucose for analysis of cellulose content.

HPLC peak of diols as shown in Figure S-5.2
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Figure S5-2. HPLC result of diols.
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Mass balance of the diols’ formation from cellulose by high-S Poplar treated by acetone
organosolv method.

Moisture
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Figure S-5.3 The mass balance of cellulose from acetone treated High S Poplar biomass.

Content of Poplar cellulose in raw biomass measured by NERL. Table S-5.1

Wild Type High S Low S

Glucan 43.40% 44.49% 44.54%

Xylan 21.20% 21.48% 20.97%
Arabinan 0 0 0

Acetyl 1.80% 1.87% 1.79%

Acid Insoluble 15.46% 16.67% 16.78%

Lignin

Acid Soluble lignin 5.90% 5.62% 4.64%

Ash 0.70% 0.49% 0.53%

Glucose 0.99% 0 0.69%

Xylose 0.79% 0 0.36%
Arabinose 0 0 0
Acetic Acid 0 0 0

Water Extractives 5.41% 0.31% 4.29%

Ethanol Extractives 2.43% 3.94% 3.64%

Mass Balance 98.07% 94.88% 98.24%
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Appendix i: Determination of Cellulose and Hemicellulose Content
in Solid Biomass

Reagents:

(1) Dry biomass samples (40mesh particle size), (2) High purity standards: Glucose, Xylose,
and 10mM tert-butyl alcohol, (3) MilliQ water, (4) 72% w/w Sulfuric acid, (5) 5mM
Sulfuric acid, (6) Sodium bicarbonate

Materials:

(1) 100mL Glass pressure tubes and caps, (2) 30cm x 0.5cm Glass stir rod, (3) 10.00mL
Volumetric automated pipettor and pipettor tips, (4) 100.0mL Graduated cylinder, (5)
Autoclavable pressure tube rack, (6) Autoclavable plastic tray, (7) 3mL Plastic syringe,
(8) 0.2 micron syringe filter, (9)1L Beaker

Instruments:

(1) Precision shaking water bath (SWB15), (2) Liquid Autoclave, (3) Agilent 1260 Infinity
HPLC, (4) Agilent Hi-Plex H HPLC column, (5) Agilent 2mL HPLC vial

Procedures:
Sample Treatment (Acid Hydrolysis)*:

1. Place 100mL glass pressure tubes and caps in 60°C oven overnight. Cool the tubes and
caps to room temperature prior to use.

2. Prepare shaking water bath to 30°C at 150 rpm shaking rate.

Exactly weigh 0.3000g of dry biomass and transfer into 100mL glass pressure tube.

4. Exactly measure 3.00mL 72% wi/w sulfuric acid by 10.00mL volumetric automated
pipettor and transfer into 100mL glass pressure tube.

5. Insert glass stir rod into the pressure tube and mix the dry biomass evenly with 72% w/w
sulfuric acid. The mixture will turn into dark brown color immediately. Leave the glass
rod inserted in the pressure tube.

6. Place the pressure tube into the 30°C shaking water bath in tube rack vertically at 150
rpm shaking rate for 1 hour. Stir the mixture with glass rod every 10 minutes to ensure
the biomass is fully reacted with sulfuric acid.

7. Place the pressure tube in autoclavable tube rack. Add 84.0mL MilliQ water to the
mixture and rinse the glass stir rod. Remove glass rod and seal the pressure tube.

8. Transfer the sealed pressure tube and autoclavable tube rack on an autoclavable tray. Fill
the tray with 500mL DI water.

9. Place the tray in autoclave. Choose liquid setting for 1 hour at 121°C. After the
completion of the autoclave cycle, allow the mixture to cool to room temperature.

w
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Sugar Analyze?®:

1.

Cellulose and Hemicellulose will be converted into glucose and xylose during the above
treatment. Filter the liquid portion out of the pressure tube through 0.2 micron syringe
filter.

Exactly measure 1.00mL filtrate and dispense in 10.00mL MilliQ water.

Exactly measure 1.00mL from the diluted filtrate made above and mix with 1.00mL
10mM tert-butyl alcohol into a 2mL HPLC vial. Seal and label the vial.

Prepare a series of calibration standards containing different concentrations of glucose
and xylose. Each calibration standard is made by 1.00mL of analyte solution mixed with
1.00mL of 10mM tert-butyl alcohol solution in 2mL HPLC vial.

Set HPLC conditions to a sugar method: 5mM sulfuric acid mobile phase at
0.6000mL/min flow rate, Hi-Plex H column heated to 70°C, and refractive index detector
(RID) at 35°C. Each measurement takes 35 minutes HPLC run time.

Under this HPLC condition, glucose is determined at 9.6-9.8 minutes by retention time
while xylose is at 10.5-10.6 minutes. Tert-butyl alcohol is used as internal standard for
quantitative analysis which is at 27.8-28.1 minutes.

Calculate the amount of analyte by calibration curve which is made by ratio between
peak areas of analyte and internal standard (tert-butyl alcohol) versus concentration.

Waste Treatment:

Collect the waste mixture into a 1L beaker.

Slowly add sodium bicarbonate while stirring the mixture with glass rod till no bubbling
observed.

Transfer the neutralized waste into a proper waste container.

Calculations:

HPLC Calibration Curve:

1.

Integrate the peak area of each concentration of the calibration standard analyte and the
peak area of 10mM tert-butyl alcohol at each measurement.

Use the peak area of tert-butyl alcohol as denominator to acquire the ratio of peak area
between standard analyte and internal standard.

The calibration curve f(X) can be plot by setting each standard concentration in unit of
mM as y-axis and each relevant ratio of peak area as x-axis, f(X) =aX + b.

Integrate the peak area of the analyte from biomass sample and acquire its peak area ratio
Xi with internal standard (repeat Step 1 and 2).

The concentration of analyte in unit of mM, [Glucose] and [Xylose], from biomass
sample can be calculated by calibration curve f(Xi) = aX; + b.

The amount of glucose and xylose in grams (g) can be calculated by:

Malucose = ([Glucose] * 2 * 11 * 87 * 10°) mol * 180 g/mol
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8.

9.

Mxylose = ([Xylose] * 2 * 11 * 87 * 10°) mol * 150 g/mol
Glucose represents the cellulose in biomass sample while xylose represents the
hemicellulose. The exact amount of cellulose and hemicellulose can be calculated by the

mass conversion between glucose versus glucan and xylose versus xylan:
% 162 g/mol

180 g/mol
% 132 g/mol

150 g/mol
The content of cellulose and hemicellulose in biomass sample can be calculated:

%Cellulose = % * 100%

. m i
%Hemicellulose = %élg”m * 100%

The total sugar content in biomass sample can be calculated:
%Sugar = %Cellulose + %Hemicellulose

Mcellulose = MGlucose

MHemicellulose = MXylose

Reference:

1.

2.

Sluiter, A., Hames, B., Ruiz, R., Scarlata, C., Sluiter, J., Templeton, D., Crocker, D.
Laboratory Analytical Procedure: Determination of Structural Carbohydrates and Lignin
in Biomass. National Renewable Energy Laboratory (NREL). 2012

ASTM E1758-01. Standard Test Method for Determination of Carbohydrates in Biomass
by High Performance Liquid Chromatography. ASTM International, West
Conshohocken, PA, 2015

Mahood, S. A., Cable, D. E. The chemistry of wood. J. Ind. Eng. Chem. 1922, 14 (10),
933-934.
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Appendix ii: Determination of Acid Soluble (ASL) and Insoluble
Lignin (AIL) Content in Solid Biomass

Reagents:

(1) Dry biomass samples (40mesh particle size), (2) MilliQ water, (3) 72% w/w Sulfuric
acid, (4) Warm DI water (40-45°C)

Materials:

(1) 100mL Glass pressure tubes and caps, (2) 30cm x 0.5cm Glass stir rod, (3) 10.00mL
Volumetric automated pipettor and pipettor tips, (4) 100.0mL Graduated cylinder, (5)
Autoclavable pressure tube rack, (6) Autoclavable plastic tray, (7) 3mL Plastic syringe,
(8) 0.2 micron syringe filter, (9) 250mL Filtration Flask, (10) Filtering crucible, (11)
250mL Volumetric flask, (12) UV-Vis cuvette with 1 cm pathlength

Instruments:

(1) Precision shaking water bath (SWB15), (2) Liquid Autoclave, (3) Temperature
programable muffle furnace, (4) Desiccator, (5) 105°C Oven, (6) UV-Vis
Spectrophotometer

Procedures:
Biomass Treatment (Acid Hydrolysis)*?:

10. Place 100mL glass pressure tubes and caps in 60°C oven overnight. Cool the tubes and
caps to room temperature prior to use.

11. Prepare shaking water bath to 30°C at 150 rpm shaking rate.

12. Exactly weigh 0.3000g of dry biomass and transfer into 100mL glass pressure tube.

13. Exactly measure 3.00mL 72% w/w sulfuric acid by 10.00mL volumetric automated
pipettor and transfer into 100mL glass pressure tube.

14. Insert glass stir rod into the pressure tube and mix the dry biomass evenly with 72% w/w
sulfuric acid. The mixture will turn into dark brown color immediately. Leave the glass
rod inserted in the pressure tube.

15. Place the pressure tube into the 30°C shaking water bath in tube rack vertically at 150
rpm shaking rate for 1 hour. Stir the mixture with glass rod every 10 minutes to ensure
the biomass is fully reacted with sulfuric acid.

16. Place the pressure tube in autoclavable tube rack. Add 84.0mL MilliQ water to the
mixture and rinse the glass stir rod. Remove glass rod and seal the pressure tube.

17. Transfer the sealed pressure tube and autoclavable tube rack on an autoclavable tray. Fill
the tray with 500mL DI water.

18. Place the tray in autoclave. Choose liquid setting for 1 hour at 121°C. After the
completion of the autoclave cycle, allow the mixture to cool to room temperature.
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Acid Insoluble Lignin (AIL) Measurement?:

10.

11.

12.
13.

14.

15.

16.

17.

Put filtering crucible in muffle furnace at 575°C for 12 hours.

Allow the crucible cool down to 105°C. Remove the crucible from furnace and transfer
into a desiccator.

After 30 minutes cooling down period in desiccator, exactly measure the weight of
crucible three times. Take the average of the three measurement as the exact weight of
crucible, Mcruciblet.

Put the crucible back to muffle furnace for another 4 hours at 575°C and allow it cool
down to 105°C. Then remove the crucible from furnace and transfer into desiccator for
another 30 minutes.

After 30 minutes cooling down period in desiccator, exactly measure the weight of
crucible three times. Take the average of the three measurement as the exact weight of
the crucible, mcrycible2.

Compare the two averaged weight of crucible, Mcrycibler and Mcruciblez, I the difference is
less than 0.0003g, then the crucible is ready for the further use to analyze acid insoluble
lignin (AIL). If the difference is greater than 0.0003g, then repeat step 3 to 4 till the
difference is less 0.0003g.

Turn on the vacuum condensation trap 1 hour prior to the vacuum filtration.

Vacuum filter the solid residue from the pressure tube by using filtering crucible. Use
50.0mL hot DI water to rinse the pressure tube and wash the solid residue in crucible.
Collect the solid residue with crucible for AIL analysis. Capture the filtrate in filtration
flask and save for acid soluble lignin (ASL) analysis.

Transfer the crucible with solid residue left in together into a 105°C oven and dry for 12
hours.

After 12 hours in oven, remove the crucible with solid residue and transfer into desiccator
for 30 minutes to let them cool down.

Measure the weight of crucible with solid residue and record as mcrucible+SolidResidue?-

Put the crucible with solid residue back to 105°C oven for another 4 hours. Then transfer
them to desiccator to cool down for 30 minutes. After cooling down, measure the weight
of crucible with solid residue and record as Mcrucible+SolidResidue2-

Compare the two measurements, Mcrycible+SolidResiduel aNd Mcrucible+SolidResidue2, 1f the
difference is less than 0.0003g, then the crucible and solid residue are ready for further
analysis. If the difference is greater than 0.0003g, then repeat step 13 and 14 till the
weight difference is less than 0.0003g.

Place the crucible with solid residue in the muffle furnace. Set the furnace ramping
program as: (1) ramp from room temperature to 105°C, (2) hold at 105°C for 12 minutes,
(3) ramp to 250°C at 10°C/min, (4) hold at 250°C for 30 minutes, (5) ramp to 575°C at
20°C/min, (6) hold at 575°C for 16 hours, (7) cool down to 105°C, (8) hold at 105°C till
the crucible and solid residue are removed. During this heating process, all the acid
insoluble lignin, wax, and protein burnt out. The left grey solid is ash®.

Remove the crucible and solid residue from furnace and transfer into desiccator for 30
minutes to let them cool down.

Weigh the crucible and ash residue together and record the weight mcrucible+Ashi.
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18. Put the crucible and ash residue back to furnace and heat to 575°C holding for 4 hours.

Then Allow them cool down to 105°C. After that, transfer the crucible and ash residue
into desiccator for 30 minutes. Measure the weight after 30 minutes and record as
Mcrucible+Ash2.

19. Compare the two measurements, Mcrucible+Ash1 aNd Mcrucible+ash2, 1T the difference is less

than 0.0003g, then the value is acceptable for further calculation. If the difference is
greater than 0.0003g, then repeat step 18 till the difference is less than 0.0003g.

Acid Soluble Lignin (ASL) Measurement:

1. Use DI water as background on UV-Vis spectrophotometer before analyzing ASL from
biomass sample.

2. Dilute the filtrate which has been filtered and saved from pressure tube in a 250mL
volumetric flask with DI water.

3. Obtain ImL liquid sample from the dilution in a UV-Vis cuvette.

4. Measure and record the absorbance of the liquid sample at appropriate wavelength,
UVabs.

Calculations:

Acid Insoluble Lignin (AIL) Content:

1.

Calculate the weight of solid residue after autoclave cycles in unit of gram:

. _ Mcrucible+Solid Residue 1+ Mcrucible+Solid Residue2 ~ Mcrucible 1+ Mcrucible 2
MResidue = > - >

Calculate the weight of acid insoluble lignin in unit of gram:

_ . Mcrucible+Ash 1T MCrucible+Ash 2 MCrucible 1t MCrucible 2 .
MAIL= MResidue — ( > - > ) — Mprotein

The Merotein can be determined by an NREL procedure®#. However, this measurement is

only necessary for biomass has significant amount of protein.

. ~ Mcrucible+Ash 1T Mcrucible+dsh2  Mcrucible 1+ Mcrucible 2
Thus: maiL= MRgesidue — ( > - > )

Acid Soluble Lignin (ASL) Content:

1.

Calculate the weight of acid soluble lignin in unit of gram:
Mast = =4 * 250 mL* 107 mL"2

The ¢ has a unit of L/g*cm. Its values were determined and reported by NREL?,

Biomass Lambda max £ Lambda max £
(nm) (L/g*cm) (nm) (L/g*cm)

Pinus Radiata 198 25 240 12

Bagasse 198 40 240 25

Corn Stover 198 55 320 30

Populus Deltiodes 197 60 240 25
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The total lignin content in biomass sample:

. . +
%Lignin = TALZ AL x 10004
0.3000

Reference:

4. Sluiter, A., Hames, B., Ruiz, R., Scarlata, C., Sluiter, J., Templeton, D., Crocker, D.
Laboratory Analytical Procedure: Determination of Structural Carbohydrates and Lignin
in Biomass. National Renewable Energy Laboratory (NREL). 2012

5. Mahood, S. A., Cable, D. E. The chemistry of wood. J. Ind. Eng. Chem. 1922, 14 (10),
933-934.

6. Sluiter, A., Hames, B., Ruiz, R., Scarlata, C., Sluiter, J., Templeton, D. Laboratory
Analytical Procedure: Determination of Ash in Biomass. National Renewable Energy
Laboratory (NREL). 2005

7. Hames, B., Scarlata, C., Sluiter, A. Laboratory Analytical Procedure: Determination of
Protein Content in Biomass. National Renewable Energy Laboratory (NREL). 2008
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Appendix iii: Determination of Moisture Content in Solid Biomass

Reagents:

(2) Dry biomass samples (40mesh particle size)

Materials:

(2) Disposable aluminum moisture pan

Instruments:

(2) Mettler Toledo HE73 moisture analyzer (moisture balance)

Procedures:

1.

Set the moisture balance as: ramp to 105°C in 60 seconds, then hold at 105°C for 50
seconds.

Weigh three portions of solid biomass sample. Each portion has at least 0.50009 of
biomass.

Disperse each biomass sample evenly on a disposable aluminum moisture pan and place
on moisture balance.

Turn on the heating program and run the measurement.

The percentage of mass loss can be directly read from moisture balance which represents
the moisture content.

Allow 5 minutes between each measurement to have the moisture balance cooling down
to room temperature.

Record the three readings from moisture balance, %Moisture;, %Moisture,,

and %Moistures.

Compare the difference between three readings. If the difference is less than 0.3%, then
take the average value of the three measurements as the moisture content of the biomass
sample. If the difference is greater than 0.3%, then obtain another two portions of
biomass sample and repeat steps through 3 to 5 till the difference is less than 0.3%. Then
take the average of the measurements as the moisture content of the biomass sample.
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Mass Balance:

—

P - Lignin (15 — 25%)

Dry Biomass!'? —

" 0@5?? o Cellulose (30 — 50%)

O’M;‘;}w - Hemicellulose (22 — 35%)

Moisture (5 — 10%)

Others Ash (1 —2.5%)
7 - 15%
( ) Protein
Extractives

Example of Poplar wood (WT — 717, 40 mesh):

—_

Cellulose  43.4%

Hemicellulose  21.2%
Arabinan 0%

Acetyl 1.8%

Acid insoluble lignin  15.46%

Acid soluble lignin ~ 5.9%
Ash 0.7%

Glucose 0.99%

Xylose 0.79%

Arabinose 0%

40 mesh dry Poplar

Acetic acid 0%

Water extractives 5.41%

Ethanol extractives  2.43%
——
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