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ABSTRACT
SOLVOLYTIC LIGNOCELLULOSIC BIOMASS LIQUEFACTION
MUSTAFA ALLUHAIBI
2020
Increasing energy demand, petroleum prices, global warming, and depleting fossil
fuel resources are the main challenges faced by the human beings. Many scientists are
searching for sustainable and alternative sources of fossil fuels as solutions to these
challenges. Lignocellulosic biomass is one of the renewable and eco-friendly abundant
sources that has been considered by both academia and industry sectors as a renewable
source for bio-oil and chemicals. Direct liquefaction of biomass in the sub-/super-critical
solvent has considered a practical method to convert lignocellulosic material into liquid
fuel. However, undesirable properties such as poor stability, low energy value, and high
acidity and heteroatoms content are the main drawbacks of bio-oil generated by the
liquefaction method. Elimination of these undesirable properties is necessary before the
bio-oil can be utilized for co-processing in refineries alongside petroleum crude oil or
used as transportation and engine fuels directly. To improve the biomass liquefaction
process, the research presented in this dissertation focuses on the chemistry of direct
biomass liquefaction in terms of product distribution and yields of liquefaction, the
influence of liquefaction parameters, and role of catalysts. In chapter 2, pine sawdust
liquefaction was catalyzed by different concentrations of NaOH, metals, and metallic
salts in H20, EtOH, and a mixture of EtOH and H20. The liquefaction results showed
that liquefaction in H>O at 200 °C gave low bio-oil yields. While in the co-solvent

liquefaction, higher yields of bio-oil were obtained at 240 °C and 260 °C in comparison



with that achieved at 200 °C. In solvolytic liquefaction (only EtOH used as solvent), pine
sawdust was effectively liquefied, and higher production of bio-oil was generated by
metals with high reduction power. Based on the results revealed in this chapter, outcomes
of pine sawdust liquefaction are highly determined by solvent and temperature more than
other parameters. In chapter 3, many investigations were conducted to determine the
influence of residence time, biomass: base ratio, metal oxide, and Ni metals for the
development of a catalytic system for corn stover liquefaction. The results suggested that
high bio-oil yields could be obtained using Ni metal combined with Fe>Oz under the basic
condition at (8:1) ratio of biomass/base. In chapter 4, liquefaction of different biomass
such as corn stover, birch, switchgrass, pine sawdust, and sugarcane bagasse using
various catalytic systems were investigated. The synergistic effect of Ni metal-metal
oxide in the presence of NaOH showed a more significant influence on biomass
liquefaction, depending on the type of biomass and metal oxide used. The results are
consistent with what was presented in chapter 3. Bio-oil production was more promoted
under basic than neutral conditions. Lower percentages of protons attributed to aromatic
and oxygenated species were measured in bio-oils generated under basic conditions
compared to those measured under neutral conditions. The distribution of bio-oil
components is highly determined by the type of biomass and catalysts used. In chapter 5,
to achieve better improvements in the quality and cost-effectiveness of bio-oils generated
from direct liquefaction, Fe, Zn, and Ni metals were used in combination with a salt for
liquefaction of corn stover under different conditions. KOAc was found to be a more

effective base than NaOH. High bio-oils (>40%) and low SR (<6%) yields with low



oxygen content were achieved from corn stover liquefaction at 300 °C for < 4 hr using Ni

metal-Fe,O3- KOAc and Zn metal, Ni(OAc),, KOAc.



CHAPTER 1: INTRODUCTION

1.1 Importance of biofuels

Today, fossil fuels are the dominant energy sources and provide > 80% of the
world’s energy supply. However, fossil fuels are non-renewable, and their resources are
limited. According to the current consumption rates, petroleum, natural gas, and coal will
only last for 45, 60, 120 years, respectively. The diminishing supply and increasing
greenhouse gas levels owing to the combustion of fossil fuels for the production of heat
and power compel the world to develop renewable energy alternatives.? Thus, the
development of clean technologies to utilize a sustainably produced feedstock is one of
the current research interests in chemistry, engineering, agriculture, and environmental
society.®

In the present day, the entirety of energy supply is met by a single source (i.e.,
petroleum) in many countries. Consequently, a more flexible system drawing from
multiple sources should be an attractive long-term solution for energy production. For
instance, vehicles powered by electricity, water, wind, and solar energy, and hydrogen
fuel cells are highly researched to reduce our dependence on petroleum as a source of
energy. However, these new technologies especially hydrogen fuel cells have not yet
been economically and technically viable. In contrast, due to their similarity to the
currently preferred fuel sources, liquid biofuels derived from renewable biomass are a
better option. Their implementation does not require extensive changes to the
transportation infrastructure and the internal combustion engine. Thus, the use of biomass
feedstocks as a sustainable source of carbon for biofuels and chemicals is a realizable and

promising alternative.® Currently, commercial production of electricity and liquid



transportation fuels from biomass feedstocks is practiced in most nations. The U.S.
bioenergy production reached 4.76x10%° J in 2011, accounting for 48.8% of the
renewable energy and 5.8% of the total energy produced in the year. In 2012, 49 billion
liters of bioethanol were generated from 42% of the U.S. corn grains, representing 94%
of the liquid biofuels produced and replaced 10% of the nation’s demanded gasoline fuel.
The U.S. Energy Independence and Security Act of 2007 mandates to increase annual
biofuel addition to gasoline from 34 billion liters in 2008 to136 billion liters by 2022,
with 60 billion liters of the biofuel from lignocellulosic biomass.*
1.2 Lignocellulosic biomass

Biomass can be any organic by-product with a biological origin such as woody
plants, agriculture and forestry residues, municipal and industrial wastes, and aquatic
plants.” 8 Biomass has a relatively higher ratio of H/C compared to coal.® Among the
elements (carbon, hydrogen, nitrogen, sulfur, and oxygen) present in biomass,° carbon
accounted for 34.1-53.5 wt%, which represents the major contribution to the overall
heating value of biomass.® Hydrogen is another major element of biomass, constituting
5.5-6 wt% in herbaceous and 6-8 wt% in woody biomass. Nitrogen and sulfur contents
accounted for < 1.8 wt% and 0.1-0.6 wt% of the biomass, respectively, which are lower
than those of fossil fuels. The heating value of the bio-oil obtained via any processing
technique is highly determined by the oxygen content.'® Carbohydrates, lignin, protein,
and lipids are the basic representative components of various biomass feedstocks. Based
on compositions and structures, the biomass can be classified into lignocellulosic
biomass, microalgae, and organic wastes. Lignocellulosic materials are the most

widespread type of biomass used for bio-oil production through liquefaction.!!* The cell



walls of lignocellulosic biomass are composed of cellulose (40 — 50%) microfibrils
frameworks, hemicellulose (25-35%), and lignin (15 — 20%).° These structures are

interlaced, as illustrated in Figure 1.1.

Plant Cell Wall

Figure 1.1: Structure of lignocellulosic biomass.*?

Cellulose is a major component of the primary cell wall of lignocellulose. It is
composed of polysaccharide polymer consisting of D-glucose units with B-1,4 glycosidic
bonds. The hydroxyl groups on one chain form hydrogen bonds with nearby oxygen to
form a very stable molecule with a high degree of polymerization. Hydrogen bonding
makes cellulose insoluble in either polar or non-polar solvents at ambient temperature but
tends to be soluble with the increment in the temperature.® *© Hemicellulose component is
interlaced with cellulose strands and bound to lignin via hydrogen bonds. It is an
amorphous polymer of five different sugar monomers including D-xylose, L-arabinose,
D-galactose, D-glucose, and D-mannose, with xylose being the most abundant.® Lignin is
an amorphous polymer comprising coniferyl, sinapyl, and coumaryl alcohols having

different functional groups such as hydroxyl, methoxy, carbonyl, and carboxyl. These



alcohols are connected by various interunit linkages such as p-O-4, a-O-4, -5, 4-0O-5, 5-

5, B-1, B-B, as illustrated in Figure 1.2.
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Figure 1.2: Schematic representation of the building blocks of lignin with common

linkages.'3

Compared to other linkages, f-O-4 and a-O-4 ether bonds are the most abundant in
lignin, making up about 70% of the linkages found in native lignin. Hence, the cleavage
of B-O-4 linkages is the most targeted among others for the depolymerization of lignin.*-
16
1.3 Biomass conversion technologies

Biomass can be converted to biofuels and biopower via thermochemical and
biochemical conversion processes. Thermochemical conversion is a significant route for
bio-methanol, biodiesel, bio-oil, bio-syngas, and bio-hydrogen. While in biochemical
conversion, liquid or gaseous fuels can be produced through fermentation or anaerobic

respiration. The production of biofuels via thermochemical conversion processes has



drawn the most attention in the world. The thermochemical methods show a superior
ability to degrade diverse biomass in shorter time than the biochemical process.® 1718 The
main routes of biomass conversion through thermochemical technologies involve

combustion, gasification, pyrolysis, and liquefaction.®

1.3.1 Combustion and gasification

Combustion is the most direct and technically most straightforward process for
producing heat, carbon dioxide, and water from biomass using an oxidant. Gasification is
a biomass conversion process that involves complex reactions, pressure changes, and heat
and mass transfer processes. In this method, gasifying agents such as oxygen, air, and
steam are necessary to convert biomass into gaseous fuels (syngas or producer gas),
which typically have some quantity of CO., CO, CHa, and N2.. Syngas can be upgraded to
liquid fuels such as diesel and gasoline by Fischer—Tropsch (FT) synthesis. The
gasification process is carried out through various steps, including drying,
devolatilization, combustion, and reduction. Biomass is first dried at 150 °C to evaporate
the moisture. Then, it is subjected to devolatilization in the temperature range of 150-700
°C to liberate the volatile species followed by the combustion of biomass in 700-1500
°C. In the combustion step, fuel constituents oxidize, and exothermic reactions are
triggered. While in the last reduction step (800-1100 °C), fuel constituents reduce, and
endothermic reactions are involved. Gasification has many advantages over combustion.
It can use low-value feedstock and convert them into electricity and vehicle fuels. It is
expected that gasification will serve as a significant technology for complementing the

energy demands of the world within the coming years.® 1% 20



1.3.2 Pyrolysis

Pyrolysis is a thermal degradation of biomass in the absence of oxygen to form
gases, pyrolytic oil (bio-oil), and char. Pyrolysis processes are classified into slow and
fast based on operating parameters such as reaction temperature, reaction time, and
heating rate on which the yields of products depend. Slow pyrolysis works at a
temperature range of 400-600 °C at 0.1-1 °C/s heating rate for 5-30 min residence time.
In slow pyrolysis, biochar is formed in higher amounts in comparison to gases and bio-oil
produced. However, fast pyrolysis can provide a higher yield of bio-oil and lower char.
Fast pyrolysis is operated at a higher temperature range of 850-1250 °C at a 10-20 °C/s
heating rate, and short residence time of 1-10 s. In fast pyrolysis, biomass with low
moisture content requires a high temperature and heating rate. The bio-oil formed
through pyrolysis cannot be served as a transportation fuel due to its high oxygen value
(40-50 wt%), low pH value, high water content (15-30 wt%), and low H/C ratios.
Therefore, the upgrading of bio-oil is necessary before its utilization.” 8 %2
1.3.3 Liquefaction

Liquefaction is a suitable process for converting a variety of wet feedstocks,
unlike pyrolysis and gasification, where the biomass has to be dried before use.?? Direct
liquefaction is seen as a promising technology for the production of biofuel and
chemicals from biomass feedstock.?® With this process, various solvents and operation
conditions have been employed. For instance, the hydrothermal liquefaction (HTL)
process converts biomass into a liquid product in the presence of water at 250-400 °C
and 5-25 MPa pressures.’ In the HTL process, water has been used as the primary

solvent for being cheap and eco-friendly. Water in the HTL process acts as a reactant and



solvent. Bio-oil is the main product of the HTL process, whereas water-soluble products,
hydro-char, and gases are considered as by-products. Biomass components (cellulose and
hemicellulose) can be hydrolyzed easily in water at elevated temperatures and pressures.®
® Various organic solvents have been employed in solvent liquefaction instead of water to
liquefy biomass at 120-500 °C temperature.® Due to their unique characteristics, among
other solvents, the effect of alcoholic solvents has been studied broadly in lignocellulosic
biomass liquefaction. Unlike water, alcohol can dissolve decomposed products under
both ambient and supercritical conditions. Bio-oil is more easily separated in alcohol
compared to the case of sub and supercritical water. Moreover, alcohols have a lower
corrosive risk than water and can provide hydrogen during liquefaction reaction. The use
of alcohol as a hydrogen donor can suppress repolymerization and carbonization
reactions, which improves the bio-oil yield.?* The effect of a co-solvent system consisting
of organic solvent and water on lignocellulosic biomass liquefaction has been explored at
a temperature range of 200-340 °C.° Pan et al.?® reported that the synergistic effect of
organic solvent and water showed high solubility and gave a high yield and good quality
of bio-oil in mild reaction conditions. The individual roles of ethanol and water in co-
solvent liquefaction of lignocellulosic biomass have been examined by Feng et al. 26
Based on their investigation, carbohydrate decomposition was accelerated by water,
while lignin depolymerization was facilitated in ethanol by dissolving lignin fragments
and impeding the re-condensation of the reaction intermediates. Bio-oil produced from
liquefaction method at lower temperature has higher heating value and moderate oxygen
content compared with other thermochemical processes such as gasification and

pyrolysis.t® 24 The process schematic of bio-oil production from biomass liquefaction is



illustrated in Figure 1.3. Biomass depolymerizes into simpler monomers, which in turn

decompose through cleavage, dehydration, decarboxylation, and deamination into small

light fragments. These fragments, through condensation, cyclization, and polymerization,

can rearrange to form bio-oil.** 2

Biomass

Biomass
monomers

R

Depolymerization

Cleavage, dehydration,

decarboxylisation and

deammination
—_—

Decomposition

Condensation, cyclization
and polymerization

Unstable and
active fragments

-

Rarrangment

| Bio-olis H Residues |

Figure 1.3: The process schematic of liquefaction biomass.



CHAPTER 2: LIQUEFACTION OF PINE SAWDUST: A COMPARATIVE
STUDY OF DIFFERENT CATALYSTS AND EFFECTS OF SOLVENT,

TEMPERATURE, AND RESIDENCE TIME ON BIO-OIL PRODUCTION

2.1 Introduction

The depletion of finite resources of fossil fuels, environmental pollution, and
energy crisis are driving the global society to search for cheap, clean, efficient, and
sustainable energy production. 2-% Bjomass is a renewable and abundant resource of
carbon-based fuel that can be exploited to produce bio-oil. Lignocellulosic biomass
(agricultural by-products) has been utilized as a viable carbon feedstock for liquid fuel
production. Lignocellulosic agriculture wastes are composed of cellulose, hemicellulose,
and lignin. Cellulose is a straight-chain polymer of poly-glucose units, while
hemicellulose is a polymer comprising different C5 and C6 sugars. Lignin is composed of
a complex polymer of propyl-phenol groups bound together by ether and carbon-carbon
bonds. The biomass component's structural complexity increases from cellulose to
hemicellulose to lignin, which means that the energy required for converting biomass
increases as the complexity of the biomass component increases.?! 32

Various thermochemical conversion processes have been used to liquefy
biomass,* but direct thermochemical liquefaction is potentially more competitive as the
process typically requires low temperature and can produce a liquid fuel with low-oxygen
in one step. Many attempts have been made to improve the direct biomass liquefaction
through increasing bio-oil production and reducing char formation. Different alkali

solutions of NaOH, Ca(OH),, K>COs, RbOH, CsOH, KOH, and Ba(OH)> have been
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employed as catalysts for the production of heavy bio-oil from the biomass liquefaction
in sub/near-critical water.3*3" Most metals catalysts such as cobalt (Co), molybdenum
(Mo), nickel (Ni), titanium (Ti), tungsten (W), Zinc (Zn), antimony (Sb), bismuth (Bi),
cerium (Ce), Vanadium (V), niobium (Nb), tantalum (Ta), chromium (Cr), manganese
(Mn), rhenium (Re), iron (Fe), platinum (Pt), iridium (Ir), palladium (Pd), osmium (Os),
rhodium (Rh) and ruthenium (Ru) along with other metal compounds are employed by
petroleum industries in refining processes.®® 3° For biomass upgrade, metal salts are often
employed as catalysts in non-aqueous solvents.*>*3 Extensive research on the biomass
liquefaction using different catalysts has been made to enhance liquid fuel yield and
quality. However, the bio-oil produced by liquefaction process has not been
commercialized yet. High cost, undesirable properties, and low yield are considered the
main obstacles for the commercialization of bio-oil production by this method. It is
crucial to study the liquefaction behavior of biomass by different metals without using an
external reducing agent to gain improvements in the quality and quantity of bio-oils from
cost-effective liquefaction.

Indeed, different catalysts are needed for biomass liquefaction. Transition metals
as an electron donor and hydrogen transfer can facilitate the reduction and hydrogenation
processes of oxygenated species resulted from biomass liquefaction. Alkaline earth
metals such as NaOH are an essential catalyst to promote the hydrolysis of biomass and
decarboxylation reactions. Moreover, metal oxides as Lewis acids can enhance oxygen
removal through dehydration and dehydrogenation reactions. This study aims to
investigate how the synergy of Ni metal + ZnO + NaOH can influence the yield and

quality of bio-oils from hydrothermal and co-solvent liquefaction of pine sawdust at a



11

low temperature of 200 °C. Moreover, the synergy of different metals (ex; Ni, Pd, Co,
Cu, Mo, Fe, Ag, Ru) + metal oxides (ex; ZnO, MgO, FeO, PbO, MnQO) + NaOH was
investigated on solvolytic pine sawdust liquefaction in 100% EtOH at a moderate
temperature of 260 °C. The intensity of aromatic and aliphatic protons in bio-oil are
measured by *H-NMR, and volatile components in the bio-oil products are identified by
GC-MS. To gain better understanding of how oxygen atoms got removed from biomass,
the decomposition pathways for the formation of significant liquefaction products were
proposed.
2.2 Experimental
2.2.1 Materials

Pine sawdust was obtained from a local farm and reduced in size using a blender
to 18-50 mesh. The chemical composition of pine sawdust has cellulose ( 45-50 wt.%),
hemi-cellulose (25-35 wt.%) and lignin (25-35 wt.%). All metallic salts, metals, and
reagents throughout the whole experiments were commercially available, analytical
grade, and used as received. Sodium hydroxide and ethanol were purchased from Fisher
Scientific and Pharmco-AAPER company, respectively.
2.2.2 Liquefaction procedure

The general procedure of pine sawdust liquefaction: To a stainless-steel pressure
reactor in a nitrogen glovebox were added a magnetic stirring bar, catalyst, 400 mg of
pine sawdust, and solvent. Then, the closed reactor was transferred into a fume-hood and
heated in a molten salt bath at the desired temperature and time. After the reactor was
cooled down, the reactor was opened, and liquid-solid products were separated and

extracted as seen in Figure 2.1. The reaction mixture was thoroughly rinsed out of the
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reactor with EtOH. Then, the suspension solution was filtered at a reduced pressure using
a pre-weighed filter paper. The Zn cake remaining on the filter paper was washed with
HCI solution (6N) to make sure all Zn reacted, and cellulose fibers precipitated. The
resulted suspension was filtrated to collect and measure the remained cellulose, while
aqueous filtrate was evaporated to remove EtOH and then NaHCO3 solution was added to
precipitate the repolymerized lignin. Subsequently, the lignin suspension was filtered,
and the resulted aqueous phase was extracted three times using 2 mL of dichloromethane
each time. For liguefaction in pure EtOH, the liquid-solid mixture was filtered and
washed with EtOH. The ethanol solution was condensed by rotary evaporation under a
reduced pressure of 80 mbar using a 50°C water bath. To the residue, 1 mL of CH,Cl;
(DCM) and 0.5 ml of water were added. The DCM solution was separated, and the water
phase was extracted by DCM (0.5 mL x 2). The combined DCM solution was neutralized
with NaHCOg, dried with MgSO4 powder, and condensed on a rotary evaporator to yield
an oil.

The percentage yield of oil, solid bio-residue, and pine sawdust conversion was

calculated based on the weight of pine sawdust feed by the following formula:

Weight of bio—oil
Biomass weight

Bio oil yield (wt%) = x 100%

Weight of solid bio residue

Solid bio residue (SR) yield (wt%) = x 100%

Biomass wieght
Un repolymerization yield (wt%) of bio oil = 100% — Solid bio residue %

Gas + water soluble species (wt%) = 100% — Bio oil % — Solid bio residue %
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Pine sawdust liquefaction
|

Solid-liquid mixture
|
Filtration
|
Solid residue (Zinc cake) Filtrate 1
HCI solution (6 N) addition
|
Cellulose precipitation
|
Filtration
|
Solid residue (Cellulose) Filtrate 2
I
NaHCO3 addition
|
Lignin
precipitation
1
Filtration

1

Solid residue (Lignin) Filtrate 3 (Extracted by DCM)

Figure 2.1. Procedure for separation and extraction of hydro- and co-solvent liquefaction

products.
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Pine sawdust liquefaction
|

Solid-liquid mixture
| |

Filtration
n

! l

Solid residue Ethanol-soluble bio-oil

Evaporation

EtOH distillate Crude bio-oil
| |
DI H,0 addition
| |
Extracting with
DCM

[ |
Neutralization

v

Neutralized
bio-oil

Figure 2.2. Procedure for separation and extraction of solvolytic liquefaction products.

2.2.3 Characterization

'H-NMR analysis was performed for bio-oil obtained from each pine sawdust
liquefaction on a Bruker AVANCE- 400 and 600 MHz NMR spectrometer in CDCl3
using TMS as the internal standard. GC-MS analysis was performed on a Shimadzu
GCMS-QP2010SE. GC column temperature program was set as follows: the temperature
was held at 40 °C for 1 minute, then increased to 240 °C at a heating rate of 25 °C/min,
and then maintained at 240 °C for 3 minutes. To facilitate the bio-oil derivatization, the
bio-oil samples were treated with a common TMS derivatizing reagent - N,O-

bis(trimethylsilyl)trifluoroacetamide — BSTFA.
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2.3 Liquefaction reaction results and discussion
2.3.1 Hydrothermal liquefaction using Zn metal and Ni(OAc)2

In this study, we investigated hydrothermal liquefaction of pine sawdust catalyzed
by Ni metal produced by the reduction of Ni?* ions in Ni(OAc)2 using Zn metal, which in
turn is oxidized into ZnO, and NaOH under different conditions. The effect of the catalyst
system on product distribution from liquefaction at 200 °C is shown in Table 2.1. The
biomass conversion yield reached 60.13%, 61.33%, and 72.48%, and the bio-oil
production was 7.43%, 6.33%, and 8.65% by using 100, 200, 300 mg of NaOH for
liquefaction runs 2.2, 2.5, and 2.6, respectively. The effect of NaOH showed a significant
impact on the conversion of cellulose and lignin. Hydrolysis of cellulose was more
promoted, while the decomposition of lignin into phenolic monomers was more
depressed by increasing NaOH loading. In contrast, 6.05%, and 51.25%, 72.48%,
83.88%, and 64.25% of biomass conversion was achieved by increasing the time from 2-
20 hr for liquefaction runs 2.1-2.4, giving 8.65%, 10.73%, and 14.25% of bio-oil,
respectively. Besides, increasing the time from 6-24 hr for liquefaction runs 2.6-2.8
enhanced the conversion yield to 60.13%, 69%, and 71.13%, producing 7.43%, 12.9%,
and 13.28% of bio-oil, respectively. The yields of lignin and cellulose were greatly
reduced by increasing the time, achieving 16.13%, which is the minimum content of solid
residue obtained from liquefaction run 2.3. The last experiment (run 2.9) gave 16.45% of
bio-oil, which is higher than what achieved in other runs. According to Cheng, D’cruz et
al.,** hydro-liquefaction of pine sawdust at 300 °C and 1:10 of biomass: H.0 ratio gave
70 wt% biomass conversion and 40 wt% bio-oil yield, which are higher than what was

achieved in our investigation. Xu and Lad®* found that both heavy oil and water-soluble
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oil increase as temperature increased from 280 to 300 °C for the Jack pine sawdust
liquefaction in sub/near-critical water at 280 to 380 °C and 1:10 ratio of biomass: solvent.
And further increment in temperature resulted in a slight decline in their yields. In
contrast, the liquefaction results of our investigation were found comparable to those
reported by Singh, Balagurumurthy et al. from catalytic hydrothermal liquefaction of
water hyacinth using K,COs and KOH at a temperature range of 250 to 300 °C.*° The
previous results under this investigation indicate that the biomass liquefaction in a high
ratio of biomass:H20 can improve oil yield remarkably as the temperature increases

compared to other factors such as time and catalyst.
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Table 2.1: The products yields of 400 mg pine sawdust liquefaction using Ni metal and ZnO in 8 mL H,O at 200°C.

Reaction

Liquefaction

Bio-

un-

Solid residue2%o

Gas + water-

run Catalyst time (h) 0il%o repolymerization%o Lignin%o Cellulose%o S;ZLLEIESI;O
901 mg Zn, 40 mg

2.1 Ni(OAc)2, 300 mg 2 6.05 51.25 21 27.75 45.2
NaOH
901 mg Zn, 40 mg

2.2 Ni(OAC)2, 300 mg 6 8.65 72.475 16.65 10.875 63.825
NaOH
901 mg Zn, 40 mg

2.3 Ni(OAc)2, 300 mg 12 10.725 83.875 13.75 2.375 73.15
NaOH
901 mg Zn, 40 mg

2.4 Ni(OACc)2, 300 mg 20 14.25 64.25 31.5 4.25 50
NaOH
901 mg Zn, 40 mg

2.5 Ni(OAc)2, 200 mg 6 6.325 61.375 21.425 17.2 55.05
NaOH
901 mg Zn, 40 mg

2.6 Ni(OAc)2, 100 mg 6 7.425 60.125 4.125 35.75 52.7
NaOH
901 mg Zn, 40 mg

2.7 12 12.9 69 3 28 56.1
Ni(Oac)2, 100 mg NaOH
901 mg Zn, 40 mg

2.8 24 13.275 71.125 1.625 27.25 57.85
Ni(Oac)2, 100 mg NaOH
901 mg Zn, 100 mg

2.9 15 16.45 68.15 5.875 25.975 51.7

NaOH
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2.3.2 Liquefaction using Zn metal and Ni(OAc): in ethanol-water

The effect of ZnO and Ni metal on pine sawdust liquefaction in the mixture of
EtOH and H.O was investigated under different conditions, as shown in Table 2.2. The
biomass liquefaction at 200°C for six hours gave an irregular profile by increasing NaOH
loading in liquefaction runs 2.11-2.13. The yields of bio-oil and biomass conversion
declined while the SR yield increased to 62.85%, with NaOH rising from 30 mg to 50
mg. As NaOH was further increased to above 50 mg, bio-oil production rose to 21.18%,
and SR yield decreased to 40%.
From runs 2.14 and 2.15, the H>O: EtOH ratio was changed from 1:1 to 1:3. As a result,
less cellulose and lignin were recovered, and a lower yield of bio-oil was obtained. So,
biomass liquefaction is unfavored in a less aqueous medium at low temperatures. The
time elongation influence was investigated, as seen in liquefaction runs 2.17-2.20. Bio-oil
production was enhanced while SR was reduced by increasing the time of liquefaction,
achieving 91.5% of bio-oil, which is the highest yield obtained from liquefaction at 200
°C. Compared to run 2.20, lower bio-oil and higher gas production happened in run 2.21.
This result may suggest that cracking and dehydration reactions could be promoted by
ZnO and NaOH in the absence of Ni metal at a long time of co-solvent liquefaction. High
bio-oil yields were made from liquefaction 2.10 and 2.22 at 260°C and 240°C in the
presence of NaOH. From the above results, it can be concluded that cellulose hydrolysis
was quite slow at low temperature irrespective of whether a catalyst was present or not,
and liquefaction at high temperatures (260°C and 240°C) produced higher yields of bio-

oil.



Table 2.2: The product yields from 400 mg pine sawdust liquefaction using Ni metal and ZnO in mixture of EtOH and H,0.2

- s
Liquefaction Bio- Solid residue%b Gas + water-soluble

] ST =
condition 0il% Un-repolymerization% L ignin%  Cellulose% species%

Run Catalyst

901 mg Zn, 40 mg

2.10 260°C, 6 h 52.23 95.25 0.5 4.25 43.02
Ni(OAc),, 100
mg NaOH
901 mg Zn, 40 mg

2.11 Ni(OAc)2, 100 200°C, 6 h 21.18 60 4.75 35.25 38.82
mg NaOH
901 mg Zn, 40 mg

212 Ni(OAc),, 50 mg 200°C,6 h 7.1 37.15 4.25 58.6 30.05
NaOH
901 mg Zn, 40 mg

2.13 Ni(OAc)2, 30 mg 200°C, 6 h 9.7 95 5 0 85.3
NaOH
901 mg Zn, 40 mg

2.14 200°C, 6 h 18.93 64.5 3.25 32.25 4557
Ni(OAC);



2.15

2.16

217

2.18

2.19

2.20

221

901 mg Zn, 40 mg
Ni(OAC):2

901 mg Zn, 40 mg
Ni(OACc)2, 100 mg
NaOH

901 mg Zn, 40 mg
Ni(OAc)2, 100 mg
NaOH

901 mg Zn, 40 mg
Ni(OACc)2, 100 mg
NaOH

901 mg Zn, 40 mg
Ni(OAc)2, 100 mg
NaOH

901 mg Zn, 40 mg
Ni(OAC)2, 100 mg
NaOH

901 mg Zn, 100

mg NaOH

200°C,6 h

200°C, 2 h

200°C, 2 h

200°C, 13 h

200°C, 44 h

200°C, 20 h

200°C, 20 h

15.03

5.88

7.5

17.975

915

33.875

24.15

43.7

29.87

34.85

62.275

79.425

61.55

79.25

5.5

212

5.575

2.275

50.8

68

65.15

37.725

20.57

32.875

18.475

20

28.67

24

27.35

44.3

27.675

55.1



901 mg Zn, 40 mg
2.22 Ni(OAC)2, 100 mg  240°C, 16 h 78.25 87.2 0 12.8 8.95

NaOH

2 Solvent: (2/6), (7.5/0.5), (8/0.5), and (4/4) mL of EtOH/H,O mixture were used under reaction runs (2.15), (2.16), (2.17 and 2.18),
and (2.10-2.14 and 2.19-2.22), respectively.

21
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2.3.3 Solvolytic liquefaction catalyzed by metals and metallic salts

The synergistic effect of Cu, Pd, Co, Ag, Ru, Mo, and Fe metals, produced by the
full reduction of their metallic salts using Zn metal, with ZnO and NaOH was
investigated on liquefaction of pine sawdust in EtOH in runs 2.23-2.26 and 2.28-2.30, as
illustrated in Table 2.3. The bio-oil yields obtained from runs 2.23-2.25 by Cu, Pd, Co
metals with ZnO and NaOH is ranked in the following order: Pd (135.1%) > Co (64.65%)
> Cu (58.9%) metal and the lower SR yield was achieved by Pd metal. This result is
consistent with the fact that metal with a larger atomic radius tends to be a better
reductant because the more influential the reducing agent, the higher is its tendency to
donate electrons. When a higher amount of Sb (745 mg, run 2.34) was employed with Pd
metal, produced by the reduction of Pd*? ions via Sb metal, and NaOH, the bio-oil
dropped to 20%, the lowest production achieved. So, Sb metalloid as a reducing agent is
inferior to Zn (run 2.24). Among Ag, Ru, Fe and Mo metals used with ZnO and NaOH
(runs 2.26 and 2.28-2.30), Ru gave higher yield (80.08%) of bio-oil and lower yields
(3.83% and 16.1%) of SR, gas, and water.

The synergy of Ni metal, generated by the reduction of Ni*? via Mg, Fe, Pb, and
Mn metals, with their oxides and NaOH on pine sawdust liquefaction was also examined
as seen in runs 2.31, 2.33, 2.35, and 2.36. The results showed how biomass liquefaction
was greatly affected by the reducing character of metal applied because the reduction
surface of Ni metal depends on the number of electrons donated by the reducing agent.
When a lower number of moles of electrons (0.012 mol e-) was supplied by Mn metal to
Ni*? jons compared to the electrons added of Fe (0.021 mol e-) and Mg (0.05 mol e-), the

yields of bio-oil and un-repolymerization were high. Similar trends were observed by
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comparing the results achieved from runs 2.27 and 2.32. The addition of 0.012 mole e- of
Zn metal showed better results from biomass liquefaction than Fe metal. Furthermore,
because Pb is not higher active to reduce Ni ions, the same moles number of electrons of
Pb (0.012 mol e-) in run 2.35 gave lower bio-oil and higher yields of SR, gas, and water-

soluble species, indicating that Fe and Pb are not suitable catalysts as Ni metal.



24

Solid residue%o

L Un- — Gas + water-
-0oilS

Run Catalyst Bio-0il% repolymerization% Lignin%  Cellulose% soluble species%
20 mg Cu(OAc)2. H20,

2.23 400 mg Zn, 50 mg 58.9 79.85 0 20.15 20.95
NaOH
20 mg Pd(OAc),, 400

2.24 135.1 89.875 0 10.125 -
mg Zn, 50 mg NaOH
20.7 mg Co(OAC).,

2.25 400 mg Zn, 50 mg 64.65 83.75 0.5 15.75 19.1
NaOH
13.7 mg AgNQ3, 400

2.26 48.925 77.1 0 22.9 28.175
mg Zn, 50 mg NaOH
7.7 mg Mo, 400 mg Zn,

2.27 54.85 73.7 0 26.3 18.85
50 mg NaOH
24.9 mg Ru(NH3)s Cls,

2.28 400 mg Zn, 55 mg 80.075 96.175 0 3.825 16.1
NaOH
13.0 mg FeCls, 400 mg

2.29 54.975 84.3 0 15.7 29.325

Zn, 55 mg NaOH



2.30

231

2.32

2.33

2.34

2.35

2.36

16.5 mg Na,MoOs, 400
mg Zn, 50 mg NaOH
20 mg Ni(OAC)2, 594.8
mg Mg, 50 mg NaOH
600 mg Fe, 50 mg
NaOH

20 mg Ni(OACc).. H20,
600 mg Fe, 50 mg
NaOH

20 mg Pd(OAC),, 745
mg Sb, 50 mg NaOH
20 mg Ni(OACc).,
1267.9 mg Pb, 50 mg
NaOH

20 mg Ni(OAc)2, 336.1

mg Mn, 50 mg NaOH

45.2

34

45.15

78.375

20

43.625

75.825

83.625

87.175

69.425

92.525

52.925

79.5

92,5

7.25

17.625

0.05

14.375

9.125

12.825

12.95

7.425

32.7

205

7.5

25

38.425

53.175

24.275

14.15

32.925

35.875

16.675

Table 2.3: The liquefaction yields from 400 mg pine sawdust using diverse metals and metallic salts in EtOH.?

2 Liguefaction condition: 400 mg pine sawdust, 4 mL EtOH, 260°C, 8 h.
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2.3.4 Characterization of bio-oil composition
2.3.4.1 H-NMR analysis of bio-oil

To investigate the chemical structural changes of bio-oil produced, *H-NMR
analysis was carried out. The percentages of proton type were calculated on the basis of
the integration values obtained from the *H NMR spectra. The region of spectrum from
0.5 to 3.0 ppm represents aliphatic protons of non-oxygenated carbon atoms (—CHs, —
CHnr—) , 3.0 to 4.0 ppm represents protons on oxygenated aliphatic carbon atoms
(alcohol and ether), (.1 to 4.3 ppm represents protons of ester group (—COOCH,—), 5.0-
6.0 ppm corresponds to protons of unsaturated carbon (=CH—) and 6.0 to 8.0 ppm
corresponds to the aromatic protons ( Ar—H).

'H-NMR analysis of bio-oils from hydrothermal (runs 2.1-2.9), co-solvent ( runs
2.10-2.22), and solvolytic ( runs 2.23-2.36) liquefaction of pine sawdust is presented in
Figures 2.3, 2.4, and 2.5, respectively (*H-NMR spectra are shown in S1-S37). Based on
the proton distributions, Zn metal + Ni(OAc). + NaOH showed a good synergistic effect
of on reduction of oxygenated species resulted from cellulose and hemicellulose
decomposition. In all bio-oils except that from run 2.15, the percentage of protons in 0.5-
3.0 ppm was higher than that of located in the other regions, which indicates a high
degree of reduction of the biomass decomposition products. The bio-oils produced by
hydrothermal liquefaction the low temperature of 200 °C contained 34.94%-48% of
protons in the region of 6-8 and 3-4 ppm, which is considered the lowest quality
compared to bio-oils generated by co-solvent and solvolytic liquefaction. On the other
hand, for co-solvent liquefaction, the relative proton intensity of non-oxygenated carbons

was highly enhanced under runs 2.10, 2.19, 2.20, and 2.22 of Figure 2.4, which indicates
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that increasing time and temperature was more effective on the reduction of aromatic and
oxygenated species compared to the loading effect of NaOH. In contrast, the influence of
Zn metal and Ni(OACc):2 in the absence of NaOH showed lower effectiveness on their
reduction under 2.14 and 2.15, which may be ascribed that the reduction reactions are
less promoted under neutral conditions.

Liquefaction of pine sawdust using different metallic salts and metals in EtOH
gave percentages lower than 20% of protons bound to aromatic and oxygenated carbons
with the exception under run 2.35. Consequently, most protons in bio-oils produced are
of non-oxygenated carbons. Among metals used with Ni(OAc). and NaOH under runs
2.31, 2.33, 2.35, and 2.36 of Figure 2.5, Fe gave 10.71% of protons linked to aromatic
and oxygenated carbons. The metallic acetate salts used with Zn or Sb under runs 2.23-
2.25 and 2.34 gave close proton percentages of non-oxygenated carbons. On the other
hand, Ru metal gave a higher portion of protons located in the region of 0.5-3.0 ppm

among inorganic metallic salts used with Zn metal.
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Figure 2.3: 'H-NMR analysis of bio-oil produced from Hydrothermal liquefaction of pine
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sawdust in runs 2.1-2.9 using Zn metal and Ni(OAc)a.

m8.5-9.25 16.0-8.0 5.0-6.0
4.0-4.3 m3.0-4.0 m0.5-3.0

210 211 212 213 2.14 215 216 217 218 219 220 221 222

Chemical shift (ppm)

Liguefaction run

Figure 2.4: 'H-NMR analysis of bio-oil produced from liquefaction of pine sawdust in

runs 2.10-2.22 using Zn metal and Ni(OAc) in a mixture of EtOH and H20.
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Figure 2.5: *H-NMR analysis of bio-oil produced from liquefaction of pine sawdust in
runs 2.23-2.36 using diverse metallic salts and metals in EtOH.
2.3.4.2 GC-MS analysis of bio-oil
The GC—MS analysis was carried out to identify the volatile components of the

bio-oils from the biomass liquefaction using a NIST mass spectral database. The relative
percent area of a compound identified was determined by the area percentage of the
compound out of the total area. Only compounds in the bio-oil that are volatile and can
pass through the GC column show up in the GC-MS chromatograms (S38-S48).
As illustrated in Tables 2.4, 2.5, and 2.6, the major compounds in the bio-oil generated in
aqueous media under runs 2.1, 2.2, and 2.9, respectively were phenolic products (>91%)
and some minor species of alcohol. The bio-oils from co-solvent liquefaction under runs
2.10, 2.17, 2.18, and 2.22 were analyzed, as presented in Tables 2.7, 2.8, 2.9, and 2.10,
respectively. Aromatics account for 86.45%, which is the highest content of the
compounds identified under run 2.17. In contrast, alcoholic derivatives constituted the

most elevated amount (80.53%) of the compounds identified under run 2.22. For runs



30

2.10 and 2.18, the major compounds detected were attributed to both aromatic and
alcohol, which are present in close proportions. The composition of bio-oils produced
from biomass liquefaction using metals and metallic salts was analyzed, as seen in Tables
2.11,2.12, 2.13, and 2.14. Alcoholic products were the dominant category detected in
runs 2.24, 2.31, 2.33 and 2.36, and other categories such as ester, ether, aldehyde, ketone,
hydrocarbon, and acid were also found in lower abundances. No aromatic derivatives
were observed in bio-oils produced by metals and metallic salts.

Table 2.4: Main compounds identified and their contents in bio-0ils generated from

biomass liquefaction in H2O under run 2.1.

Re(tr.n'il'ri;ne Area% Similarity% Compound name
4.072 0.913618 95 Propane-1,2-diol
4.508 1.094572 97 Butane-2,3-diol
4.709 0.728392 97 Phenol
5.165 0.814123 96 Butane-1,2-diol
5.582 0.788948 92 2-Methyl-butane
5.987 0.414507 72 2-Methylene-butane-1,4-diol
6.348 7.958543 95 2-Methoxy-phenol
6.449 13.01567 90 4-Isopropyl-phenol
7.049 2.337122 87 2-Methoxy-4-methylphenol
7.581 23.00698 84 4-Hydroxy-3-methoxy-benzaldehyde
8.091 1.246251 69 2-Methoxybenzenacetic acid

1-(4-Hydroxy-3-methoxy-phenyl)-

8.901 5.349935 92

ethanone
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4-(2-Hydroxy-ethyl)-2-methoxy-

9.295 14.56649 94

phenol

2-Hydroxy-2-(4-methoxy-phenyl)-
9.363 7.006329 80

propionic acid

4-(3-Hydroxy-propyl)-2-methoxy-
9.828 17.51399 93

phenol

3-(4-Hydroxy-3-methoxy-phenyl)-
10.233 0.690252 93

propionic acid

3-(4-Hydroxy-3-methoxy-phenyl)-
10.58 0.701 87

propane-1,2-diol

2-Hydroxy-3-(4-hydroxy-3-methoxy-
11.703 1.853278 68

phenyl)-propionic acid

Table 2.5: Main compounds identified and their contents in bio-0ils generated from

biomass liquefaction in H2O under run 2.2.

Re(tm'll'r:;n ©  Area% Similarity%o Compound name
3.941 0.876139 95 Ethane-1,2-diol
4.077 2.824533 96 Propane-1,2-diol
4512 2.164902 97 Butane-2,3-diol
5.289 1.414481 88 1,2-Butanediol
5.584 1.504618 93 2-Methylbutane

6.349 12.62569 95 2-Methoxyphenol



6.451

7.05

7.583

8.901

9.295

9.363

9.828

10.35903

3.487997

25.00713

3.837468

14.61353

6.368222

14.91626

89

89

83

93

92

79

93
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4-1sopropylphenol
2-Methoxy-4-methylphenol
4-Hydroxy-3-methoxy-benzaldehyde
1-(4-Hydroxy-3-methoxy-phenyl)-ethanone
4-(2-Hydroxy-ethyl)-2-methoxy-phenol
2-Hydroxy-2-(4-methoxy-phenyl)-propionic
acid

3-Vanilpropanol

Table 2.6: Main compounds identified and their contents in bio-oils generated from

biomass liquefaction in H2O under run 2.9.

Re(tm'll'r:;n € Area% Similarity%o Compound name
4.716 2.408969 97 Phenol
5.293 1.115254 81 1,2-Butanediol
6.356 33.92353 96 2-Methoxyphenol
6.455 14.85751 91 4-1sopropylphenol
6.57 1.683196 63 Pentane-1,5-diol
7.053 2.104002 88 2-Methoxy-4-methylphenol
7.584 19.33667 81 3-Hydroxy-4-methoxy-benzaldehyde
8.093 5.220068 70 (2-Methoxy-phenyl)-acetic acid
8.464 1.602646 95 4-Hydroxy-3-methoxy-benzaldehyde
8.903 6.854123 93 1-(4-Hydroxy-3-methoxy-phenyl)-ethanone



9.297 1.978745 86 4-(2-Hydroxy-ethyl)-2-methoxy-phenol

9.83 8.915287 93 3-Vanilpropanol

Table 2.7: Main compounds identified and their contents in bio-0ils generated from

biomass liquefaction in ethanol-water mixture under run 2.10.

Re(tm'll'r:;n € Area% Similarity%o Compound name
3.708 2.2467148 95 Isobutyric acid
4.23 2.3702807 95 2-Methyl-butyric acid
4.458 3.2509833 96 3-Methyl-pentan-1-ol
4.852 0.6359555 88 2,2-Dimethyl-pentan-3-ol
4.968 0.7114835 90 3,3-Dimethyl-butan-2-ol
5.081 0.7388323 97 Pentanoic acid
5.157 0.458143 95 Ethane-1,2-diol
5.264 13.785242 97 Hexan-1-ol
5.402 0.630594 95 Propane-1,2-diol
5.443 0.4242305 88 3-Methyl-pentanoic acid
5.496 0.7195944 87 Hexanoic acid
5.827 0.5093598 85 Cyclohexanol
5.954 1.2485568 94 Butane-2,3-diol
6.259 1.3156621 89 2,2-Dimethyl-pentan-3-ol
7.309 8.0311481 95 2-Ethyl-hexan-1-ol

7.493 1.3582757 88 Butane-1,2-diol



7.71

8.088

8.213

8.713

8.813

8.94

9.045

9.421

10.292

10.656

11.338

11.555

12.226

12.407

13.209

14.231

14.888

4.3390692

2.6978901

0.8385302

9.8175451

0.9163095

0.9953556

1.8692416

6.1529052

1.7667414

3.4914495

4.2959653

8.9661445

2.8002649

2.8836096

2.8840587

3.290273

3.5595902

88

71

91

96

85

90

86

92

85

91

95

83

74

60

74

92

91

34

4-Methyl-3-heptanol
2-Ethyl-hexan-1-ol
4-Ethoxy-butyric acid

Octan-1-ol
2,3-Dimethyl-butane-2,3-diol
2-Hydroxy-3-methyl-butyric acid
2,4-Dimethyl-pentan-3-ol
2-Methoxyphenol

Decan-1-ol
2-Methoxy-4-methylphenol
Decan-1-ol
4-Hydroxy-3-methoxy-benzaldehyde
2-(2-Hydroxy-ethyl)-phenol
1-Phenyl-propan-1-ol
2-tert-Butyl-benzene-1,4-diol
4-(2-Hydroxy-ethyl)-2-methoxy-
phenol

3-Vanilpropanol

Table 2.8: Main compounds identified and their contents in bio-0ils generated from

biomass liquefaction in ethanol-water mixture under run 2.17.

Ret. Time

(min)

Area%

Similarity%o

Compound name




4.711

4.821

5.598

5.786

6.345

6.45

8.09

8.624

9.421

9.513

9.826

1.3840384

5.2877372

2.8057922

2.7972658

2.6501173

33.788497

12.586424

16.471575

5.8527119

6.7079783

9.6678638

96

83

80

82

70

91

71

93

57

69

92

35

Phenol

4-Methyl-heptan-3-ol

Isobutyric acid 2-hydroxy-3-
isobutyryloxy-propyl ester
2-Methyl-3-buten-2-ol
2-Ethyl-butan-1-ol
4-1sopropylphenol
1-(4-Hydroxy-3-methoxy-phenyl)-
ethanone
4-Allyl-2-methoxy-phenol
Matairesinol
(4-Hydroxy-3-methoxy-phenyl)-
acetic acid ethyl ester

3-Vanilpropanol

Table 2.9: Main compounds identified and their contents in bio-0ils generated from

biomass liquefaction in ethanol-water mixture under run 2.18.

Ret. Time

(min) Area%  Similarity% Compound name
3.939  4.3362514 95 Ethane-1,2-diol

4.403 1.9995655 91 Propane-1,2-diol

4.51 3.5045439 97 Butane-2,3-diol

4.821 10.137715 83 4-Methyl-3-heptanol



5.164

5.287

5.596

5.906

6.344

6.449

6.731

6.891

7.045

7.578

8.002

8.09

8.527

9.293

9.825

2.1800791

2.6411278

9.3290224

1.6313262

7.3423393

7.5023675

1.2830927

1.9637392

1.7086277

2.6794091

3.5885354

19.147931

2.1602012

8.9144228

7.9497025

88

80

81

84

75

92

78

79

66

61

81

69

75

92

93

36

Pentane-1,3-diol

Butane-1,2-diol

Isobutyric acid 2-hydroxy-3-
isobutyryloxy-propyl ester
2-Methyl-butane
2-Ethyl-butan-1-ol
4-1sopropylphenol
2-Methyl-propane-1,2,3-triol
Butan-2-ol
2-Methoxy-4-methylphenol
4-Hydroxy-3-methoxy-benzaldehyde
Pentane-1,2,5-triol
Benzeneacetic acid, 2-methoxy-
2H-Pyran, 2-ethoxytetrahydro-
4-(2-Hydroxy-ethyl)-2-methoxy-
phenol

3-Vanilpropanol

Table 2.10: Main compounds identified and their contents in bio-0ils generated from

biomass liquefaction in ethanol-water mixture under run 2.22.

Rta(tr.n'il'r:;ne Area% Similarity% Compound name
3.423  0.8750995 96 2-Methyl-butyric acid



3.559

4.022

4.408

4.878

5.203

5.611

5.936

6.123

6.357

6.457

7.436

7.586

8.081

8.184

8.589

9.105

9.299

15.024444

25.062458

1.4441465

1.3213591

12.957992

4.3709781

10.474362

1.0452256

4.498981

5.69995

5.1891792

4.5626479

2.2297395

0.8706861

2.1153095

1.1919298

1.0655119

95

97

78

81

97

77

96

85

92

89

89

82

82

78

71

58

88

37

2-Ethyl-butan-1-ol

Hexan-1-ol

Hexanoic acid
4,4-Dimethoxy-2-methyl-butan-2-ol
2-Ethyl-hexan-1-ol
2-Propyl-pentan-1-ol

Octan-1-ol
2,4-Dimethyl-pentan-3-ol
2-Methoxyphenol
4-1sopropylphenol

Decan-1-ol
4-Hydroxy-3-methoxy-benzaldehyde
2-Ethyl-decan-1-ol
10-Methyl-undecan-1-ol
Dodecan-1-ol

Tetradecan-1-ol

4-(2-Hydroxy-ethyl)-2-methoxy-phenol

Table 2.11: Main compounds identified and their contents in bio-0ils generated from

biomass liquefaction by metals and metallic salts under run 2.24.

Re(tm'll'r:;n ¢ Area%  Similarity% Compound name
1.942 0.3814004 Butane, 2,3-dimethyl-



2.005

2.075

2.437

2.61

2.75

2.88

3.163

3.447

3.553

3.794

4.244

4.988

0.5633886

3.0960231

73.361672

9.9715066

3.0665402

2.6879998

1.2530945

2.6939606

1.2998275

0.2810203

0.2960494

1.0475174

97

97

96

96

91

97

98

98

97

95

80

96

38

Pentane, 3-methyl-
n-Hexane

1-Butanol

Dimethyl ether
Propanoic acid, ethyl ester
Ethane, 1,1-diethoxy-
Butanal, 2-ethyl-
Butanoic acid, ethyl ester
Acetic acid, butyl ester
1-Butanol, 2-ethyl-
Butane, 1,1-diethoxy-

Hexanoic acid, ethyl ester

Table 2.12: Main compounds identified and their contents in bio-0ils generated from

biomass liquefaction by metals and metallic salts under run 2.31.

Re(tm'll'r:;n € Area% Similarity%o Compound name
1.575 0.528429699 96 Acetaldehyde
1.939 1.116285113 84 1-Propanol, 2-methyl-
2.006 0.983429866 96 Pentane, 3-methyl-
2.076 8.164205504 97 n-Hexane
2.439 85.62002466 96 1-Butanol
2.883 1.759041202 97 Ethane, 1,1-diethoxy-



3.165 0.51976067 90 Butanal, 2-ethyl-

3.451 1.30882329 95 Butanoic acid, ethyl ester

Table 2.13: Main compounds identified and their contents in bio-0ils generated from

biomass liquefaction by metals and metallic salts under run 2.33.

Re(tm'll'r:;n ©  Area% Similarity%o Compound name
1.573 1.9833217 98 Acetaldehyde
1.941 3.2770793 89 Pentane, 2-methyl-
2.004 4.0498148 97 Pentane, 3-methyl-
2.075 31.186399 97 n-Hexane
2.442 37.402923 88 1-Butanol
2.596 0.9107757 91 2-Pentanone
2.754 3.2165674 96 Propanoic acid, ethyl ester
2.883 5.3357299 96 Ethane, 1,1-diethoxy-
3.166 2.9686449 96 Butanal, 2-ethyl-
3.329 1.2865228 85 3-Hexanone
3.453 6.3037185 96 Butanoic acid, ethyl ester
4.248 2.0785029 82 Pentanoic acid, ethyl ester

Table 2.14: Main compounds identified and their contents in bio-0ils generated from

biomass liquefaction by metals and metallic salts under run 2.36.

Ret. Time

. Area%  Similarity% Compound name
(min)




2.826

3.418

4115

4516

4.787

4.818

4.893

5.015

5.481

5.537

5.69

5.806

5.895

6.187

10.382

10.58

2.3.5 Proposed decomposition paths for the formation of significant liquefaction

products

7.095284

19.92677

3.184334

6.8371

3.188646

2.465291

27.62632

6.041377

4971713

0.884015

3.170788

1.873957

2.906247

2.294016

5.039991

2.49415

92

97

92

96

80

91

96

86

89

70

91

77

70

89

72

73

Acetic acid
Butan-1-ol

Butanoic acid
2-Methyl-pentan-1-ol
3-Methyl-but-2-en-1-ol
Pentanoic acid
Hexan-1-ol
cis-2-Hexen-1-ol
Hexanoic acid
2-Methyl-butan-2-ol
2-Ethyl-hexan-1-ol
2-Hexenoic acid
Oct-3-en-2-ol
Octan-1-ol

Dehydroabietic acid

Dehydroabietic acid methyl ester

2.3.5.1 Proposed pathways of phenolic monomers

The dominant linkage in the lignin polymer and easier to be cleaved than
condensed linkages during the lignin depolymerization and conversion®® is B-aryl ether

(B-O-4), accounting for more than 50% and 60% of total linkages in softwood and

40

hardwood, respectively.*” Thus, the cleavage of the B-O-4 is considered a critical step of
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raw lignin depolymerization to produce phenolic monomers. To understand how the
oxygen atoms of the lignin carbon side chain were removed, we propose decomposition
paths of the significant phenolic monomers detected via GC-MS. The B-O-4 linkage is
employed in the paths proposed for the formation of 3-(4-Hydroxy-3-methoxy-phenyl)-
propane-1,2-diol (Table 2.4), 1-(4-Hydroxy-3-methoxy-phenyl)-ethanone (Tables 2.4,
2.5, 2.9, and 2.17), 3-Vanilpropanol (Tables 2.5-2.9), 4-Allyl-2-methoxy-phenol (Table
2.8), 2-Methoxy-phenol (Table 2.4), 2-Methoxy-4-methylphenol (Tables 2.4-2.7 and 2.9),
4-(2-Hydroxy-ethyl)-2-methoxy-phenol (Tables 2.4-2.7, 2.9, and 2.10).

The decomposition path to 3-(4-Hydroxy-3-methoxy-phenyl)-propane-1,2-
diol (Scheme 1). The deprotonation of OH of the Ca of the lignin side chain can take
place under basic condition leading to heterolytic $-O-4 linkage cleavage and a.,f3-
epoxide intermediate 1 formation via intramolecular substitution Sn2. The phenol of this
intermediate can get deprotonation, resulting in the opening of epoxide ring and forming
the quinone methide intermediate 2, which is likely reduced by Ni metal. As a result, the
radical intermediate 3 is reduced and yield 3-(4-Hydroxy-3-methoxy-phenyl)-propane-

1,2-diol 4.
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Scheme 1: The formation of 3-(4-Hydroxy-3-

The decomposition path to 1-(4-Hydro
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2
OH

o

Ni metal

W@
*@

methoxy-phenyl)-propane-1,2-diol 4.

xy-3-methoxy-phenyl)-ethanone. The 3

-O-4 linkage can undergo cleavage via intermolecular elimination across Ca-Cp resulting

in propene-1,3-diol intermediate, which is tautomerized into 3-Hydroxy-propan-1-one

intermediate 5. y-OH of Keto intermediate 5 can

undergo intermolecular deprotonation

followed by retro-aldol CB-Cy bond cleavage giving 1-(4-Hydroxy-3-methoxy-phenyl)-

ethanone 6, as depicted in Scheme 2.

tau

0—

retroaldol O
T— H ;—OH

—o0

o
H+
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QHq
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5

tauto.

Q
OH

6

Scheme 2: The formation of 1-(4-Hydroxy-3-methoxy-phenyl)-ethanone 6.
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The decomposition paths to 3-Vanilpropanol and 4-Allyl-2-methoxy-phenol
(Scheme 3 and 4). The a-OH elimination of lignin side chain can take place under basic
condition via the deprotonation of phenol and form quinone methide intermediate 7. The
B -O-4 linkage of intermediate 7 can undergo heterolytic cleavage over the reduction
surface of Ni metal yielding radical intermediate 8, which subjects to different resonance
forming a coniferyl alcohol radical. Thereafter, the reduction of radical intermediate 9
into 3-Hydroxy-propenyl intermediate 10 can take place followed by hydrogenation
producing 3-Vanilpropanol 11. y-OH of coniferyl alcohol 10 can undergo hydrogenolysis
by Ni metal resulted in eugenol radical 12, which is reduced to 4-Allyl-2-methoxy-phenol

13.

+ o o—
- +
o— —HO b H 0— . O A

+HO -t HO v, 0 =— Ho 0

HO TOHT HO ( = o 8 T

HO ) HO™
Ni metal I
o— o— o— o—
oH
HO OH -—2— HOWDH ~—— Hd \ Qs +— Ho/_\—@p
11 10 9

Scheme 3: The formation of 3-Vanilpropanol 11.

Ni metal

\ e- o— 0o— O o—
+HO™
10 12 13

Scheme 4: The formation of 4-Allyl-2-methoxy-phenol 13.



44

The decomposition path to 2-Methoxy-phenol (Scheme 5). The deprotonation
of y-OH can facilitate -O-4 linkage cleavage through intramolecular substitution Sn2,
producing B,y -epoxide intermediate 14. This intermediate 14 can undergo retro-aldol Ca-
Cp bond cleavage and [3,y-epoxide ring-opening via the deprotonation of phenol to form
the enol intermediate 15, which is tautomerized to benzaldehyde intermediate 16. This
intermediate 16 can be oxidized to benzoic acid intermediate 17 followed by

decarboxylation and form 2-Methoxy-phenol 18.

el
Q 07 _O
—d  OH = 16
e ; ) +
0— o— HS 0— 0 0—
HO HO HOy
s e, — i, (-
HO™
—° +°,) ) ( 3
H OH = 14 15 (0]
HO™
o— o—
O 30
OH = OH
HO
18 17

Scheme 5: The formation of 2-Methoxy-phenol 18.

The decomposition paths to 2-Methoxy-4-methyl-phenol and 4-(2-Hydroxy-
ethyl)-2-methoxy-phenol (Scheme 6). The lignin side chain can undergo the elimination
of a-OH group by forming the quinone methide, which undergoes retro-aldol Cj-

Cy bond cleavage producing vinyl ether intermediate 19. Vinyl ether 19 can be
hydrolyzed to acetaldehyde intermediate 20, which is either hydrogenated to form 4-(2-
Hydroxy-ethyl)-2-methoxy-phenol 20c or oxidized and decarboxylated sequentially to

form 2-Methoxy-4-methyl-phenol 20b.
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Scheme 6: The formation of 2-Methoxy-4-methyl-phenol 20b and 4-(2-Hydroxy-ethyl)-
2-methoxy-phenol 20c.

2.3.5.2 Proposed pathways of hydrocarbon, ketone, and sugar alcohols

To get a clear insight into the oxygen removal of liquefaction products from the
hydrolysis of cellulose and hemicellulose and explore the dominant reactions involved in
their formation, we propose the formation paths of hydrocarbon, ketone, and sugar
alcohols identified by GC-MS, including 2-methylbutane (Table 2.5), 3-hexanone (Table
2.13), 2-pentanone (Table 2.13), propane-1,2-diol (Tables 2.4, 2.5, 2.7, and 2.9), pentane-
1,3-diol (Table 2.9), pentane-1,2,5-triol (Table 2.9), butane-1,2-diol (Table 2.4, 2.7, and
2.9), and Butane-2,3-diol (Table 2.4, 2.5, 2.7, and 2.9).

The formation pathways of 2-methylbutane. The B or a-branched and
unbranched aldehyde can be formed under basic conditions via aldol addition-
condensation reactions and ketonic decarboxylation (ketonization) reactions, as depicted

in Scheme 8. The resulted aldehydes are likely to reduce into corresponding alcohol,
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which can undergo dehydration and hydrogenation reactions sequentially, forming the
downstream product, which is 2-methylbutane.

OH  oH
J/

-H,

o} [} 0 Aldol condensation
Z ” Aldol addition i =
: e
NaOH /\
H “ -H,0
—»
NaOH \Jj\ \)\

HO, HO,
O ketonization 0 0
L —
oH T won 22
26 =0
OH

Scheme 8: Hydrocarbon formation through aldol addition-condensation reactions and

ketonic decarboxylation (ketonization) reactions.

The formation pathways of 3-Hexanone and 2-Pentanone via ketonization
reactions of acids. Another example that can clarify how oxygen removal reactions can
occur over metal oxide is ketonization reactions of two acids, as shown in Scheme 9. The
one or two oxygen atoms of carboxylate/aldehyde can bind to the metal cation (Lewis
acid site) through different coordination structures (monodentate, bridging, and chelating
bidentate). In contrast, the dissociated hydrogen atom from acid can bind weakly to the
surface oxygen anion (Lewis base site). The adsorbed carboxylate undergoes a
bimolecular elimination reaction (E2) at the a -carbon to give an enolate that attacks

another carboxylate and forms B-hydroxy carboxylate intermediate. This intermediate
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undergoes monomolecular dehydration and forms the -ketoacid, which, as mentioned

above, can readily decarboxylate to generate the ketone product.

B-hydroxy
carboxylat
h . OH o]
H O/Q\?JH o")l(\;o - H\JE/lko
R HO_/‘_“H o) Q . OH [o]
.o o VT A
wo So o7 o
H ;

Scheme 9: Ketonization reactions of two acids over metal oxide.

The formation pathways of butan-2-ol, pentane-1,3-diol, pentane-1,2,5-triol,
butane-1,2-diol, and butane-2,3-diol. Sugar molecules generated from biomass during
the liquefaction process may undergo the selective oxygen removal. Therefore, it is
reasonable to state that detected compounds such as butan-2-ol, pentane-1,3-diol,
pentane-1,2,5-triol, butane-1,2-diol, and butane-2,3-diol, may form from other sugar
molecules through a series of selective oxidation and reduction reactions. To illustrate
how these reactions would occur, three proposed mechanisms of the selective removal of
oxygen in erythritol were proposed, as presented in Scheme 10. Erythritol undergoes
dehydrogenation, dehydration, keto-enol tautomerization, and hydrogenation (path A);
dehydration, keto-enol tautomerization, and hydrogenation (path B); direct protonation,

deprotonation, dehydrogenation, and hydrogenation (path C), respectively.
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Scheme 10: Proposed pathways of selective removal of oxygen over metal oxide.

This selectivity was also observed for erythritol over an Ir-ReOx/SiO; catalyst
generating two butanetriols, four butanediols, and two butanols.*®4° However, they
formed through the hydrodeoxygenation (hydrogenolysis) of erythritol as erythritol
conversion was conducted in the presence of H. under acidic condition. As the oxygen
removal via hydrodeoxygenation can occur by hydrogenolysis catalysts in the reductive
condition, it is expected that the synergy of Ni metal + metal oxide may play a role in the
selective removal of the C—OH bond. Ni metal plays a role in keto-enol tautomerization
by providing hydrogen and functions as Lewis base as it is an electron donor. In contrast,
the metal oxide can promote dehydrogenation and dehydration reaction based on their
basic and acidic characters. Thus, the hydrogenolysis of C—O bonds can occur over a
metallic surface adjacent to the metal oxide, as presented in Scheme 11. Herein, Ni metal

can donate an electron to a carbon atom bound to hydroxyl, facilitating the removal of
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hydroxyl. Consequently, the reduction of the formed radical would take place, forming

alcohol with fewer hydroxyl groups.

Ni i, (OM?*” @ OF

OH OH OH OH
H OH

OH OH
H\H _— %\H hydrogenolysis )\[)
OH OH (o oH on

+

e 0o o O

Scheme 11: O—H bond hydrogenolysis over metallic surface adjacent to metal oxide.
As depicted in Scheme 12, cellulose and hemicellulose are hydrolyzed into C6, C5, and
C4 sugars. Cellulose is hydrolyzed to glucose undergoing C4-C5 bond cleavage to form
erythrose and glycolaldehyde, while hemicellulose is hydrolyzed to xylose undergoing
hydrogenation and produces xylitol. These sugars may undergo removal selectivity of
oxygen via dehydration, dehydrogenation, and hydrogenolysis, as described above. OHs
of Erythritol undergo elimination to give butane-1,2,3-triol followed by butane-1,2-diol
and butane-2,3-diol. In contrast, OH groups of xylitol were removed, producing pentane-

1,2,5-triol followed by pentane-1,2-diol.
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Scheme 12: Alcoholic products formation from cellulose and hemicellulose via selective
catalytic reduction.

2.4 Conclusions

The catalytic liquefaction of pine sawdust using Ni metal + ZnO +NaOH was
conducted in the presence of different amounts of NaOH in 100% H»O and in 50% of
both EtOH and H»O for different reaction times at 200 °C. Thereafter, pine sawdust
liquefaction was conducted using
different metals such as Ni, Pd, Co, Cu, Mo, Fe, Ag, Ru + metal oxides such as ZnQO,
MgO, FeO, PbO, MnO + NaOH in 100% EtOH at 260 °C. Based on the liquefaction
results obtained from this work, the following specific conclusions can be summarized:

= Hydrolysis of biomass in water as a co-/solvent occurs so rapidly caused the
decomposed molecules to undergo cracking more than liquefaction reactions.

= Cracking and dehydration are the dominant reactions in hydrothermal and co-
solvent liquefactions, regardless of catalysts employed.

= Increasing the amount of NaOH enhances the repolymerization of lignin

derivatives and hydrolysis of repolymerized cellulose.
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= Bio-oils generated from hydrothermal and co-solvent liquefactions contained high
percentages of aromatic and oxygenated protons.

= 14.25% and 33.88% of bio-oil were the highest yields achieved from
hydrothermal and co-solvent liquefaction, respectively for a reaction time of 20 h.

= The combinations of Ni-MnO-NaOH, Ni-FeO-NaOH, Ru-ZnO-NaOH, and Pd-
Zn0O-NaOH showed strong synergistic effect, producing > 75% of bio-oil and <
10% of solid bio-residue, for solvolytic liquefaction of pine sawdust.

Based on the solvolytic liquefaction results, the development of cheaper catalytic system
consisting of Ni metal, metal oxide, and NaOH should be further investigated in future

work.



2.5 Appendix
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Figure S1 : The H-NMR spectrum of bio-oil product of hydrothermal pine sawdust
liquefaction of run 2.1.
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Figure S2: The H-NMR spectrum of bio-oil product of hydrothermal pine sawdust
liquefaction of run 2.2,
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Figure S3: The H-NMR spectrum of bio-oil product of hydrothermal pine sawdust
liquefaction of run 2.3.
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Figure S4: The H-NMR spectrum of bio-oil product of hydrothermal pine sawdust

liquefaction of run 2.4.

,/
’/
fAl-jJ&K L ‘ﬁJ M—ALILM'J\/\«- L i j:
10 s . : : o mem
Figure S5: The H-NMR spectrum of bio-oil product of hydrothermal pine sawdust
liquefaction of run 2.5.
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Figure S6: The H-NMR spectrum of bio-oil product of hydrothermal pine sawdust

liquefaction of run 2.6.
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Figure S7: The H-NMR spectrum of bio-oil product of hydrothermal pine sawdust
liquefaction of run 2.7.
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Figure S8: The H-NMR spectrum of bio- orI product of hydrothermal pine sawdust
liquefaction of run 2.8.
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Figure S9: The H-NMR spectrum of bio-oil product of hydrothermal pine sawdust
liquefaction of run 2.9.
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Figure S10: The H-NMR spectrum of bio-oil product of pine sawdust liquefaction in
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EtOH-H>0 mixture of run 2.10.
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Figure S11: The H-NMR spectrum of bio-oil product of pine sawdust liquefaction in
EtOH-H>O mixture of run 2.11.
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Figure S12: The H-NMR spectrum of bio- 0|I product of pine sawdust I|quefact|0n in

EtOH-H20 mixture of run 2.12.
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Figure S13: The H-NMR spectrum of bio- orI product of pine sawdust Irquefactron in
EtOH-H>O mixture of run 2.13.
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Figure S14: The H-NMR spectrum of bio-oil product of pine sawdust liquefaction in
EtOH-H20 mixture of run 2.14.
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Figure S15: The H-NMR spectrum of bio-oil product of pine sawdust Ilquefactlon in
EtOH-H>O mixture of run 2.15.
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Figure S16: The H-NMR spectrum of bio-oil product of pine sawdust liquefaction in
EtOH-H20 mixture of run 2.16.
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Figure S17: The H-NMR spectrum of bio- 0|I product of pine sawdust liquefaction in
EtOH-H20 mixture of run 2.17.
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Flgure S18: The H-NMR spectrum of bio-oil product of pine sawdust liquefaction in
EtOH-H20 mixture of run 2.18.
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Figure S19: The H-NMR spectrum of bio-oil product of pine sawdust liquefaction in
EtOH-H20 mixture of run 2.19.
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Figure S20: The H-NMR spectrum of bio-oil product of pine sawdust liquefaction in
EtOH-H20 mixture of run 2.20.
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Figure S21: The H-NMR spectrum of bio-oil product of pine sawdust liquefaction in
EtOH-H20 mixture of run 2.21.
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Figure S22: The H-NMR spectrum of bio-oil product of pine sawdust liquefaction in
EtOH-H20 mixture of run 2.22.
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Figure S23: The H-NMR spectrum of bio-oil product of pine sawdust liquefaction using

diverse metals and metallic salts of run 2.23.
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Figure S24: The H-NMR spectrum of bio-oil product of pine sawdust liquefaction using
diverse metals and metallic salts of run 2.24.
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Figure S25: The H-NMR spectrum of bio-oil product of pine sawdust liquefaction using
diverse metals and metallic salts of run 2.25.
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Figure S26: The H-NMR spectrum of bio-oil product of pine sawdust liquefaction using
diverse metals and metallic salts of run 2.26.
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H-NMR spectrum of bio-oil product of pine sawdust liquefaction using
diverse metals and metallic salts of run 2.27.
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diverse metals and metallic salts of run 2.28.
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Figure S29: The H-NMR spectrum of bio-oil product of pine sawdust liquefaction using
diverse metals and metallic salts of run 2.29.
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Figure S31: The H-NMR spectrum of bio-oil product of pine sawdust liquefaction using

diverse metals and metallic salts of run 2.31.
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Figure S32: The H-NMR spectrum of bio-oil product of pine sawdust liquefaction using

diverse metals and metallic salts of run 2.32.
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Figure S33: The H-NMR spectrum of bio-oil product of pine sawdust liquefaction using

diverse metals and metallic salts of run 2.33.
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Figure S34: The H-NMR spectrum of bio-oil product of pine sawdust liquefaction using

diverse metals and metallic salts of Run 12.
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Figure S35: The H-NMR spectrum of bio-oil product of pine sawdust Ii‘quefaction using
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diverse metals and metallic salts of run 2.34.
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Figure S36: The H-NMR spectrum of bio-oil product of pine sawdust liquefaction using
diverse metals and metallic salts of run 2.35.
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Figure S37: The H-NMR spectrum of bio-oil product of pine sawdust liquefaction using
diverse metals and metallic salts of run 2.36.
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Figure S38: The GC-MS chromatogram of bio-oil product of hydrothermal pine sawdust
liquefaction of run 2.1.
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Figure S39: The GC-MS chromatogram of bio-oil product of hydrothermal pine sawdust
liquefaction of run 2.2,
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Figure S40: The GC-MS chromatogram of bio-oil product of hydrothermal pine sawdust
liquefaction of run 2.9.
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Figure S41: The GC-MS chromatogram of bio-oil product of pine sawdust liquefaction
in EtOH-H>0 mixture of run 2.10.
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Figure S42: The GC-MS chromatogram of bio-oil product of pine sawdust liquefaction
in EtOH-H20 mixture of run 2.17.
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Figure S43: The GC-MS chromatogram of bio-oil product of pine sawdust liquefaction
in EtOH-H20 mixture of run 2.18.
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The GC-MS chromatogram of bio-oil product of pine sawdust liquefaction

in EtOH-H>0 mixture of run 2.22.

et

Ww—/\‘
———————
20 no 1m0

T T
(111} 10

Figure S45:

—— T T T — T
20 an an a0 L1} Fi ’0

The GC-MS chromatogram of bio-oil product of pine sawdust liquefaction

using diverse metals and metallic salts of run 2.24.
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The GC-MS chromatogram of bio-oil product of pine sawdust liquefaction

using diverse metals and metallic salts of run 2.31.
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The GC-MS chromatogram of bio-oil product of pine sawdust liquefaction

using diverse metals and metallic salts of run 2.33.
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Figure S48: The GC-MS chromatogram of bio-oil product of pine sawdust liquefaction
using diverse metals and metallic salts of run 2.36.
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CHAPTER 3: THE CATALYTIC EFFECTS OF Ni METALS, NiO, Fe20s,

AND THEIR SYNERGY IN CORN STOVER LIQUEFACTION

3.1 Introduction

Lignocellulosic biomass is considered the only sustainable feedstock of carbon
that can be exploited for liquid transportation fuels and chemicals production.®® 5!
However, the conversion of biomass into liquid fuels is still challenging due to the
original complexity and high oxygen content of lignocellulose.>?>* Thus, the resulting
products from the thermochemical processes are highly oxygenated and require further
upgrading before use as a fuel. Besides, these processes depend on hydrodeoxygenation
to reduce O/C and increase H/C molar ratio in the bio-oil under the facilitate of H>. These
issues make the conversion of biomass to fuel grade bio-oil unpractical and uneconomical
on a large scale.>> Among conversion processes, direct liquefaction is considered to be
the most promising method for the production of low molecular weight liquid fuels.>® In
biomass liquefaction, different reactions, such as depolymerization, thermal
decomposition, dehydration, decarboxylation, hydrogenolysis, and hydrogenation, can
occur. Among them, dehydration, decarboxylation, and hydrogenation are considered
responsible reactions to increase the H/C ratio and decrease the O/C ratio.>” The
depolymerization of biomass is a dominant reaction during earlier stages of liquefaction,
while at later stages, repolymerization becomes active, leading to the formation of char.®

To enhance the yield and improve the quality of bio-oil, many efforts were made
to explore the catalytic performance on the biomass conversion. For instance, the

hydrolysis-hydrogenation of cellulose using a carbon black -supported Ni catalyst to
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hexitols in H20 in the presence of Hz (g) provided a hexitol yield of 64% with a cellulose
conversion of 90%.%° In contrast, Ni catalysts loaded on SiOz, y-Al,03, TiO2 and ZrO;
supports gave much lower yields of the hexitols (28%—-43%) and higher yields of
numerous degradation products, including propylene glycol and ethylene glycol.>® The
basicity of the metal oxides could play a significant role in enhancing the hydrogenolysis
of sugar alcohols. Non-noble metal catalysts, including Ni®%-¢° Cu®®%8 and Mo%-"
catalysts have been used extensively for the hydrogenolysis of lignin and model lignin
compounds with molecular Hz or some other source of hydrogen because of their low
cost and availability. According to Qi, Jiaying, et al.,”> Ni/C metal showed high
performance for the hydrogenolysis of both aryl-alkyl (C—O-C) and hydroxyl (—OH)
bonds and gave 85% of the selectivity for the C—O bond cleavage products which are
higher than that achieved over Ru/C and Pd/C.

To the best of our knowledge, there are few studies carried out to investigate the
catalytic activities of nickel metal catalysts prepared by different methods for corn stover
liquefaction at a moderate temperature under basic conditions. Corn stover has been
chosen as the starting material due to one of the most important resources worldwide for
bio-fuels production. Also, metal oxides with difference Lewis acid strength, are
expected to have different effect on corn stover liquefaction due to their catalysis for
oxygen migration in carbon-chain molecules which leads to the desired decarboxylation.
Different oxides including Fe>O3, Cu20, ZnO, TiO2, MgO and V.05 were screened. A
suitable metal oxide was chosen to explore the influence of reaction time, type of base
and solvent, ratio of base/metal oxide, and type of catalyst on the liquefaction behavior of

corn stover. The chemical structure of bio-oils was characterized by proton nuclear
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magnetic resonance (*H-NMR) and Fourier transform infrared spectroscopy (FT-IR). X-
ray diffraction (XRD) and scanning electron microscopy (SEM) equipped with an energy
dispersive X-ray (EDX) were utilized to characterize crystal structure and surface
morphology and composition of the catalysts, respectively. Gas chromatography with
both flame ionization (FID) and thermal conductivity (TCD) detectors was used to
analysis the chemical composition of the gas out of ethanol condensation catalyzed by Ni
(270 °C ) and Ni/C.

3.2 Experimental

3.2.1 Materials

Corn stover was obtained from a local farm and reduced in size using a blender to
18-50 mesh. Corn stover has cellulose ( 28-51.2 wt.%), hemi-cellulose (19.1-30.7 wt.%)
and lignin (11-16.9 wt.%) 7.

3.2.2 Preparation of catalysts

Ni/C: To a 50-mL beaker were added 17 mmol, 4.24g of Ni(OAc)2.4H.0, 14 ml
of DI water and 9 g of activated carbon (Aldrich 161551, 100 mesh). The mixture was
thoroughly mixed, and then transferred to a glass surface, which was heated on a hot
plate (~70 °C). The paste was stirred while the water was evaporating. After the paste
turned into powder, it was heated in an oven at 120 °C for 3h, and then at 110 °C for 15h.
The powder was transferred to a 250 mL flask, then 40mL of DI water and 6 eq, 6 g of
H2NNH..1.5H20 were added while the mixture was vigorously stirred in a 78 °C oil bath.
1.49 g of NaOH/5 ml of water was added over 5 minutes. The reaction started when 82%
of the NaOH solution was added. After bubbling stopped in 10 minutes, the flask was
transfered into a N2 glovebox. The product was collected by filtration, washed with

EtOH, and vacuum dried in the transfer chamber at RT.



68

NiO: Nickel (I1) carbonate hydroxide hydrate powder (9.2614g, Fisher Scientific,
AC223160010, ca 45-47% Ni) in a 50mL flask was heated in a 270 °C molten salt bath
for 2 hrs 40 min. The gas from the composition was released through a bubbler, so the
system was free of air. The formed NiO was ground and passed through a 500-mesh
sieve.

Ni (270 °C): NiO was heated in the presence of organic acid at 270 °C in N2 for 1
h to obtain Ni (270 °C) catalyst.

Ni (Hz): 6.108 g of NiO was loaded in a test tube. Hydrogen gas was introduced
to the bottom of the the tube via a needle. The tube was stoppered and connected to a
bubbler. The tube was then heated in a 300 °C molten salt bath untill no more water was
coming out (taking 75 min). Without exposing the Ni to air, the tube was transfered to a
N2 glovebox. Yield: 4.7824 g. In the glove box, the Ni powder was ground and passed
through a 500-mesh sieve.

All metal salt and base chemicals were purchased from Fisher Scientific and ethanol
purchased from Pharmco-AAPER company.

3.2.3 Liquefaction procedure

The general procedure of corn stover liquefaction: To a stainless-steel pressure
reactor in a glovebox were added a magnet stirring bar, catalyst, 400 mg of corn stover,
and 4 ml of EtOH. The closed reactor was transferred into a fume-hood and heated in a
260°C molten salt bath for 8 hours. After reactor was cooled down, the mixture was
filtered and washed with EtOH. The ethanol solution was condensed by rotary
evaporation under a reduced pressure of 80 mbar using a 50°C water bath. To the residue,
1 mL of CH.Cl, (DCM) and 0.5 ml of water were added. The DCM solution was

separated out and the water phase was extracted by DCM (0.5 mL x 2). The combined
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DCM solution was neutralized with NaHCOs, dried with MgSO4 powder, and condensed
on a rotary evaporator to yield oil product.
The percentage yield of oil, solid residue, and corn stover conversion was

calculated based on the weight of corn stover feed by the following formula 7*:

Bio oil yield (wt%) = weightofbio—oll o 45y,

Biomass weight

Weight of solid bio residue

Solid bio residue (SR) yield (wt%) = %X 100%

Biomass wieght
Un repolymerization yield (wt%) of bio oil = 100% — Solid bio residue %

Gas + water soluble species (Wt%) = 100% — Bio oil % — Solid bio residue %

3.2.4 Characterization

H-NMR analysis was performed for oil obtained from each corn stover
liquefaction on a Bruker AVANCE-400 MHz NMR spectrometer in CDCI3 using TMS
as the internal standard. Percentage of protons in different types of chemical groups were
calculated from the relative intensity of protons.

GC-TCD and GC-FID analysis was performed for gaseous products from
liquefaction reactions (Agilent GC 7890A with a 50 m x 0.53 mm X 15 um 19095P-S25
column). The column initial temperature in GC is 60°C (at this temperature holding time
3 min), then increased at 5 °C/min to 100 °C (holding time 0 min) and then increased at
10 °C/min to 180 °C (holding time 3 min). The final temperature is 180 °C.

XRD analysis of catalysts was carried out on Rigaku SmartLab diffractometer
(Cu Ka, k=0.1540 nm; 40 kV and 44 mA) .

SEM-EDX analysis was conducted on a Hitachi S-3400 N Scanning Electron
Microscope to study the morphology of the catalysts and their composition was examined

by EDX.
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FTIR spectra of oil coated on a KBr crystal were obtained using Perkin-Elmer
Spectrum Two FTIR Spectrometer.

3.3 Liquefaction reaction results and discussion

3.3.1 Effect of reaction time in the presence and absence of Fe20s3

To investigate the effect of reaction time and Fe2O3 on liquefaction of corn stover,
the reaction was conducted in the absence and presence of Fe.Oz with the residence time
from 2 to 12 h and from 4 to 12 h, respectively. The reaction results are shown in Table
3.1. It is obvious that the residence time had a significant effect on the bio-oil yield. The
bio-oil yield increased from 19.25 % to 35.15% and from 27.1% to 34.53% in the
absence and presence of Fe>Os, respectively as the reaction time increased from 4 to 8 h.
With further elongation of reaction time from 8 to 12 h, the bio-oil yield in the
absence/presence of Fe,Os significantly declined. Two reactions may be responsible for
the drop in oil yield with elongated reaction time: cracking reaction to give volatile
compounds and repolymerization of oil molecules into insoluble polymers. The fact that
drop in oil yield was accompanied by also a drop in the yield of solid residue suggests
that cracking to form gas molecules (including CO>) was more likely the reason for the
drop in oil yield. We obtained the highest yield of bio-oil either in the presence or
absence of Fe,O3 with the same amount of reaction time (8 h). The oils of these runs were
analyzed using *H-NMR as seen in Figure 3.1 (S1-S4). In comparison with the bio-oils
obtained in the presence and absence of Fe.Oz we found that the bio-oils obtained in the
presence of Fe>O3 have lower contents of protons on oxygenated carbons indicating that
Fe2O3 catalyze the reduction of oxygenated species and/or oxygen removal by
decarboxylation. With long reaction time(8 and 12 h) lower oxygenated and aromatic

carbons were obtained in the presence of Fe>Os. Moreover, a lower percentage of
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oxygenated carbons for a shorter reaction time (4 h) than an 8h reaction was observed,

which may be ascribed to insufficient time.

Reaction Fe203 Reaction Bio- Un- Solid bio-
run (mg) time (h) 0il%  repolymerization% residue%
3.1 - 2 14.5 10 90
3.2 - 4 19.25 24.25 75.75
3.3 - 8 35.15 70.95 29.05
3.4 - 12 27.25 74 26
3.5 300 4 27.1 28 72
3.6 300 8 34.53 68.45 31.55
3.7 300 12 32.95 69.52 30.48

Table 3.1: Product profile of non-catalytic and catalytic solvent liquefaction of corn
stover under different times.

e Ar-H ] ROCHZR/RCHZOH
mmsm RCH,R RCOOCH;R

100  Without Fe,04 With Fe,0,
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Yield (wt %)
S

Figure 3.1: 'H-NMR data analysis of bio-oils produced from runs 3 and 5-7.

3.3.2 The influence of base, solvent, and metal oxide

The effect of the amount of NaOH on liquefaction of corn stover was tested in
runs 3.8-3.11 with Fe>Oz at 260 °C in 4 mL of mixture of 3/1 EtOH/H.O for 8 h with the
mass of added NaOH varying from 20 to 80 mg as shown in Table 3.2. The yield of bio-

oil maximized at 32.1% when 40 mg of NaOH was used (run 3.9). When the solvent was
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changed to pure EtOH and the amount to NaOH varied from 30 mg to 50 mg to 100 mg
(runs 3.12-3.14), the oil yield maximized at 50mg (run 3.13). When 50 mg of NaOH was

replaced by 50 mg of Ca(OH)2, the oil yield decreased.

Reaction Base (mg) Solvent (ml) Bio- Un- Solid bio-
run NaOH Ca(OH), EtOH H,O 0il%  repolymerization%  residue%
3.8 20 - 3 1 28.7 84.05 15.95
3.9 40 - 3 1 32.1 89.13 10.87

3.10 60 - 3 1 15.43 78.1 21.9
3.11 80 - 3 1 18.98 79.65 20.35
3.12 30 - 4 - 24.98 75.3 24.7
3.13 50 - 4 - 34.93 66.25 33.75
3.14 100 - 4 - 25.75 55.32 44.68
3.15 - 50 4 - 30.08 48 52

Table 3.2: Products yields of solvent and co-solvent liquefaction of corn stover catalyzed
by different masses of NaOH/Ca(OH). + 300 mg Fe20a.

After optimization of corn stover liquefaction using Fe2Os under basic condition,
the effect of various metal oxides/ metal on direct liquefaction of corn stover was
investigated. The results are presented in Figure 3.2 a & b. The reaction was carried out
under the previous optimized condition (run 3.13, Table 3.2) using various metal oxides
and Fe. Yield of bio-oil ranged 16.5%-34.1%. The highest bio-oil yield of 34.1% was
obtained in the presence of Fe, which indicates that Fe can be used to produce iron oxide
in-situ and also serve as a reducing agent. The H-NMR data analysis of bio-oils (Fig.
3.2b, S5-S12) showed different relative weights of aromatic, ether and ester derivatives
contained in bio-oils and these metal oxides gave a significant decrease in the yield of
bio-oil except Fe20z. The oil yields of reactions using FezOs, MnO2, Zn0O, TiO2, MgO
and V20s as catalyst are all lower than the 35% yield obtained with Fe>Os. Thus, Fe;O3

was selected as co-catalyst of Ni metal and NiO for optimization corn stover liquefaction
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processes. The results of *H-NMR showed that all metal oxides gave higher protons of
none-oxygenated carbons and lower protons of oxygenated carbons compared to none
catalyst used. It is found that liquefaction of corn stover under basic condition produced
bio-oil with lower lignin and ester contents than the reaction under a neutral condition.
From these experiments, it is very clear that metal oxide has a more significant effect on

ratios of O/C and H/C than bio-oil yield.

H Bio-oil B Un-repolymerization Solid bio-residue

90
< 80
o
S 70
T 60
~ 50
% 40
= 30

o

0 [

Titanium (IV) Magnesium Zinc (ll) oxide Vanadium (V) Iron (ILIIl)  Manganese  Fe metal
oxide (I1) oxide oxide oxide (IV) oxide

Figure 3.2 (a): Effect of metal oxide type and Fe metal on the products yields of corn
stover liquefaction.
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Figure 3.2 (b): The relative intensity of phenolic, ether and ester protons in bio-oil
obtained by different metal oxides and Fe was measured using *H-NMR.
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3.3.3 Effect of Ni/C and Ni (270 °C) alone on condensation and liquefaction
reactions

The effect of Ni/C and Ni (270 °C ) alone in the presence and absence of NaOH
was also investigated on corn stover liquefaction from run 3.16 to 3.19. The results of this
investigation are shown in Table 3.3. Initially, Ni (270 °C ) was used to liquefy corn
stover under neutral condition (run 3.18) and the yield of bio-oil was 36.7%. This yield is
a little bit higher than the one obtained in the absence of any catalyst. When we added a
base (50 mg NaOH, run 3.17) the yield went up to 85.13%. Then when we decreased the
amount of this metal catalyst to the half (50 mg, run 3.19), the yield of bio-oil also
decreased to 61%. It is so clear that NaOH activated Ni (270 °C ) to condense more
ethanol which increased the yield of bio-oil obtained under basic conditions. However,
when we added the same amount of the base, Ni/C (run 3.16) performed poorly
producing an oil yield of only 35%. Generally, Ni metal catalyst can be more catalyzed
by a base to liquefy biomass than under neutral condition. So that high yield of bio-oil is
expected to get under a basic condition. However, under a basic condition, the catalytic
power of these catalyst can also be activated toward ethanol condensation.

Ethanol acts as solvent as well as reactant in the presence of nickel catalysts
during the liquefaction reaction. To determine the contribution to oil yield from
condensation of ethanol, the reactions from runs 3.20-3.23 were repeated in absence of
the biomass to give the results shown in Table 3.3. The yield of condensed ethanol
products was higher in NaOH than in the absence of NaOH for both Ni/C and Ni (270 °C
). Still, the latter showed lower activity toward ethanol condensation in both basic and
non-basic conditions compared to Ni/C. In addition to that, gas coming from ethanol

condensation was analyzed by GC (Table 3.4). Hz, CH4, CO2, CO, CHa, C2Hg, and C3Hs
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were the gas products detected, similar to those obtained from ethanol steam reforming
(ESR)">". Thus, EtOH is expected to decompose into volatile species in a similar
mechanism of ESR. As illustrated in Scheme 1, EtOH may undergo various bonds
cleavage of O—H and C—H during ethanol condensation forming these volatile species
as by-products. Molecular hydrogen is expected to generate through the combination of
free hydrides and protons or neutral hydrogen atoms, which were generated from the
dissociation of the O—H and C—H bonds. According to GC analysis, the production of
hydrogen was more activated under the basic condition as compared to its production
under neutral condition. The presence of CO indicated that EtOH undergoes multi-
dissociation of C-C, C-H, and O-H bonds. Consequently, the formation of CO2 was
undoubtedly coming from CO via Water Gas Shift (WGS) in which water is involved,
and hydrogen is produced. It is interesting to note that no CH,=CH> was detected among
the gas products, which confirm that no dehydration reaction would occur over the
metallic surface of the Ni catalyst. Moreover, the evolution of the CH species during
EtOH decomposition can cause carbon accumulation on the catalyst surface, which leads
to rapid catalyst deactivation.”™ "® Analysis of gases produced by solvent condensation
gave unexpected results compared to that obtained for biomass liquefaction catalyzed by
Ni metals alone. Unlike Ni (270 °C), Ni/C produced more H> (g), and the solvent was
more consumed, likely due to its higher surface area. It remains a question why a higher

oil yield was obtained in the presence of Ni (270 °C).

Reaction  Bio- Un- 0
Run Catalyst time (h)  oil%  repolymerization% SR%

316 69 mg Ni/C + 50 mg NaOH 6 34.75 90.48 9.5
317 100 mg Ni (270 °C) + 50 mg NaOH 8 85.13 79.75 20.52
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318 100 mg Ni (270 °C) 7 36.7 83.83 16.18
319 50mg Ni (270 °C) + 50 mg NaOH 6 61.15 81.85 18.15
320 69 mg Ni/C+50 mg NaOH 8 7.73 - -
321 60mgNi (270 °C) + 50 mg NaOH 8 3.07 - -
3929 69mgNi/C 8 0.70 - -
323 60mgNi(270°C) 8 0.25 - -

Table 3.3: The influence of Ni (270 °C ) and Ni/C alone on corn stover liquefaction and
ethanol condensation under neutral and basic conditions.

. 0, - (o)
RuN Catalyst Tvo(;clauln%z:s GC-TCD (V%) GC-FID (V%)
(mL) Ha2 N2 CHs | CO2 CcO CHs | CoHs | C3Hs
3.20 Ni/C 239.8 69.8 | 7.90 173'6 860 | 07 | 198 | 016 | 0.69
3.21 | Ni(270°C) 4163 493 | 43 | 354 | 148 | 23 | 402 0'(‘324 0.27
3.22 Ni/C 81.1 5%7 16.0 1‘;2 308 | 1325 | 184 | 022 | 0.30
323 | Ni (270°C) 234.8 337 | 73 | 321 | 21 | 210 | 362 | 020 | 018

Table 3.4: GC results of ethanol condensation using Ni/C and Ni (270 °C ) under the following condition:
with/without 50mg NaOH, 260°C, 8 h.
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Scheme 1: EtOH decomposition over Ni metal in the presence/absence of NaOH.

3.3.4 The synergistic influence of Ni-based catalysts + Fe203 + NaOH

Effect of catalysts (Ni (H2), Ni (270 °C), Ni/C, and NiO) on liquefaction of corn
stover in presence of Fe2Os and NaOH was investigated and the results are shown in
Figure 3.3 a. The resulting bio-oil yields are 109.6%, 63.05% 126.1%, 64.1%, and 34.5%
for reactions employing Ni (H2), Ni (270 °C), Ni/C, and NiO, respectively. Ni metal,
Fe203, and NaOH combination can catalyze dehydroxylation, decarboxylation, and
hydrogenation resulting in a higher oil yield compared to Fe2O3 + NaOH and Ni metal +
NaOH. Ethanol condensation could also be enhanced by this combination. Consequently,
more than 100% of the oil with 2% and 40% of solid bio-residue was obtained using Ni
(H2) and Ni (270°C) metals, respectively. The different catalytic performance of the two

Ni metals may be attributed to their different preparation methods. With NiO, the bio-oil
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yield was slightly decreased compared to the corn stover liquefaction with no catalyst
added. No significant changes in the un-repolymerized oil molecules and solid bio-
residue yields were observed with NiO compared to other metal oxides.

As illustrated in Figure 3.3b (S13-S16), *H -NMR analysis of bio-oils generated
under this investigation showed that Ni (H2), Ni (270°C), and Ni/C gave 2.15%, 1.20%,
and 2.66% of phenolic protons, 86.71 %, 81.63%, and 89.73% of non-oxygenated
methylene protons, 2.85%, 1.91%, and 1.97% of ester protons, and 8.29%, 15.26%, and
5.64% of ether/alcohol protons, respectively. Higher percentages of alcohol and ether
protons were measured for the bio-oils generated using Ni (Hz) and Ni (270°C) compared
to that measured using Ni/C, indicating that more solvent condensation reaction occurred.
The lowest proton percentage of non-oxygenated carbons was observed in bio-oil
generated using NiO. Based on H-NMR analysis, the bio-oil quality is ranked based on

Ni-based catalyst applied in the following order: Ni/C > Ni (H2) > Ni (270°C) > NiO.

M Bio-oil M Un-repolymerization ® Solid bio-residue
140
=120
3~
-§ 100
= 80
o
g 60
40 5
@3
0 zixiz?g 3? s
NiO + Fe,0, N|/C+Fe2 N|{H)+Fe2 N|(270"C)+Fe2
+ NaOH + NaOH + NaOH + NaOH

Figure 3.3a: The product profile of 400 mg corn stover liquefaction catalyzed by 100 mg
Ni- based catalyst + 300 mg Fe>Os+ 50 mg NaOH in 4 mL EtOH at 260°C for 8h.
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FTIR spectra of bio-oils obtained by this investigation are illustrated in Fig.3.3 c.
The absorption bands of bio-oil in IR spectra were identified using Infrared spectroscopy
correlation table and reported researches related to characterization of corn stover using
FTIR. "7 The absorption bands of O—H stretching bands (3432 cm™*), C—H stretch
(2877 cm™), C=0 (1718 cm™), and SP? and SP3-hybridized O—C (1209 and 1070 cmY)
were observed in IR spectra of bio-oils. These bands indicate that bio-oil products can be
alcohol, aldehyde, ether and ester. In FTIR spectrum of bio-oil obtained in the absence of
any catalyst, the absorption band of benzene ring (1603 cm™) was significant. This band
almost disappeared for bio-oil obtained in the presence of Ni metals and metal oxide
indicating that reduction of lignin products to this catalytic system. Also, higher intensity
of CH; and CH3 (1463 and 1381 cm, respectively) bending bands appeared in bio-oils
obtained by Ni metal and hematite compared to bio-oils produced in the presence of
metal oxide/ non-catalyst used giving a second evidence that biomass components can be
reduced effectively by Ni metals in the presence of hematite. In contrast, the bio-oil from

NiO-catalyzed liquefaction shows smaller CH, and CH3 bending bands.

s Ar-H  mssssm ROCH,R/RCH,OH
mmmmm RCH,R RCOOCH,R
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8.26 9.30 8.29
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Figure 3.3b: The relative intensity of protons in bio-oil using Ni-based catalysts
combined with hematite and NaOH was measured using *H-NMR.
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Figure 3.3c: The chemical composition of bio-oil obtained by Ni-based catalysts
combined with hematite and NaOH was characterized using FTIR.

3.3.5 Catalyst characterization

3.3.5.1 Morphology and Composition of Catalysts

Figure 3.4 shows the surface morphology of the four catalysts. The surface
morphologies were analyzed using a field emission scanning electron microscope
(Hitachi S-3400 N Scanning Electron Microscope) equipped with an energy dispersive
X-ray (EDX) feature. Ni (H2) was reduced from Ni (270°C), however, Ni (Hz) particles
are 3-4 times larger in length and have clearer particle boundary than the particles of Ni
(270°C), indicating that NiO and Ni (270°C) have similar morphology. The catalysts
composition was detected using EDX analysis. From the chosen area of the Ni/NiO
catalysts, the percentage of nickel element in Ni/C, Ni (270°C), Ni (H2) and NiO is 18%,

95%, 99.6% and 95%, respectively. Oxygen was not detected in Ni (H2), so it is fully
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reduced. A similar Ni wt% in Ni (270°C) was determined by measuring Hz (g) produced
from reacting with HCI. Nickel metal on carbon is well distributed and deposited on the
surface as shown by the green-colored dots under EDX analysis in Fig 3.4.

3.3.5.2 XRD analysis of Ni catalysts

The crystallinity of the catalysts was determined by X-ray diffraction method and
the XRD patterns of the synthesized catalysts are given in Figure 3.5. The XRD pattern
of catalysts were analyzed. The three sharp Ni (111, 200, and 220) diffraction peaks were
observed at 20 = 44.49°, 51.84°, and 76.40° for Ni (H2), Ni (270°C) and Ni/C and broad
C (002) diffraction peak (20 = 15-30°) is attributed to the carbon of Ni/C. Five
characteristic diffraction peaks of Ni/O were observed at 37.27°, 43.27°, 62.78°, 75.31°,
and 79.35°, corresponding to the (111), (200), (220), (311), and (222) planes of the fcc
phase of Ni0.8% 81 NiO show the lowest crystallinity compared to other catalysts; in
contrast, Ni (H2) show higher crystallinity compared to Ni (270°C) indicating that
reduction of metal oxide by H2 (g) into metal not only increase the metal content but also

improve the crystallinity. The crystallinity of Ni in Ni/C is weaker than Ni (270°C).
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Figure 3.4: SEM images of Ni (Hz), Ni (270°C) , Ni/C and NiO.
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Figure 3.5: XRD patterns of Ni (Hz), Ni (270°C), Ni/C and NiO.

3.4 Conclusions

In this study, corn stover was effectively liquefied using cheap catalytic system

consisted of Ni metal and metal oxide in ethanol in the presence of NaOH at 260 °C.

Based on the results above, the following specific conclusions can be made:

The yields of bio-oil increased significantly as the NaOH concentration increased
from 20 mg to 50 mg, but the profile of bio-oil yield became irregular when the
concentration was increased further from 60 to 100 mg. These results suggested
that the highest bio-oil yield could be obtained under basic condition at (8:1) ratio
of biomass/base.

400mg Corn stover, 300mg Fe>O3, 4ml ethanol, 50mg NaOH, 260°C, 8 h was
found to be the optimized condition for direct liquefaction of corn stover to
produce the bio-oil using the synthesized catalysts.

The descending order of bio-oil yield from corn stover liquefaction was achieved

using Ni (Hz2), Ni/C, Ni (270°C), and NiO at an identical condition, respectively.
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NiO catalyst showed similar catalytic activity to metal oxides.

Based on H-NMR and FTIR, the chemical composition of liquid fuel obtained by
Ni (H2) showed the lowest ratio of O/C compared to others; in contrast, the
morphos shape, the highest crystallinity and thermal corn stover decomposition
were also assigned to Ni (Hz).

The future work will be directed to liquefy different biomass using Ni metal +
metal oxide's synergy in the presence and absence of NaOH under different

conditions.
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Figure S1:'H-NMR spectrum of bio-oil from corn stover liquefaction for 8 hr with no

catalyst added.
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Figure S2:'H-NMR spectrum of bio-oil from corn stover liquefaction using Fe,O3 for 4

hr.
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Figure S3:'H-NMR spectrum of bio-oil from corn stover liquefaction using Fe;Os for 8

hr.
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Figure S4:'H-NMR spectrum of bio-oil from corn stover liquefaction using Fe,Os for 12

hr.
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Figure S5:'H-NMR spectrum of bio-oil from corn stover liquefaction using TiO> and
NaOH.
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Figure S6:'H-NMR spectrum of bio-oil from corn stover liquefaction using MgO and
NaOH.
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Figure S7:'H-NMR spectrum of bio-oil from corn stover liquefaction using ZnO and
NaOH.
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Figure S9:'H-NMR spectrum of bio-oil from corn stover liquefaction using FesO4 and
NaOH.
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Figure S10:'H-NMR spectrum of bio-oil from corn stover liquefaction using MnO: and
NaOH.
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Figure S11:*H-NMR spectrum of bio-oil from corn stover liquefaction using Fe,O3z and
NaOH for 8hr.
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Figure S12:'H-NMR spectrum of bio-oil from corn stover liquefaction using Fe metal and
NaOH for 8 hr.
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Figure S13:'*H-NMR spectrum of bio-oil from corn stover liquefaction using NiO, Fe20s3,

and NaOH.
I i
| | -
N :
S ,,»ULAL;,,,,/"MA”J N 3 :
Figure S14:'H-NMR spectrum of bio-oil from corn stover liquefaction using Ni/C, Fe2Os,
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Figure S15:'H-NMR spectrum of bio-oil from corn stover liquefaction using Ni (H2),
Fe>03, and NaOH.
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Figure S16:'H-NMR spectrum of bio-oil from corn stover liquefaction using Ni (270 °C),
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CHAPTER 4: SOLVOLYTIC LIQUEFACTION OF DIFFERENT BIOMASS
USING Ni-BASED CATALYSTS COMBINED WITH DIFFERENT METAL

OXIDES

4.1 Introduction

Lignocellulosic biomass is an efficient and renewable alternative energy source to
replace fossil fuels because of the abundant agricultural and forestry biomass generated
annually around the world. According to a joint study by the US Department of Energy
and the US Department of Agriculture, 344 million dry tons of agricultural and forestry
resources could be produced and dedicated to biofuel production yearly in the US.%
Numerous research works have paid attention to the direct liquefaction method due to
being effective for transforming whole solid biomass into liquid fuel in a single step . For
instance, various biomass (e.g., Empty fruit bunch,® corncob, 8 sugarcane bagasse,®
white pine sawdust,** % & hamboo shoot shell & sorghum,®® wheat straw,® kenaf 28 corn
stover,®® and switchgrass®) has been liquefied under different operative conditions to
enhance the yield and quality of bio-oil. However, HTL bio-oil is needed to improve its
physical and chemical properties to meet the standard values of transportation fuels.®

Besides the effect of liquefaction process parameters, the use of a suitable catalyst
can play a crucial role in achieving the high conversion of biomass and selectivity
production of value-added chemicals under mild conditions. For instance, homogenous
catalysts, including alkalies (Na2COsz, NaOH, K>CO3, KOH, LiOH, RbOH, CsOH,
Rb2C03)" %2 % and acids (HCO2H, CH3COzH, HCI, H2S04, HCIO4, H3PO4)% have been

widely utilized in the biomass liquefaction. They are used to not only suppress the
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formation of char and enhance the yield of bio-oil but also to improve the properties of
the bio-oil composition.” ** However, the separation and reuse of homogenous catalysts
are no easy task.*® In contrast, heterogeneous catalysts show high recyclability, stability,
and hydrogen selectivity.% °’ Several types of heterogeneous catalysts, such as transition
metals, metal oxides, and zeolite, have been reported in the literature to improve bio-oil
yield and quality.®* Metal catalysts, such as Pd,%* pPt,% % Ni % Ru,% % and Ir*® can
effectively promote the hydrogenation reactions to saturate bonds and improve the
stability of the oxy-intermediates.®* Besides, these metals with solid acids such as Al.Os3,
WO3, NbOPQ4, TaOPO4, polyoxometalates, acidic zeolites*®® 191 exhibit excellent
activity for Hydrodeoxygenation reaction (HDO). For instance, Ni-based catalyst showed
high performance in reductive depolymerization of birch lignin giving propylguaiacol
and propylsyringol with selectivity >90% at a lignin conversion of about 50%.5*
According to Chen, Zhang et al., the efficient depolymerization of hydrolyzed lignin and
char elimination was achieved using a mesoporous Ni/Al-SBA-15(20) catalyst.'%? Lignin-
derived phenolics such as guaiacol over Ni/SiO2, Ni/y-Al203 Ni/SiO2-ZrO2, Ni/HZSM-5,
Pt/HZSM-5, Ru/H-Beta and Pt/H-Beta and eugenol, cresol, and anisole over Ni/SiO; and
Ni/y-Al,03 have been efficiently converted into hydrocarbon.%

Apart from a metal catalyst, a variety of basic, acidic, and amphoteric oxide metal
oxides have been used for the promotion of ketonization and aldol condensation
reactions, 194 1% which are recognized as a crucial pathway to upgrade the bio-oil quality
and avoid the negative effects of carboxylic acids in bio-oil. For instance, Yakerson et
al.1% observed that oxides with low lattice energies (e.g., MgO, CaO, BaO, SrO, and

CdO) can actively interact with acetic acid and form bulk carboxylate salts, which
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decompose into acetone, H>O, and CO>. In contrast, on oxides with high lattice energies
(e.g., TiOz, Ce0o, ZrO», SnO-, and so forth), the reaction proceeds on the catalyst

surface. Moreover, Kuriacose and Jewur!?®

investigated the influence of iron oxides on
the acetic acid ketonization in the presence of H,. According to the activation energy
change observed, two mechanistic pathways were proposed: at < 400 °C; Ketonization
proceeds through the interaction of two adsorbed molecules of acetic acid on the catalyst
surface while at a higher temperature, the ketonization reaction takes place through the
bulk acetate decomposition.

To the best of the authors’ knowledge, no previous study describing the
liquefaction characteristics of biomass in ethanol with different loadings of Ni metal and
transition metal oxide has been reported. In this work, the catalytic effects of various
combinations ( metal-NaOH, metal oxide, metal oxide-NaOH, Ni metal-metal oxide, and
Ni metal-metal oxide-NaOH) were investigated for liquefaction of pine sawdust.
Thereafter, the combinations with higher synergistic effects were selected for liquefaction
of corn stover under the same condition, but different masses of Ni metal and metal oxide
were employed. To examine the catalytic power of these combinations with various
biomass, the liquefaction of birch, switchgrass, and sugarcane bagasse using Ni metal +
Fe>03 in NaOH's presence and absence was conducted under identical conditions.

Furthermore, the obtained bio-oils were characterized using *H-NMR and gas

chromatography-mass spectrometry (GC-MS).
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4.2 Experimental
4.2.1 Materials
All biomass used were obtained from a local farm and reduced in size using a

blender to 18-50 mesh. The chemical compositions of biomass used are presented in

Table 4.1.

Plant biomass material Cellulose%o Hemicellulose% Lignin%
Corn stover 28-51.2 19.1-30.7 11-16.9
Pine sawdust 45-50 25-35 35-35
Switch grass 30-50 10-40 5-20
Sugarcane bagasse 25-45 28-32 15-25
Hardwood stems (birch) 40-55 24-40 18-25

Metal oxides: Titanium (IV) oxide (TiOz), vanadium(V) oxide (V20s), zinc (11) oxide
(Zn0O), iron(111) oxide (Fe203), iron(l1,111) oxide (F304) were used as provided by the
chemical suppliers. Base chemical and solvent: Sodium hydroxide and ethanol were
purchased from Fisher Scientific and Pharmco-AAPER company, respectively.

4.2.2 Preparation of catalysts

Ni/C and Ni (270 °C) metals were prepared as described in the chapter 3.

4.2.3 Liquefaction procedure

The general procedure of corn stover liquefaction: To a stainless-steel pressure
reactor in a glovebox were added a magnet stirring bar, catalyst, biomass, and EtOH. The
closed reactor was transferred into a fume-hood and heated in a molten salt bath for the
desired time. After reactor was cooled down, the mixture was filtered and washed with

EtOH. The EtOH solution was condensed by rotary evaporation under a reduced pressure
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of 80 mbar using a 50°C water bath. To the residue, 1 mL of CH.Cl, (DCM) and 0.5 ml
of water were added. The DCM solution was separated, and the water phase was
extracted by DCM (0.5 mL x 2). The combined DCM solution was neutralized with
NaHCOg, dried with MgSO4 powder, and condensed on a rotary evaporator to yield oil
product.

The percentage yield of oil, solid residue, and corn stover conversion was

calculated based on the weight of corn stover feed by the following formula:

Weight of bio—oil
Biomass weight

Bio oil yield (wt%) = X 100%

Weight of solid bio residue

Solid bio residue (SR) yield (wt%) = x 100%

Biomass wieght
Un repolymerization yield (wt%) of bio oil = 100% — Solid bio residue %

Gas + water soluble species (wt%) = 100% — Bio oil % — Solid bio residue %

4.2.4 Characterization

It was performed for bio-oil obtained from each biomass liquefaction on a Bruker
AVANCE-400 and 600 MHz NMR spectrometer in CDCls using TMS as the internal
standard. Percentage of protons in different types of chemical groups were calculated
from the relative intensity of protons.

GC-MS analysis was performed on a Shimadzu GCMS-QP2010SE. GC column
temperature program was set as follows: the temperature was held at 40 °C for 1 minute,
then increased to 240 °C at a heating rate of 25 °C/min, and then maintained at 240 °C for
3 minutes. To facilitate the bio-oil derivatization, the bio-oil samples were treated with a

common TMS derivatizing reagent - N,O-bis(trimethylsilyDtrifluoroacetamide — BSTFA.
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4.3 Results and discussion

4.3.1 Pine sawdust liquefaction

Six types of catalytic systems were used to enhance the bio-oil production from
pine sawdust liquefaction under the following liquefaction condition: 12.66 wt%
biomass, 4 mL EtOH, 260 °C, 8 hr. Thus, six cases were generated, i.e., the blank where
no catalyst, Ni metal + NaOH, metal oxide alone, metal oxide + NaOH, Ni metal + metal
oxide, and Ni metal + metal oxide + NaOH. The catalytic systems applied showed
different behaviors toward biomass liquefaction products, as shown in Table 4.2. A low
bio-oil yield of 28.48% and 33.1% of SR were achieved using Fe2O3 alone ( run 4.9),
which are comparable to the results obtained by no catalyst (run 4.1). In contrast, the
largest SR yield was obtained by Fe2O3-NaOH (run 4.10), which resulted in the lowest
biomass conversion rate. Transition metal oxides are more acidic than their metals; thus,
the metal oxide can react with oxygenated species of decomposed biomass to enhance the
elimination of hydroxyl group and carboxylic group. In contrast, Ni metal can react with
n-system as hydrogen transfer and do reduction reaction. Thus, the synergistic effect of
Ni metals prepared by different methods and different metal oxides such as ZnO (run 4.4,
4.8, and 4.12), V20s (run 4.7), TiOz (run 4.3 and 4.6), and Fe2Os ( run 4.11) were also
examined. The results showed that the combination of Ni metal and metal oxide gave
higher bio-oil, and lower SR yields compared to the yields obtained by metal oxide alone
or combined with NaOH . It is interesting to note that more than 100% of bio-oil was
generated by employing Ni (270 °C) + ZnO + NaOH, Ni/C + V205 + NaOH, Ni/C + ZnO
+ NaOH, and Fe;O3 + NaOH under run 4.4, 4.7, 4.8, and 4.10, respectively. This
phenomenon is possibly caused by that NaOH combined with Ni metal, metal oxide, or

both can activate Guerbet condensation reactions of not only EtOH but also alcoholic
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products formed from biomass. Both Ni/C + Fe2O3 and Ni/C + ZnO under runs 4.11 and
4.12 exhibited the best performance among the tested catalysts under the same
liquefaction condition, giving > 97% of pine sawdust conversion and < 3 % of SR vyield.
This achievement is better than the results reported by Xu et al. 1% and Li, Liu et al. 17
from woody biomass liquefaction in ethanol under H> (g) using iron-based catalysts (FeS
and FeSQOy) and ionic liquid nickel catalyst ([BMIM]CI-NiCly), respectively. Moreover,
it can be seen from the ligquefaction using the combination of Ni metal and metal oxide
with and without NaOH; the liquefaction was more improved with an increase of Lewis
acidity of metal oxide, which is consistent with the results obtained from empty fruit
bunch liquefaction by different metal oxides.® From the previous results of this
investigation; it can be concluded that Ni metal-metal oxide-NaOH and Ni metal-metal
oxide gave better results compared to using Ni metal or metal oxide alone depending on
the type of metal and metal oxide.

Table 4.2: Bio-oil production from 400 mg pine sawdust liquefied in 4 mL EtOH at 260
°C for 8 h.

RuUN o Un-_ _ Gas +
No Catalyst Bio-0il% repolymerization = SR% aqueous
% products%
4.1  No catalyst 28.77 64.92 35.08 36.15
100 mg Ni (270 °C), 50 mg
4.2 74.25 81.92 18.08 7.67

NaOH

100 mg Ni(270 °C), 100 mg
4.3 66.37 83.4 16.6 17.02
TiO2, 50 mg NaOH

100 mg Ni(270 °C), 100 mg
4.4 102.27 90.62 9.37 -
Zn0, 50 mg NaOH

4.5 69 mg Ni/C, 50 mg NaOH 89.15 80.3 19.7 -
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69 mg Ni/C, 300 mg TiO,,

4.6 76 80.4 19.6 4.4
50 mg NaOH
69 mg Ni/C, 250 mg V20s,
4.7 103.95 77.92 22.08 -
50 mg NaOH
69 mg Ni/C, 249 mg ZnO, 50
4.8 124.95 95.45 4.55 -
mg NaOH
4.9 300 mg Fe;0s 28.47 66.9 33.1 38.42
4.10 300 mg Fe20s, 50 mg NaOH 142.32 48.67 51.33 -
411 69 mg Ni/C, 75 wt% F,03 89.72 100 0 10.27
412 69 mg Ni/C, 249 mg ZnO 80.9 97 3 16.1

4.3.2 Corn stover liquefaction

As indicated, biomass liquefaction was more promoted using Ni metal-metal
oxide in the presence and absence of base than other catalysts. Consequently, this type of
catalytic system was selected for biofuels production from corn stover under the
following condition: 400 mg corn stover, 4 mL EtOH, 260 °C, 8 h. The results of
biomass liquefaction catalyzed by different loadings of Ni metal and Fe>Os/FezO4 under
runs 4.13-4.22 are shown in Table 4.3. Higher biofuel yields and lower gas and SR
production were achieved under basic conditions (runs 4.13-4.15) compared to those
obtained by their parallels under neutral conditions ( runs 4.19-4.21). The investigation
results could be explained by that small Na ion of NaOH can penetrate the biomass
texture, leading to break the linkages between cellulose and lignin, and weaken C—C
bond resulting in a decreased activation energy.* 1% Moreover, the retro-aldol cleavage,

ketonization, and condensation reactions could be more promoted by the addition of Ni
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metal and metal oxide in the presence of NaOH, as seen by manipulating the mass of Ni
metal and Fe,Oz. A significant change in bio-oil production was seen by reducing the
loading of Ni/C from 140 to 70 mg (runs 4.16 and 4.17) and Fe>O3 from 300 to 100 mg
(runs 4.14 and 4.15) under basic condition; however, a slight change was observed in the
yields of bio-liquid generated by increasing the mass of Ni/C from 100 to 300 mg (runs
4.18 and 4.19) and Ni (270 °C) from 50 to 100 mg (runs 4.21 and 4.22), and reducing the
mass of Fe;O3 from 100 to 300 mg (runs 4.19 and 4.20) in the absence of NaOH.

Table 4.3: 400 mg corn stover liquefied in 4 mL EtOH at 260 °C for 8 h.

RUN Bio- Un- Gas and
' Catalyst ; repolymerization SR%  water-soluble
No 0il% .
% species%o

50 mg Ni (270 °C), 150
413 83.275 72.7 27.3 -
mg Fe>03, 50 mg NaOH

140 mg Ni/C, 300 mg
414 64.07 79.73 20.27 15.65
Fe»Os, 50 mg NaOH

140 mg Ni/C, 100 mg
4.15 61.42 82.97 17.03 21.55
Fe»Os, 50 mg NaOH

140 mg Ni/C, 300 mg
4,16 51.8 72.85 27.15 21.05
Fes04, 50 mg NaOH

70 mg Ni/C, 300 mg
4.17 42.87 77.47 22.53 34.6
Fes04, 50 mg NaOH

70 mg Ni/C, 300 mg
4.18 38.47 80.08 19.92 41.6
Fe,0s

140 mg Ni/C, 300 mg
4.19 40.5 81.75 18.25 41.25
Fe;Os
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140 mg Ni/C, 100 mg

4.20 40.63 86.47 13.53 45.85
Fe203
50 mg Ni (270 °C), 150

4.21 39.35 83.15 16.85 43.8
mg Fe;O3
100 mg Ni (270 °C), 150

4.22 40.875 86.7 13.3 45.825
mg Fe;O3

4.3.3 Liquefaction of different biomass

Three types of biomass (birch, sugarcane bagasse, and switchgrass) were selected
to investigate the catalytic power of Ni (270 °C)-Fe2Os in the presence and absence of
NaOH under the following condition: 15.19 wt% biomass, 4.17 wt% Fe203, 8.33 wt% Ni
(270 °C), 5 mL EtOH, 6h, 260 °C. The results of this investigation are presented in
Figure 4.1. Bio-oil production was higher, and the SR was lower under the basic than
under neutral liquefaction. The yield of SR was around 30% for birch and sugarcane
bagasse and was 2.25% for switchgrass, while the slight difference was observed in the
yields of bio-oil obtained for all biomass liquefied in the absence of NaOH. The highest
bio-oil yield of 65.32% was obtained from sugarcane bagasse, while birch and
switchgrass gave nearly the same bio-oil yields under basic condition. According to
Minowa et al., Zhong et al., Huang et al.'* %2 1% the distribution of liquefaction products
is mainly determined by the lignin content of biomass. The phenoxy radicals formed from
lignin of biomass during liquefaction can condense and repolymerize to a solid mass.
Therefore, the higher the lignin content in the feedstock resulted in the lower the
conversion rate and bio-oil yield. Moreover, Wang et al.!'? conducted the deoxy-

liquefaction process of four agriculture residues (legume straw, cornstalk, cotton stalk,
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and wheat straw) for bio-oil production. They found that the highest conversion rate
(65.7%) and the lowest yield of bio-oil (5.2%) were obtained by a cotton stalk, which
contained the highest holocellulose content among the four samples. However, according
to our investigation results and that found by de Caprariis, B., et al.,*** higher bio-oil
production was achieved from the biomass, which has greater lignin content, which may
be ascribed to that optimal liquefaction condition may differ based on the chemical
composition of biomass. Consequently, no remarkable correlation between the biomass
composition and the yield and quality of bio-oil could be concluded. These results
confirmed preliminarily that the proposed catalytic system was more effective for the
liquefaction of the three different feedstocks under basic condition than under neutral

condition.

Figure 4.1: Bio-oil production from diverse biomass using Ni (270 °C) and Fe2O3 in the
presence and absence of NaOH.

No NaOH With NaOH

100 :
< 80
2 60
ie) :
[<H) H

Birch  Sugarcane Switch Birch  Sugarcane Switch

bagasse grass bagasse grass

mBio-oil Solid bio-residue mGas + agueous products
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4.3.4 Characterization of bio-oil composition

4.3.4.1 'H-NMR analysis of bio-oil

To investigate the chemical structural changes of bio-oil produced, a *H-NMR
analysis was carried out. The percentages of proton types were calculated on the basis of
the integration values obtained from the *H-NMR spectra (S1-528), as shown in Figures
4.2, 4.3, and 4.4. The region of the spectrum from (0.5 to 3.0 ppm), (3.0 to 4.0 ppm), (4.1
to 4.3 ppm), and (6.0 to 8.0 ppm) represent aliphatic protons of non-oxygenated carbon
atoms (—CHzs, —CHy—), protons of carbon atoms bonded to hydroxyl or ether group
(—CHsr—0—), protons of CHx connected to ester group (—COOCH»—), and the
aromatic protons ( Ar—H), respectively.

'H-NMR analysis of bio-oils from pine sawdust liquefaction under different
conditions (runs 4.1-4.12, S1-S12) is presented in Figure 4.2. Bio-oil produced by no
catalyst contained 29.46% of undesirable protons (protons of oxygenated carbons), while
the remaining percentage is about protons of non-oxygenated aliphatic carbon. The
percent of ester protons is higher than the percent of aromatic, ether, and alcohol protons,
the highest ester proton percentage among bio-oils produced from pine sawdust
liquefaction. Compared to the results obtained by no catalyst, all the catalytic liquefaction
gave lower percents of undesirable protons. In the catalytic liquefaction using Ni (270
°C)- metal oxide-NaOH (runs 4.2-4.4), the aromatic and oxygenated carbon protons were
more reduced by ZnO than TiO> and the last showed a lower reduction of aromatic and
ester protons compared to using Ni (270 °C) + NaOH. For the catalytic liquefaction using
Ni/C- metal oxide-NaOH (runs 4.5-4.8), the reduction of aromatic protons and the

formation of ether and alcohol protons were more enhanced by the addition of TiO»,
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V205, and ZnO compared to using Ni/C alone with NaOH. Whereas, the ester protons
were more reduced by Ni/C and NaOH without metal oxide. The influence of Ni/C metal
and NaOH addition were noticed in bio-oils generated under reaction runs 4.9-4.12. The
aromatics and esters in the catalytic liquefaction using Fe2O3-NaOH were more reduced
than using Ni/C-Fe203, Ni/C-Zn0, and Fe20s alone. In contrast, liquefaction using Fe203
alone showed the lowest reduction of aromatic and ester protons.

The bio-oils generated from corn stover liquefaction were also analyzed using *H-
NMR. The analysis results are presented in Figure 4.3 (S13-S22). The bio-oils produced
from corn stover using Ni (270 °C) and Ni/C with metal oxide contained lower
undesirable proton percents under basic liquefaction than under neutral liquefaction. The
percentages of undesirable protons were further suppressed by reducing the loadings of
Fe>O3 from 75 wt% (run 4.14) to 25 wt% (run 4.15) and Ni/C from 35 wt% (run 4.16) to
17.5 wt% (run 4.17) , respectively. Significant changes were also observed in neutral runs
4.18-4.22 by varying the loadings of Ni/C and metal oxide. Reduction in Ni/C and metal
oxide loadings clearly caused an increase in the proportion of ester protons.

As shown in Figure 4.4 (S23-S28), the bio-oils produced from birch, sugarcane
bagasse, and switch grass liquefaction using the same catalytic system consisting of Ni
(270 °C)-Fe203 contained higher percentages of protons on aromatic and oxygenated
carbons under neutral conditions than that those obtained under basic conditions.
Consequently, lower proton percentages of non-oxygenated carbons were obtained from
birch, sugarcane bagasse, and switchgrass under neutral condition than that obtained

under basic conditions.
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Figure 4.2: H-NMR analysis of bio-oil produced from pine sawdust in runs 4.1-4.12.
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Figure 4.4: H-NMR analysis of bio-oil produced from diverse biomass.

4.3.4.2 GC-MS analysis of ethanol distillate and bio-oil

GC-MS analysis was carried out to detect the volatile compounds in EtOH
distillates and bio-oils produced from direct liquefaction of different biomass under
different conditions as shown in Tables 4.4-4.27. Aliphatic alcohols (mostly primary)
accounted for the largest proportion of the identified derivatives in bio-oils and EtOH
distillates from pine sawdust liquefaction (runs 4.5-4.8 and 4.11), except EtOH distillate
of run 4.5 as illustrated in Tables 4.4-4.13 (S29-S38). The primary alcohols were derived
from ethanol and alcoholic products formed from biomass via Guerbet reaction. The
Guerbet reaction involves the coupling of two alcohol molecules to produce the
unbranched and B-branched heavier alcohols via a number of sequential steps, as shown

in Scheme 1.
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Dehydrogenation
2 R—CH,—CH,OH —= 2RCH,~CHO+H,

[ linear alcohol ] saturated aldehyde

Aldol- Aldol-
Addition Condensation

2 R—-Cﬂz—-CHO — 2R-CH-CHO — 2 R-CH-CHO
saturated aldehyde H(I:—OH - Hzo -

R-CH,, R-CH,,

hydroxylaldehyde unsaturated aldehyde

Dehydrogenation

2 R-CH-CHO + 2 n—-cuz—cnzon — 2R-CH_ -CHO
I

CH saturated aldehyde
: R-CH-CH
R-CH,, =< "
+* CH monobranched
| Guerbet alcohol
R~CH2

Scheme 1: Guerbet reaction sequence for alcohol coupling.'*?
Compared to other runs (4.5-4.8), derivatives such as acid, ester, aromatic, furan, and
ether were detected in bio-oil obtained from pine sawdust using Ni/C-Fe2Osz in run 4.11,
which indicated a marked level of reduction reactions occurred during the liquefaction
process. More products of ester, ether, aldehyde, ketone, and furan were measured in
EtOH distillates obtained from pine sawdust liquefaction.

The major compounds identified in the bio-oils from corn stover liquefaction
were alcohols, acids, esters, ethers, ketones, hydrocarbons, and aromatics, as shown in
Tables 4.14-4.17 (S39-S42). Higher relative abundances of aromatic were measured for
runs 4.14 and 4.18 than runs 4.15 and 4.16, which indicated that employing 75 wt.% of
Fe2O3 was more effective for the lignin decomposition than Fez04 (75 wt.%) and Fe>O3
(25 wt.%) in the presence of Ni/C and NaOH. Moreover, the lignin liquefaction was more

promoted under neutral than basic conditions.
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The bio-oils and EtOH distillates from birch, sugarcane bagasse, and switchgrass
liquefaction under a neutral and basic condition were also analyzed. The analysis results
(Tables 4.18-4.27, S43-S52) showed similar compounds to what was recognized in the
previous analysis. Of the bio-oils from the liquefaction of birch and sugarcane bagasse
under neutral conditions, the most abundant volatiles are esters and alcohols,
respectively. However, no biomass-derived products were detected in the bio-oils from
birch and sugarcane bagasse liquefaction under basic conditions. On the other hand,
aromatic products formed the most significant percentage of the bio-oil from switchgrass
under both neutral and basic conditions. In EtOH distillates, ester and ether derivatives
dominate under neutral condition, while ester, alcohol, aldehyde, and ether derivatives
dominate under basic condition.

Table 4.4: Main compounds identified and their contents in bio-0ils generated from pine

sawdust liquefaction of run 4.5.

Re(':ﬁ'li'ri]r;e Area% Similarity Compound name
2.075 19.0478 96 n-Hexane
2.457 21.428571 84 Cyclohexane
3421 9.5238095 95 Butan-1-ol
4517 11.904762 94 2-Methyl-pentan-1-ol
4.895 21.428571 96 Hexan-1-ol
5.694 9.5238095 96 2-Ethyl-hexan-1-ol

6.193 7.1428571 93 Octan-1-ol



106

Table 4.5: Main compounds identified and their contents in bio-0ils generated from pine

sawdust liquefaction of run 4.6.

Ret. Time

(min) Area%  Similarity Compound name
2.765  2.36693433 93 Acetic acid

3436  35.4764233 98 Butan-1-ol

4.532 14.241641 96 2-Methyl-pentan-1-ol

491 34.1132044 97 Hexan-1-ol

5,709  7.28630302 96 2-Ethyl-hexan-1-ol

6.204  6.51549395 95 Octan-1-ol

Table 4.6: Main compounds identified and their contents in bio-0ils generated from pine

sawdust liquefaction of run 4.7.

R(zfr.]'li'ri]r)ne Area% Similarity Compound name

3.436 32.4274857 98 Butan-1-ol

4.532 16.4882412 97 2-Methyl-pentan-1-ol

491 30.8708735 97 Hexan-1-ol

5.709 9.0785633 97 2-Ethyl-hexan-1-ol

5.984 2.47292575 82 8-Bromo-1-octanol

6.204 5.46119939 97 Octan-1-ol

6.849 1.42459992 84 2-Butyl-octan-1-ol

7.341 1.32422225 94 Decan-1-ol
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Table 4.7: Main compounds identified and their contents in bio-0ils generated from pine

sawdust liquefaction of run 4.8.

th':r.]'li'ri]r)ne Area%  Similarity Compound name
3.439 25.14771 98 Butan-1-ol
4.534 15.05095 97 2-Methyl-pentan-1-ol
4911 26.5238 97 Hexan-1-ol
5.709 10.99963 97 2-Ethyl-hexan-1-ol
5.986 2.237727 74 2-Propylpentanol
6.206 6.433052 97 Octan-1-ol
6.851 2.325473 84 2-Butyloctanol
7.343 1.857978 93 Decan-1-ol

Table 4.8: Main compounds identified and their contents in bio-0ils generated from pine

sawdust liquefaction of run 4.11.

th';r.]'li'rilr)ne Area% Similarity Compound name
3.438 26.6519111 97 Butan-1-ol
4.192 1.59186721 86 Pentan-1-ol
4.257 1.28785088 86 Butane, 1,1-diethoxy-
4.534 4.9128449 95 2-Methyl-pentan-1-ol
4.775 2.10891997 74 2,4-Pentanediol, 3-methyl-
4911 30.6626206 97 Hexan-1-ol
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Cyclopropane, 1-methylene-2-(4,4-
diethoxybutyl)-
(Tetrahydro-furan-2-yl)-methanol
2,2-Dimethylglutaric anhydride
2-Hydroxybutanoic acid
4-Methylvleric acid

Hexane, 1,1-diethoxy-

Phenol, 2-methoxy-
2-Ethyl-hexan-1-ol
1-(1-Ethoxy-ethoxy)-hexane
4-Methyl-3-heptanol
1,2,4-Cyclopentanetriol

Octan-1-ol

3-Hydroxy-propionic acid 4-hydroxy-3-
methoxy-benzyl ester

Methyl dehydroabietate

Table 4.9: Main compounds identified and their contents in EtOH distillate generated

from pine sawdust liquefaction of run 4.5.

R(z:r.]'li'rllr)ne Area%  Similarity Compound name
1573  19.1489362 99 Acetaldehyde
2.75 17.0212766 96 Propanoic acid, ethyl ester
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2.878 42.5531915 97 Ethane, 1,1-diethoxy-

3.45 6.38297872 94 Butanoic acid, ethyl ester

3.56 4.25531915 72 5-Methoxymethoxyhexa-2,3-diene
3.637  6.38297872 91 2-Ethoxytetrahydrofuran

4.242  2.12765957 82 Propane, 1,1-diethoxy-2-methyl-

Table 4.10: Main compounds identified and their contents in EtOH distillate generated

from pine sawdust liquefaction of run 4.6.

R(z':ﬁ'li'ri]r)ne Area%  Similarity Compound name
1.569 2.50896 98 Acetaldehyde
1.94 2.15054 82 1-Propanol, 2-methyl-
2.075 6.09319 97 n-Hexane
2.435 61.2903 97 1-Butanol
2.592 0.71685 91 2-Pentanone
2.882 5.37634 97 Ethane, 1,1-diethoxy-
3.164 11.1111 98 Butanal, 2-ethyl-
3.458 4.6595 87 Hexanal
3.795 1.43369 92 1-Pentanol, 2-methyl-
4.242 1.79211 90 Butane, 1,1-diethoxy-
4.686 2.86738 94 Hexanal, 2-ethyl-

Table 4.11: Main compounds identified and their contents in EtOH distillate generated

from pine sawdust liquefaction of run 4.7.
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Ret. Time

(min) Area%  Similarity Compound name
2.438 70.5608 97 1-Butanol

2.589 1.8445 97 2-Pentanone

2.75 2.08725 98 Propanoic acid, ethyl ester
2.882 1.48547 96 Ethane, 1,1-diethoxy-
3.161 5.70589 98 Butanal, 2-ethyl-

3.329 2.57365 98 3-Hexanone

3.45 4.79901 94 Butanoic acid, ethyl ester
3.791 2.3302 94 2-Methylpentanol

4.037 2.43316 93 Butanoic acid ethenyl ester
4.242 1.5932 89 Pentanoic acid, ethyl ester
4.682 2.44166 96 Hexanal, 2-ethyl-

Table 4.12: Main compounds identified and their contents in EtOH distillate generated

from pine sawdust liquefaction of run 4.8.

Ret. Time

(min) Area%  Similarity Compound name
1.94 1.293171 91 Butane, 2,3-dimethyl-

2.003 1.579557 97 Pentane, 3-methyl-

2.074 10.71269 97 n-Hexane

2.438 59.7499 97 1-Butanol

2.88 2.086584 96 Ethane, 1,1-diethoxy-

3.162 8.593411 98 Butanal, 2-ethyl-
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Hexanal

1-Butanol, 2-ethyl-
1-Hexanol

Butane, 1,1-diethoxy-

Hexanal, 2-ethyl-

Table 4.13: Main compounds identified and their contents in EtOH distillate generated

from pine sawdust liquefaction of run 4.11.

R(z':].q'li'ri]r)ne Area%  Similarity Compound name
1.569 3.026114 98 Acetaldehyde
2.075 2.106826 97 n-Hexane
2.438 52.03898 97 1-Butanol
2.75 1.363759 97 Propanoic acid, ethyl ester
2.878 23.18016 97 Ethane, 1,1-diethoxy-
3.164 2.3415 98 Butanal, 2-ethyl-
3.454 3.825454 83 Butanoic acid, ethyl ester
3.557 0.65386 85 Levulic acid
3.619 1.169159 82 2-Butenal, 2-ethyl-
4.239 6.65218 94 Butane, 1,1-diethoxy-
4.338 1.635204 93 Butane, 1-(1-ethoxyethoxy)-

Table 4.14: Main compounds identified and their contents in bio-0ils generated from corn

stover liquefaction of run 4.14.
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Ret.Time

(min) Area% Similarity Compound name
3.418 1.0762 95 1-Butanol
4515 2.0754 96 3-Methylpentanol
4.78 4.85463 93 2-Propylpentanol
4.893 6.14245 97 1-Hexanol
5.477 1.00953 83 Hexanoic acid
5.689 2.69891 97 1-Hexanol, 2-ethyl-
5.84 1.40932 83 2-Hydroxy-2-methyl-1-phenylpropan-1-one
6.186 2.13246 96 Octane-1-ol
6.322 1.01965 84 2,4-Dimethyl-3-pentanol
Propanoic acid, 2-methyl-, 2,2-dimethyl-1-(2-
7.279 3.04629 87
hydroxy-1-methylethyl)propyl ester
Propanoic acid, 2-methyl-, 3-hydroxy-2,4,4-
7.392 3.1571 93
trimethylpentyl ester
7.58 1.14205 87 Heneicosane
7.899 3.67883 88 Hexadecane, 1,16-dichloro-
7.979 3.87067 72 Oxalic acid, 2-ethylhexyl isohexyl ester
8.499 50.9332 79 Phthalic acid, monoethyl ester
8.672 1.5316 77 Eicosane

Table 4.15: Main compounds identified and their contents in bio-0ils generated from corn

stover liquefaction of run 4.15.
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Ret. Time

(min) Area% Similarity Compound name
2.749 2.82043 93 Acetic acid
3.422 5.86564 95 Butan-1-ol
4.099 1.90143 86 Isobutyric acid
4518 4.84487 95 2-Methyl-pentan-1-ol
4.789 1.71413 62 3-Methyl-2-buten-1-ol
4.895 14.08 96 Hexan-1-ol
4.95 1.30977 55 2-Ethyl-butane-1,3-diol
5.023 1.39451 61 cis-2-Hexen-1-ol
2-Hydroxy-2-methyl-1-phenyl-propan-1-
5.313 2.0428 77
one
5.384 1.13614 74 Phenol
5.483 2.16761 75 Octan-3-ol
5.694 6.51174 94 2-Propyl-1-pentanol
5.755 1.98961 76 2-Hydroxybutanoic acid
2-Hydroxy-2-methyl-1-phenyl-propan-1-
5.846 6.53463 81
one
5.969 3.67421 64 2-Ethyl-hexan-1-ol
6.087 3.90001 76 2-Hydroxypentanoic acid
6.192 5.22072 92 Octan-1-ol
6.257 1.54643 59 2-Hydroxy-3-methyl-butyric acid
6.328 2.72974 84 3-Methyl-3-pentanol
6.505 2.39748 61 4-Phenoxy-butan-1-ol
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3-Ethylphenol

4-Methyl-hexane-1,5-diol
3-Methyl-pentan-1-ol

Octan-4-ol

2-Hydroxyoctadecanoic acid methyl ester
beta.-D-Mannofuranoside, 1-O-(10-
undecenyl)-

Benzene

Undecan-6-ol

2-Ketoisohexanoic acid

4-Hydroxy-3-methoxy-benzaldehyde

Table 4.16: Main compounds identified and their contents in bio-0ils generated from corn

stover liquefaction of run 4.16.

Ret. Time

(min) Area% Similarity Compound name
2.749 2.13988 82 Acetic acid

3.423 3.00396 85 Butan-1-ol

4,519 4.82004 90 2-Methyl-pentan-1-ol

4.843 1.68968 71 Malonic acid

4.897 14.3717 94 Hexan-1-ol

5.251 2.35276 64 Pentane-1,2,4-triol

5.384 2.09296 59 Phenol
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4.00306

3.94535

5.38135

1.82327

1.60518

2.81608

2.03884

3.52212

2.35347

1.67332

73

92

76

75

91

72

77

55

62

65

64

62

65

57

72

57

2-Hydroxy-butyric acid
2-Propyl-1-pentanol
1,3-Pentanediol
2-Hydroxypentanoic acid
Octan-1-ol
2-Methylpentane-1,3-diol
Octan-4-ol
7-Oxo-octanoic acid
2-Phenyl-ethanol
2-Ethyl-decan-1-ol
Dodecan-4-ol

Decane-1,7-diol

62% 2-lsopropyl-5-methyl-phenol

2-Ketoisohexanoic acid

4-Hydroxy-3-methoxy-benzaldehyde

2-tert-Butyl-6-methylphenol

115

Table 4.17: Main compounds identified and their contents in bio-0ils generated from corn

stover liquefaction of run 4.18.

th';r.]'li'rllr)ne Area% Similarity Compound name
2.458 24.9314 72 Formic acid, hexyl ester
4.957 21.0354 86 3-Hydroxy-2-butanone



4.99

5.333

5.385

5.45

5.566

5.964

6.507

6.585

6.823

6.901

6.94

7.315

7.466

7.91

7.60702

2.50143

1.42117

18.6623

1.30358

6.70675

2.71854

4.23126

1.2751

1.25127

1.56614

2.0509

1.18111

1.55671

86

72

84

84

57

83

62

82

65

46

66

63

60

58
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Hydroxy-acetic acid ethyl ester
Hexan-2-ol

Phenol
2-Hydroxy-2-methyl-1-phenyl-propan-1-
one

2-Hydroxy-succinic acid diethyl ester
2,4-Dimethyl-3-pentanol
2-Methoxyphenol

3-Ethylphenol
3-0xo0-1-cyclohexene-1-carboxylic acid
4-Methylmannitol
3-Oxo0-1-cyclohexene-1-carboxylic acid
3,4-Methoxyphenol
4-Hydroxy-3-methoxy-benzaldehyde
(4-Hydroxy-3-methoxy-phenyl)-acetic acid

methy| ester

Table 4.18: Main compounds identified and their contents in bio-0ils generated from

birch liquefaction under a neutral condition.

R(z:r.]'li'rllr)ne Area%  Similarity Compound name
3.831 4.878049 98 Propanoic acid, 2-hydroxy-, ethyl ester, (S)-
4.406 8.536585 97 Butanoic acid, 2-hydroxy-, ethyl ester



4.978

5.009

5.559

6.352

8.515

10.517

11.799

11.853

Table 4.19: Main compounds identified and their contents in bio-oils generated from

6.097561

7.317073

6.097561

2.439024

21.95122

15.85366

18.29268

4.878049

90

95

92

89

95

95

94

76

Furan-2-yl-methanol

Hydroxy-acetic acid ethyl ester
Butanoic acid, anhydride
Benzene-1,2-diol

Diethyl Phthalate

Hexadecanoic acid, ethyl ester
9,12-Octadecadienoic acid, ethyl ester

Ethyl Oleate

sugarcane bagasse liquefaction under a neutral condition.

Re(';.q‘li'ri]r)ne Area%  Similarity Compound name
4.714 3.96825 83 2-Oxo-butyric acid
4.953 14.2857 81 Propane-1,2-diol
4.988 5.55556 96 Hydroxy-acetic acid ethyl ester
5.298 4.76191 81 2,3-Dimethyl-pentan-3-ol
5.329 11.9048 93 (Tetrahydro-furan-2-yl)-methanol
5.449 13.4921 86 2-Methyl-pentan-3-ol
5.478 4.76191 90 Butane-1,2-diol
5.839 3.1746 76 4-Methyl-2-oxo-pentanoic acid
5.962 7.14286 84 2,4-Dimethyl-pentan-3-ol
6.581 14.2857 91 3-Ethyl-phenol
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7.314

7.81

8.643

9.04

3.96825

3.1746

4.76191

4.76191

79

77

79

86
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3,3,5,5-Tetramethyl-cyclohex-1-enol
Pentane-1,2,5-triol
(3-Hydroxy-4-methoxy-phenyl)-acetic
acid methyl ester
4-Hydroxyphenylpropionic acid, ethyl

ester

Table 4.20: Main compounds identified and their contents in bio-0ils generated from

switchgrass liquefaction under a neutral condition.

Ret. Time

(min) Area% Similarity Compound name
1.579 11.25 79 Ethyl formate

4.324 2 95 Butanoic acid, 2-hydroxy-, ethyl ester
5.004 1.75 78 Hydroxy-acetic acid ethyl ester
5.533 12.5 96 Nonanal

5.565 3 90 Butanoic acid, anhydride

6.162 21.75 96 Benzoic acid

6.592 35 65 2-(4-tert-Butyl-phenoxy)-ethanol
6.636 5 87 Benzoylformic acid

6.723 10 93 Nonanoic acid

7.906 5.25 90 1-Dodecanol

8.512 8 80 Diethyl Phthalate

8.912 2.25 93 1-Hexadecanol
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7,9-Di-tert-butyl-1-

10.121 3.25 84 oxaspiro(4,5)deca-6,9-diene-2,8-
dione

10.327 6.5 89 Pentadecanoic acid

10.828 1.75 94 Hexadecanoic acid

11.782 2.25 84 Octadecanoic acid

Table 4.21: Main compounds identified and their contents in bio-0ils generated from

sugarcane bagasse liquefaction under a basic condition.

Ret. Time

(min) Area%  Similarity Compound name
3.417 15 91 Butan-1-ol

4.892 45 94 Hexan-1-ol

6.188 20 93 Octan-1-ol

6.326 20 78 2,4-Dimethyl-pentan-3-ol

Table 4.22: Main compounds identified and their contents in bio-0ils generated from

switchgrass liquefaction under a basic condition.

R(z':r.]'li'rllr)ne Area%  Similarity Compound name
3.417 12.94719 93 Butan-1-ol
4.892 15.3322 91 Hexan-1-ol
4.952 6.984668 59 7-Hydroxy-octanoic acid

5.381 9.199319 94 Phenol



5.808

6.001

6.256

6.505

7.465

7.988

4.940375

15.50256

4.940375

17.54685

7.836457

4.770017

72

76

77

84

75

53
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2-Hydroxy-butyric acid
(Tetrahydro-furan-2-yl)-methanol
2-Hydroxy-pentanoic acid
2-Methoxy-phenol
4-Hydroxy-3-methoxy-benzaldehyde

5-tert-Butyl-isophthalic acid

Table 4.23: Main compounds identified and their contents in EtOH distillate generated

from birch liquefaction under a neutral condition.

Ret. Time

(min) Area%  Similarity Compound name

2.141 43.65994 97 Ethyl Acetate

2.237 15.27378 93 Tetrahydrofuran

2.75 4.178674 96 Propanoic acid, ethyl ester

2.878 20.60519 94 Ethane, 1,1-diethoxy-

3.296 1.152738 97 Acetic acid, hydroxy-, ethyl ester
Propanoic acid, 2-hydroxy-, ethyl ester,

3.557 4.178674 89
(S)-

3.637 4.322767 96 2-Ethoxytetrahydrofuran

4.297 2.017291 97 Butanoic acid, 2-hydroxy-, ethyl ester

Table 4.24: Main compounds identified and their contents in EtOH distillate generated

from sugarcane bagasse liquefaction under a neutral condition.
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Ret. Time

(min) Area%  Similarity Compound name
1.562 4.364326 92 Acetaldehyde

2.061 1.42315 90 Butanal

2.141 19.11765 98 Ethyl Acetate

2.237 2.182163 96 Tetrahydrofuran

2.394 7.495256 85 2-Propanol, 1-methoxy-

2.46 4.222011 87 1-Butanol

2.757 4.222011 85 3-Hydroxy-butan-2-one

2.878 32.25806 95 Ethane, 1,1-diethoxy-

3.201 1.185958 84 Diethyl carbonate

3.293 1.660342 97 Acetic acid, hydroxy-, ethyl ester
3.465 2.182163 90 1,2-Butanediol

3.553 5.502846 96 Propanoic acid, 2-hydroxy-, ethyl ester
3.637 4.032258 96 2-Ethoxytetrahydrofuran

4.239 3.98482 94 Butane, 1,1-diethoxy-

4.294 3.036053 96 Butanoic acid, 2-hydroxy-, ethyl ester
4.363 1.42315 80 2-Ethoxypentane

Table 4.25: Main compounds identified and their contents in EtOH distillate generated

from birch liquefaction under a basic condition.

Ret. Time
(min)

Area%

Similarity

Compound name

2.061

2.414231

90

Propanal, 2-methyl-



2.141

2.237

2.391

2.46

2.662

2.746

2.878

2.966

3.084

3.45

3.557

3.612

4.239

45.23507

12.96061

9.52986

4.955527

1.143583

6.226175

5.209657

1.905972

1.016518

2.668361

1.143583

1.397713

1.016518

97

96

84

95

85

96

94

94

87

95

84

96

83
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Ethyl Acetate
Tetrahydrofuran
2-Propanol, 1-methoxy-
1-Butanol

3-Pentanone

Propanoic acid, ethyl ester
Ethane, 1,1-diethoxy-
1H-Pyrrole, 1-methyl-
Pyrrole

Butanoic acid, ethyl ester
1H-Pyrrole, 1-ethyl-
2-Butenal, 2-ethyl-

Propane, 1,1-diethoxy-2-methyl-

Table 4.26: Main compounds identified and their contents in EtOH distillate generated

from sugarcane bagasse liquefaction under a basic condition.

R(z:r.]'li'ri]r)ne Area%  Similarity Compound name
2.053 5.039096 95 Butanal
2.134 23.80539 97 Ethyl Acetate
2.233 1.650738 94 Tetrahydrofuran
2.372 1.650738 85 2-Propanol, 1-methoxy-
2.442 21.4596 96 1-Butanol



2.581

2.743

2.871

3.153

3.45

3.553

3.604

3.791

4.004

4.235

4.679

4.979

5.016

5.071

1.216334

4517811

4.170287

9.470026

8.166811

1.476977

3.040834

1.129453

1.390096

2.69331

3.735882

1.476977

1.476977

2.432667

91

96

94

98

87

80

97

94

95

88

96

95

90

86
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2-Pentanone

Propanoic acid, ethyl ester
Ethane, 1,1-diethoxy-
Butanal, 2-ethyl-

Hexanal

Acetic acid, butyl ester
2-Butenal, 2-ethyl-
1-Pentanol, 2-methyl-
1-Hexanol

Butane, 1,1-diethoxy-
Hexanal, 2-ethyl-
Hexanoic acid, ethyl ester
2-Hexenal, 2-ethyl-

1,2,4-Trimethylcyclohexane

Table 4.27: Main compounds identified and their contents in EtOH distillate generated

from switchgrass liquefaction under a basic condition.

Ret. Time

(min) Area%  Similarity Compound name
2.06 8.145447 94 Butanal

2.141 32.04023 96 Ethyl Acetate

2.24 1.713086 96 Tetrahydrofuran

2.39 3.370911 84 2-Propanol, 1-methoxy-
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2.46 17.61715 96 1-Butanol

2.75 7.780725 96 Propanoic acid, ethyl ester
2.878 7.283378 94 Ethane, 1,1-diethoxy-
3.16 3.348806 98 Butanal, 2-ethyl-

3.45 7.581786 94 Butanoic acid, ethyl ester

3.556 1.934129 80 6-Methyl-2-heptyne

3.611 3.426172 98 2-Butenal, 2-ethyl-
4.238 2.696729 87 Butane, 1,1-diethoxy-
4.682 1.127321 90 Hexanal, 2-ethyl-
4.906 1.934129 84 1-Nonanol

4.4 Conclusions

Liquefaction of different biomass using various catalytic systems was
investigated. Among other catalysts applied, the synergistic effect of Ni metal-metal
oxide in the presence/absence of NaOH showed a more substantial influence on biomass
liquefaction. Based on pine liquefaction yield results, the catalytic power of metal oxides
is ranked in the following order: Fe;O3 > ZnO > V205 > TiOa. In corn stover, birch,
sugarcane bagasse, and switchgrass liquefaction, higher bio-oil and lower SR were
achieved under basic than neutral conditions. Based on the *H-NMR analysis, lower
abundances of aromatic, ester, ether, and alcohol were present in bio-oils generated under
basic conditions compared to those obtained under neutral conditions. The distribution of
bio-oil components is highly dependent on the type of biomass and catalysts used.
However, no remarkable correlation can be concluded between the biomass composition

and the yield and quality of bio-oil obtained. In liquefactions catalyzed by metal + metal
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oxide + NaOH, Guerbet condensation is still the dominant reaction, and not much decline
was seen for the repolymerized SR. To catalyze the ketonic decarboxylation reactions
and reduce the alcohol condensation reactions, reducing reaction time and a weaker base
such as KOAc are recommended. Thus, in future work, the influence study of KOAc
combined with Ni metal and metal oxide are suggested for the liquefaction of corn stover

for a shorter time at a higher temperature of 300°C.

4.5 Appendix
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Figure S1: The proton NMR spectrum of bio-oil product of pine sawdust liquefaction of

Run 4.1.
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Figure S2: The proton NMR spectrum of bio-oil product of pine sawdust liquefaction of

Run 4.2.
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Figure S3: The proton NMR spectrum of bio-oil product of pine sawdust liquefaction

Run 4.3.
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Figure S5: The proton NMR spectrum of bio-oil product of pine sawdust liquefaction of

Run 4.5.
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Figure S6: The proton NMR spectrum of bio-oil product of pine sawdust liquefaction of

Run 4.6.
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Figure S7: The proton NMR spectrum of bio-oil product of pine sawdust liquefaction of

Run 4.7.
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Figure S8: The proton NMR spectrum of bio-oil product of pine sawdust liquefaction of

Run 4.8.
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Figure S9: The proton NMR spectrum of bio-oil product of pine sawdust liquefaction of

Run 4.9.
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Figure S10: The proton NMR spectrum of bio-oil product of pine sawdust liquefaction of

Run 4.10.
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Figure S12: The proton NMR spectrum of bio-oil product of pine sawdust liqu
Run 4.12.
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Figure S13: The proton NMR spectrum of bio-oil product of corn stover liquefaction of

Run 4.13.
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Figure S14: The proton NMR spectrum of bio-oil product of corn stover liquefaction of

Run 4.14.
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Figure S15: The proton NMR spectrum of bio-oil product of corn stover liquefaction of

Run 4.15.
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Figure S16: The proton NMR spectrum of bio-oil product of corn stover liquefaction of

Run 4.16.
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Figure S17: The proton NMR spectrum of bio-oil product of corn stover liquefaction of

Run 4.17.
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Figure S18: The proton NMR spectrum of bio-oil product of corn stover liquefaction of

Run 4.18.
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Figure S19: The proton NMR spectrum of bio-oil product of corn stover liquefaction of

Run 4.109.
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Figure S20: The proton NMR spectrum of bio-oil product of corn stover liquefaction of

Run 4.20.
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Figure S21: The proton NMR spectrum of bio-oil product of corn stover liquefaction of

Run 4.21.
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Figure S22: The proton NMR spectrum of bio-oil product of corn stover liquefaction of

Run 4.22.
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Figure S23: The proton NMR spectrum of bio-oil product of birch liquefaction under a

neutral condition.
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Figure S24: The proton NMR spectrum of bio-oil product of sugarcane bagasse
liquefaction under a neutral condition.
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Figure S25: The proton NMR spectrum of bio-oil product of switchgrass liquefaction

under a neutral condition.
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Figure S26: The proton NMR spectrum of bio-oil product of birch liquefaction under a

basic condition.
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Figure S27: The proton NMR spectrum of bio-oil product of sugarcane bagasse
liquefaction under a basic condition.
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Figure S28: The proton NMR spectrum of bio-oil product of switchgrass liquefaction

under a basic condition.
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Figure S29: The GC-MS chromatogram of bio-oil product of pine sawdust liquefaction of

Run 4.5.
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Figure S30: The GC-MS chromatogram of EtOH distillate product of pine sawdust
liquefaction of Run 4.5.
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Figure S31: The GC-MS chromatogram of bio-oil product of pine sawdust liquefaction of

Run 4.6.
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Figure S32: The GC-MS chromatogram of EtOH distillate product of pine sawdust
liquefaction of Run 4.6.
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Figure S33: The GC-MS chromatogram of bio-oil product of pine sawdust liquefaction of
Run 4.7.
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Figure S34: The GC-MS chromatogram of EtOH distillate product of pine sawdust
liquefaction of Run 4.7.
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Figure S35: The GC-MS chromatogram of bio-oil product of pine sawdust liquefaction of
Run 4.8.
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Figure S36: The GC-MS chromatogram of EtOH distillate product of pine sawdust
liquefaction of Run 4.8.
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Figure S37: The GC-MS chromatogram of bio-oil product of pine sawdust liquefaction of
Run 4.11.
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Figure S38: The GC-MS chromatogram of EtOH distillate product of pine sawdust
liquefaction of Run 4.11.
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Figure S39: The GC-MS chromatogram of bio-oil product of corn stover liquefaction of
Run 4.14.
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Figure S40: The GC-MS chromatogram of bio-oil product of corn stover liquefaction of
Run 4.15.
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Figure S41: The GC-MS chromatogram of bio-oil product of corn stover liquefaction of
Run 4.16.
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Figure S42: The GC-MS chromatogram of bio-oil product of corn stover liquefaction of
Run 4.18.
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Figure S43: The GC-MS chromatogram of bio-oil product of birch liquefaction under a
neutral condition.
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Figure S44: The GC-MS chromatogram of bio-oil product of sugarcane bagasse
liquefaction under a neutral condition.
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Figure S45: The GC-MS chromatogram of bio-oil product of switchgrass liquefaction
under a neutral condition.
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Figure S46: The GC-MS chromatogram of EtOH distillate product of birch liquefaction
under a neutral condition.
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Figure S47: The GC-MS chromatogram of EtOH distillate product of sugarcane bagasse
liquefaction under a neutral condition.
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Figure S48: The GC-MS chromatogram of bio-oil product of sugarcane bagasse
liquefaction under a basic condition.
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Figure S49: The GC-MS chromatogram of bio-oil product of switchgrass liquefaction
under a basic condition.
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Figure S50: The GC-MS chromatogram of EtOH distillate product of birch liquefaction
under a basic condition.
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Figure S51: The GC-MS chromatogram of EtOH distillate product of sugarcane bagasse
liquefaction under a basic condition.
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Figure S52: The GC-MS chromatogram of EtOH distillate product of switchgrass
liquefaction under a basic condition.
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CHAPTER 5: ENHANCEMENT OF CORN STOVER LIQUEFACTION BY

EMPLOYING Ni METAL, KOAc, AND Fe203/ZnO

5.1 Introduction

A variety of lignocellulosic materials were converted to oily products by
liquefaction process. However, the typical yields of bio-oil produced by liquefaction
processes reported in the literature!® 111113114 5re 20-60%, and the oxygen content is
still high. Several types of catalysts have been employed in order to improve the bio-oil
yield and quality. Alkaline catalysts, such as NaOH, K>COs, Na;COs, KOH and Ca(OH)>
have been widely used to enhance liquid products yield and suppress char formation.®*
106, 115 Moreover, NaOH was found effective in increasing the content of aldehydes,
phenols, and hydrocarbons,*!® while K2CO3 was found useful in increasing phenolic and
carboxylic acid compounds!’. Supply of an external reducing agent such as hydrogen
gas has been proved effective in reducing char formation by inhibiting the re-
condensation of resulted intermediates and enhancing the liquefaction products.1%: 113. 118
Thus, the catalysts used for promoting the hydrogenation reactions during the conversion
process were investigated to increase yields and also bio-oil quality. Zhang, Yang et al.*'°
investigated the catalytic effect of potassium salts in biomass gasification, founding that
K>CO3z and KOACc was highly beneficial for improving hydrogen production and carbon
conversion efficiency. According to Li, Wenjing et al.*? nickel acetate salt offers the best
catalytic performance in the deoxygenation of stearic acid into alkanes under hydrogen-
free conditions compared to other metal salts applied. Duan et al.*® studied the effects of

transition metals (i.e., Pt/C, Pd/C, Ni/SiO.-Al,O3, Ru/C, and zeolites) on hydrothermal
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liquefaction of microalgae, obtaining an increase in oil yield by 10-22 wt% compared to
liquefaction without catalysts. The production of 2,5-hexanedione and 3-methyl-2-
cyclopenten-1-one was achieved successfully by hydrothermal liquefaction of 5-
hydroxymethylfurfural using a number of transition metals such as Fe, Mn, Ni, Zn 2,
In the present work, to enhance bio-oil yields further and obtain liquefied
products with lower oxygenated carbons, different catalytic combinations of Ni metal +
Fe>O3 and Ni(OACc). + reducing agent (Zn and Fe metals) in the presence of other
additives such as KOAc, NaOH, and activated carbon were examined for corn stover
liquefaction under different conditions. In Table 5.1, catalytic liquefaction using Ni metal
+ Fe>0O3 + KOAC was conducted for different reaction times in a range of 260-300°C.
The influence of KOAc and time was examined at 260°C, followed by doubling the
amount of KOAc and increasing the reaction temperature to 300 °C for achieving the
optimum yield of bio-oil production in a shorter time. To promote oxygen removal and
reduce repolymerization reactions, further study of Ni metal reduction surface was
carried out by rising Ni (H2) metal amount. In Table 5.2, to investigate the catalytic
system of Ni metal + ZnO + NaOH under reductive conditions, corn stover liquefaction
was conducted in 7:1 and 15:1 EtOH:H20 mixture. Moreover, the influence of KOAc on
the synergy of Ni metal and ZnO was investigated in 100% EtOH at 200, 260, and 300
°C for liquefaction times of 6, 8, and 2 h, respectively. In Table 5.3, the synergy of Ni
metal + FeO was studied in the presence and absence of NaOH alone or combined with
activated carbon. To characterize bio-oils produced, *H-NMR was used to measure the

relative intensity of aromatic protons and those linked to oxygenated and non-oxygenated
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carbons. Furthermore, GC-MS was employed to identify the products of bio-oil and
EtOH distillates.
5.2 Experimental
5.2.1 Materials

Corn stover was obtained from a local farm and reduced in size using a blender to
18-50 mesh. Corn stover has cellulose ( 28-51.2 wt.%), hemi-cellulose (19.1-30.7 wt.%),
and lignin (11-16.9 wt.%)." Potassium acetate, nickel(l1) acetate tetrahydrate, and
sodium hydroxide were purchased from Fisher Scientific. Iron (111) oxide (Fe203),
activated carbon, and Zn and Fe metals were used as provided by the chemical suppliers.
Ethanol was purchased from Pharmco-AAPER company.
5.2.2 Preparation of catalyst

Ni/C, Ni (H2), and Ni (270 °C) metals were prepared as described in the chapter
2 and 3.
5.2.3 Liquefaction procedure

The general procedure of corn stover liquefaction: To a stainless-steel pressure
reactor in a glovebox were added a magnet stirring bar, catalyst, corn stover, and EtOH.
The closed reactor was transferred into a fume-hood and heated in a molten salt bath for
the desired time. After reactor was cooled down, the mixture was filtered and washed
with EtOH. EtOH solution was condensed by rotary evaporation under a reduced
pressure of 80 mbar using a 50°C water bath. To the residue, 1 mL of CH.Cl, (DCM) and
0.5 ml of water were added. The DCM solution was separated, and the water phase was

extracted by DCM (0.5 mL x 2). The combined DCM solution was neutralized with



143

NaHCOs, dried with MgSO4 powder, and condensed on a rotary evaporator to yield oil
product.
The percentage yields of liquefaction products were calculated based on the

weight of corn stover feed by the following formula ’:

Bio oil yield (wt%) = weightofbio—oll o 45y,

Biomass weight

Weight of solid bio residue

Solid bio residue (SR) yield (wt%) = %X 100%

Biomass wieght
Un repolymerization yield (wt%) of bio oil = 100% — Solid bio residue %

Gas + water soluble species (Wt%) = 100% — Bio oil % — Solid bio residue %

5.2.4 Characterization

'H-NMR analysis was performed for oil obtained from each corn stover
liquefaction on a Bruker AVANCE-400 MHz NMR spectrometer in CDClI3 using TMS as
the internal standard. Percentage of protons in different types of chemical groups were
calculated from the relative intensity of protons.

GC-MS analysis was performed on a Shimadzu GCMS-QP2010SE. GC column
temperature program was set as follows: the temperature was held at 40 °C for 1 minute,
then increased to 240 °C at a heating rate of 25 °C/min, and then maintained at 240 °C for
3 minutes. Chloroform, methanol, and acetonitrile were used as a solvent for diluting bio-
oil samples. To facilitate the bio-oil derivatization, the bio-oil samples were treated with
a common TMS derivatizing reagent - N,O-bis(trimethylsilyl)trifluoroacetamide —

BSTFA.
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5.3 Results and discussion
5.3.1 The synergy of hematite, Ni metal, and potassium acetate

The Corn stover liquefaction catalyzed by Fe>Os, Ni-based catalysts, and KOAc
was investigated under different conditions. The liquefaction conditions and yields of
conversion, SR, and liquified products for this investigation are illustrated in Table 5.1.
The use of each catalytic system showed significantly different liquefaction results. The
conversion of biomass in the runs 5.1-5.6 of Fe>O3, Ni (270°C), and KOAc increased
with an increase in reaction temperature: from 89.15%-90.13% at 260°C to 93.22-
93.97% at 300°C. The SR decreased accordingly from (9.87-10.85%) to (6.03-6.78%),
and the formation of volatile compounds also increased with an increase in temperature
and reached 59.47% at 300°C. It was observed in the literature 12212 that the yield of
biomass liquefaction and conversion improves with an increase in temperature to a
certain point. Though increasing KOAc amount from 50 mg to 175 mg and residence
time from 6 h to around 12 h under runs 5.1-5.3, corn stover liquefaction in the presence
of 30 mg of Fe203 and 30 mg of Ni (270°C) at 260°C gave similar yields. However, bio-
oil yield was enhanced from 33.9% to 40.86%, and gas yield declined from 59.47% to
52.36% when the mass of KOAc was doubled from 100 mg to 200 mg under runs 5.4-5.6
at 260°C for around 4 h. After the higher conversion and bio-crude yield from
liquefaction at 60 mg of Fe,O3 and Ni (270°C), and 200 mg of KOAc was achieved, the
synergistic effects of Fe2Oz, Ni (H2), and KOAc were also investigated under runs 5.7-
5.10 by varying the amount of Ni metal and keeping the amounts of other catalysts
unchanged. The results of biomass liquefaction showed that bio-oil yields increased while

residual solid and gas yields reduced by increasing amount of Ni metal. Bio-oil yields are
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greater than 50% and sold residue yields were below 3% when biomass was liquefied by

300 and 600 mg of Ni metal for 12 h and 2 h 40 min, respectively (runs 5.7 and 5.8). In

contrast, bio-oils are in a range of 41.2- 43.48% and SRs are in a range of 4.53-4.21%

when 60 and 120 mg of Ni metal was used (runs 5.9 and 5.10). The results obtained from

this investigation were better than that achieved using Fe2Osz, Ni (270°C), and KOAc. A

significantly higher oil yield was achieved with Ni (H2) than that with Ni (270°C).

Moreover, the influence of Ni metal loading on liquefaction was stronger than that of

KOAC.
Liquefaction Co- Gas + Water-
Run Catalyst L. Bio-0il%  repolymerization SR% .
v condition Y soluble species%
30 mg FexOs, 30 mg Ni
5.1 260°C, 8 h 38.07 89.15 10.85 51.08
(270°C), 175 mg KOAc
30 mg Fe; O3, 30 mg Ni
5.2 260°C, 11 h 30 min 37.8 90.13 9.87 5233
(270°C), 100 mg KOAc
30 mg Fe;Os, 30 mg Ni
5.3 260°C, 6 h 37 89.86 10.14 52.86
(270°C), 50 mg KOAc
60 mg FexOs, 60 mg Ni
5.4 300°C, 4 h 339 93.37 6.63 59.47
(270°C), 100 mg KOAc
60 mg Fe:0s, 60 mg Ni
5.5 300°C, 4 h 386 93.97 6.03 5537
(270°C), 200 mg KOAc
60 mg Fe20s3, 60 mg Ni
5.6 300°C, 3 h 30 min 40.86 93.22 6.78 5236
(270°C), 200 mg KOAc
60 mg Fex0s, 300 mg Ni
5.7 300°C, 11 h 40 min 5747 97.65 235 40.18
(H2). 200 mg KOAc
60 mg Fe;0s, 600 mg Ni
5.8 300°C, 2 h 40 min 53.77 97.37 2.63 43.6
(H>). 200 mg KOAc
60 mg Fe;Os, 60 mg Ni
5.9 300°C, 2 h 40 min 41.2 95.47 4.53 5427
(H2). 200 mg KOAc
60 mg FexOs, 120 mg Ni
5.10 300°C, 2 h 40 min 43.48 95.79 421 52.31

(H2), 200 mg KOAc

Table 5.1: Corn stover liquefaction employing Fe,O,, Ni (270°C)/ Ni (H,) and KOAc.2"
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2Biomass: 3 g Corn stover was used as a substrate for all experiments, except that under reaction run
(5.6), 4.5 g of corn was used.

bSolvent: (7/1), (7/0.7 ), and (7/0.7 ) mL of EtOH/H,0 mixture were used under reaction runs 5.1, 5.2,
and 5.3, respectively. 7 mL EtOH was used under reaction runs (5.4-5.10).

5.3.2 The synergistic effect of Zn and Fe with nickel acetate.

Zn metal is a potent reducing agent which can reduce Ni?* ions in nickel salt to Ni
(s) metal atoms. Due to being are non-noble, the surface of Zn and Ni metals is usually
oxidized in non-reductive conditions (absence of Hz supply), which means that they can
also function as Lewis acids. The combination effect of ZnO as Lewis acid and Ni metal
as a reduction catalyst on corn stover liquefaction was examined under different
conditions, as seen in Table 5.2. The mass of Ni metal used was fixed at 40 mg, and other
amounts of ZnO were applied in the presence of NaOH/KOAc. The synergy of Ni metal
+Zn0O + NaOH catalysts from runs 5.11 to 5.13 and the synergy of Ni metal + ZnO +
KOAC catalysts in runs 5.15 and 5.17 enhanced the bio-oil yields and suppressed the
formation of volatile and aqueous compounds in the liquefaction at high temperatures of
260 and 300 °C, as compared to the results obtained from runs 5.18 and 5.19 at a low
temperature of 200°C and low amount of ZnO metal (800 mg). The influence of the
catalytic system used on bio-oil formation becomes more significant at a higher ZnO
loading and temperature. The results of this investigation are consistent with results
reported by Xu et al., where the catalytic effects of 5 wt% FeS and FeSO4 on bio-oil
production increased at a higher temperature.'% The high un-repolymerization and bio-oil
yields, and low residual bio-solid confirm that the biomass was effectively converted into
liquid fuels.

Based on the results obtained from runs 5.11-5.13, it seems time influence was

more pronounced than solvent and NaOH concentration, which may be ascribed to that
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slight difference in the change of solvent and NaOH amount. It is interesting to note that
solid bio-residue and bio-oil yields were much lower than the results obtained from
liquefaction catalyzed by Ni metal + different metal oxide in chapter 4. This observation
indicates that a mixture of EtOH and H20 gave better results than those obtained in only
EtOH regarding deactivation of alcoholic product condensation and bio-residue
formation. We can conclude that using a mix of ethanol and water instead of only ethanol
is better for liquefaction catalyzed by Ni metal and metal oxide. Because in only ethanol,
more condensation reactions would occur, leading to getting % of oil> 100 and high
residual biosolid, as we mentioned in chapter 4.

An increment of gas + water % on account of oil production in neutral runs 5.14
and 5.16, where no KOAc added is likely because more dehydration and dehydrogenation
reactions would occur. It means that 100% EtOH is not a suitable solvent either for the
catalytic system of ZnO and Ni metal under neutral conditions also. The influence of
KOAC is seen clearly in the results achieved from run 5.15 as compared to that obtained
in run 5.14. The comparison of results between them indicates that dehydrogenation and
dehydration reactions were less activated in the case of KOAc. Moreover, KOACc is better
than NaOH for increasing oil % because, unlike NaOH, acetate anion functions as a
nucleophile more than as a base, which causes lower aldol condensation. Moreover,
acetic acid's enolate resulting from ethyl acetate's hydrolysis can facilitate the formation
of B-keto carboxylic acid, which is readily decarboxylated over metal oxide. As a result,
dehydrogenation and dehydration interactions of liquefied products will be less catalyzed

over ZnO and NiO.
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In runs 5.18 and 5.19, lower masses of ZnO were used for liquefaction at a low

temperature of 200 C compared to Zn amounts and temperatures of runs 5.11-5.17. As a

result, Ni metal's reduction surface reduced while the oxidation surface of ZnO and NiO

increased, leading to more dehydration. Consequently, lower production of bio-oil was

generated in

runs 5.18 and 5.19.

Table 5.2: Bio-oil production from Corn stover liquefied using Zn and Ni(OAc), under different

conditions. &

Reaction Catalyst quuef_agtlon Bio-0il% SR% Gas + Watgr-

run condition soluble species%o
1110 mg Zn, 40 mg Ni(OAc)z,

5.11 260°C, 8 h 39.78 5.75 54.47
100 mg NaOH
1110 mg Zn, 40 mg Ni(OAc)2,

5.12 260°C, 8 h 41.6 10.9 475
70 mg NaOH
1110 mg Zn, 40 mg Ni(OAc)z,

5.13 260°C, 12 h 52.15 8.82 39.03
70 mg NaOH

5.14 2400 mg Zn, 40 mg Ni(OAc)2 300°C, 2 h 28.29 0 71.71
2400 mg Zn, 40 mg Ni(OAc),

5.15 300°C, 2 h 56.13 0 43.87
200 mg KOAc

5.16 2400 mg Zn, 40 mg Ni(OAc)z, 260°C, 8 h 31.3 0 68.7
2000 mg Zn, 40 mg Ni(OAc)z,

5.17 300°C, 2 h 515 0 48.5
60 mg Fe203, 200 mg KOAc

5.18 800 mg Zn, 40 mg Ni(OAc)2 200°C, 6 h 11.23 0 88.76
800 mg Zn, 40 mg Ni(OAc)z2,

5.19 200°C, 6 h 9.30 0 90.69

200 mg KOAC

aBiomass: 0.4 g, 1.5 g, and 1.2 g Corn stover was used under reaction runs (5.11-5.13), (5.14-
5.17), and (5.18-5.19), respectively.
bSolvent: (7/1) mL EtOH/H,O mixture was used under reaction run 5.11 and (7.5/0.5 ) mL
EtOH/H,O mixture was used under reaction runs 5.12, and 5.13, respectively. For the rest runs, 8
mL EtOH was used.
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Fe metal as a reducing agent was employed for the reduction of Ni?* ions, as seen
in corn stover liquefaction in Table 5.3. Increasing Ni metal loading from 16 to 32 mg in
runs 5.24 and 5.25, respectively, in the presence of Fe metal, resulted in an increase of
the bio-oil yield from 29.75% to 36.13% and a decrease in gas and aqueous formation
from 51.05% to 37.13%. However, the repolymerized solids were also promoted. Ni
metal and NiO atoms were probably more formed after incrementing in the mass of
nickel salt, which leads to higher reduction reactions as well as repolymerization
reactions. Moreover, a slow release of H> produced by reacting Fe metal with EtOH can
suppress the reduction of radicals formed. In contrast, the addition of carbon in runs 5.21
and 5.23 enhanced the bio-oil and reduced the bio-residue, aqueous, and gas production
for the catalytic liquefaction using 300 mg Fe, 4 and 8 mg Ni metal under basic condition
compared to that achieved in runs 5.20 and 5.22. These yields may be ascribed to that
carbon added may increase the surface area of Ni metal catalyst. The use of NaOH can
facilitate the hydrolysis of hydrophobic esters with high molecular weight. As a result,
higher improvement in un-repolymerized oil was achieved.

The results obtained using NaOH and activated carbon with a lower amount of Ni
metal in runs 5.24 and 5.25 were similar to that achieved by increasing Ni metal from 16
to 32 mg. This combination of NaOH and activated carbon can give an equivalent
influence of that achieved from increasing Ni metal amount. Low bio-oil yields generated
in this investigation could be attributed to two possible reasons: Fe metal is not a potent
reducing agent as Zn metal, and the amount of Ni metal was insufficient. However, a
closer mass of Ni metal was used in run 5.15, and high oil % was obtained. So, the

second reason is likely avoided, which indicates to Ni metal + metal oxide either in the
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presence of NaOH or not in 100% EtOH is not an excellent catalytic system. Moreover,
0il% can be increased by condensation reactions as Ni amount raised, but this is not seen,
which hint that not all Ni 2* jons were reduced by Fe metal.

Table 5.3: Corn stover liquefaction employing Fe and Ni(OAc),.?

L un- Gas + Water-
- [0) o)
run Catalyst Bio-oil% repolymerization% SR% soluble species %
300 mg Fe, 8 mg Ni(OAc)2, 50
5.20 31.15 63 37 31.85

mg NaOH
300 mg Fe, 8 mg Ni(OAc)2, 50
5.21 36.92 63.5 31.63 31.45
mg carbon, 50 mg NaOH
300 mg Fe, 4 mg Ni(OAc)2, 50
5.22 28.07 99.9 36.5 71.83
mg NaOH
300 mg Fe, 4 mg Ni(OAc)2, 50
5.23 35.15 64.32 35.67 29.18
mg carbon, 50 mg NaOH
5.24 300 mg Fe, 16 mg Ni(OAc): 29.75 80.8 19.2 51.05
5.25 300 mg Fe, 32 mg Ni(OACc): 36.12 73.25 26.75  37.13

aReaction condition: 400 mg corn stover, 4 mL EtOH, 260°C, 6h.

5.3.3 Characterization of bio-oil composition
5.3.3.1 'H-NMR analysis of bio-oil

The chemical structure changes of the bio-oils produced were investigated by H-
NMR analysis. The proton percentages were measured based on the integral values of
selected regions as presented in Figure 5.1 (S5.1-5.10), 5.2 (S5.11-5.19), and 5.3 (S5.20-
5.25). According to the chemical shifts of functional groups interested, the reduction of
oxygenated species in bio-oils was investigated in four different regions. The most
upfield region of the spectra, from 0.5 to 3.0 ppm, represents aliphatic protons that are

attached to non-oxygenated carbon atoms (—CHz, —CHn—). The next region, from 3.0
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to 4.0 ppm, represents proton on aliphatic carbon atoms bonded to hydroxyl or alkoxyl
group (—CHr—O—). The next region of 4.1-4.3 ppm represents protons on the sp®
carbon of ester groups (—COOCH;—). The last region of 6.0-8.5 ppm corresponds to the
aromatic protons of lignin-derived products.

From Figure 5.1, it was observed that oxygenated species in bio-oils generated
from corn stover were significantly reduced using Fe>O3, Ni (270°C)/Ni (H2) and KOAc.
The lowest contents of oxygenated and aromatic compounds of bio-oils were obtained
under runs 5.6, 5.7, and 5.8 where high loadings of Ni metal and KOAc were employed.
Increasing Ni (H2) loading is more effective on the reduction of aromatic and oxygenated
compounds under reaction runs 5.8, 5.9, and 5.10 compared to the influence of KOAc.
The abundance of aromatic protons in all bio-oils produced are higher than the protons of
ether, alcohol, and ester derivatives.

The bio-oils produced using Zn and Ni(OAc)2 showed also high proton
percentages of non-oxygenated carbons and low proton percentages of aromatic and
oxygenated carbons except for that obtained under runs 5.18 and 5.19 as shown in Figure
5.2. The lower Zn loading ( 800 mg) and temperature (200°C) may cause to have high
proton percentage of aromatic and oxygenated carbons. The liquefaction at 260°C and
300°C under runs 5.11-5.17 gave low proton percents of both aromatic and oxygenated
carbons. The percentages of ether and alcohol protons were more promoted in the
presence of NaOH while the percentages of ester protons were more suppressed at 300°C.

As shown in Figure 5.3, bio-oils generated using Fe and Ni(OAc)2 contained
higher proton percentages of aromatic and oxygenated carbons under neutral condition

(runs 5.24 and 5.25) than under basic condition (runs 5.20-5.23). No significant change
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was observed in proton percentages by increasing the loading of Ni(OAc). from 4 to 8
mg in runs 5.22 and 5.20 and from 16 to 32 mg under runs 5.24 and 5.25 in the presence
and absence of NaOH, respectively. However, the addition of carbon suppressed the

proton percentages of ethers, alcohols, and aromatics in bio-oil obtained from run 5.23.
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Figure 5.1: 'H-NMR analysis of bio-oils produced in runs 5.1-5.10 from corn stover
liquefaction employing Fe2Os, Ni (270°C)/ Ni (Hz), and KOAc.
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Figure 5.2: 'H-NMR analysis of bio-oils produced from corn stover liquefaction in
runs 5.11-5.19 using Zn and Ni(OAc)z.



153

m6.0-80 =4.043 m3.0-40 ®=0.5-3.0 Chemical shift (ppm)

100
a0
80
70
60
50
40
30
20
10

7 I [ I —

5.20 5.22 5.23 5.24 5.25

Liquefaction run

Proton yield (wt%)

Figure 5.3: 'H-NMR analysis of bio-oils produced from corn stover liquefaction in runs
5.20-5.25 using Fe metal and Ni(OAC)..
5.3.3.2 GC-MS analysis of bio-oil
To identify the bio-oil products, the GC—MS analysis was carried out. The

identification of the bio-oil products was performed using a NIST mass spectral database.
The relative percent area for each volatile product was determined by the percentage of
the chromatographic area of the compound out of the total area. As illustrated in Tables
5.4-5.13 (S26-S35) of EtOH distillates of biomass liquefaction using Ni metal and KOAc
under runs 5.1-5.10, the major categories identified were alcohol, ester, furan, ether, and
ketone/aldehyde derivatives. Ester and alcohol derivatives constituted the dominant
content of compounds detected compared to other categories. Alcohols were likely
produced from alcohol condensation and esters were formed from reactions of alcohols

with carboxylic acids. For bio-oil generated in runs 5.1-5.10 using Ni metal and KOAc,
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aromatic and acidic derivatives were the dominant compounds identified as seen in
Tables 5.14-5.23 (S36-S45). Furan, ether, and alcohol were also detected but with lower
abundances. In bio-oils produced in runs 5.14-5.19 using Zn metal and Ni(OAc)2,
alcohol, aromatic, acid, and its derivatives were the main compounds identified as
presented in Tables 5.24-5.29 (S46-S51). Furan products with low relative portion were
also found. High contents of acid and its derivatives were formed under runs 5.14-5.17
compared to that obtained under runs 5.18 and 5.19. The highest content (73.47%) of
aromatic compounds was detected under run 5.18. While in EtOH distillates of runs 5.14,
5.1 6, and 5.17, the dominant components are esters, ethers, alcohols, acids, ketones, and

hydrocarbons as shown in Tables 5.30-5.32 (S52-S54).

Table 5.4 : The GC-MS analysis of EtOH distillate products of corn stover liquefaction

using Fe,0,, Ni (270°C), and KOAc of Run 5.1.

Ret. Time

(min) Area%  Similarity% Compound name
2.082 2.733768 86 2-Butanone

2.152 41.59677 93 Ethyl Acetate

2.249 4.53557 96 Tetrahydrofuran

2.407 2.85803 89 2-Propanol, 1-methoxy-
2473 1.584343 97 1-Butanol

2.755 6.461634 98 Propanoic acid, ethyl ester
2.887 1.988195 97 Ethane, 1,1-diethoxy-

3.004 1.087294 91 1-Butanol, 2-methyl-

3.453 3.541473 93 Butanoic acid, ethyl ester
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1H-Pyrrole, 1-ethyl-
(R)-(+)-3-Methylcyclopentanone
Furfuryl pentanoate

Acetic acid, ethoxy-, ethyl ester
Butane, 2-ethoxy-
3-Ethylcyclopentanone

Butanoic acid, anhydride

Table 5.5 : The GC-MS analysis of EtOH distillate products of corn stover liquefaction

using Fe,O,;, Ni (270°C), and KOAc of Run 5.2.

Re(tm'll'r:;n € Area% Similarity% Compound name
1.572 4.672096 95 Methyl Alcohol
2.076 2.400343 93 2-Butanone
2.152 41.36305 96 Ethyl Acetate
2.248 6.258037 96 Tetrahydrofuran
2.409 1.114445 86 2-hydroxyethyl ether
2.608 2.271753 87 Propane, 1-(1-methylethoxy)-
2.755 8.444063 98 Propanoic acid, ethyl ester
2.887 1.757394 97 Ethane, 1,1-diethoxy-
3.454 3.771967 95 Butanoic acid, ethyl ester
3.565 1.328761 87 1H-Pyrrole, 1-ethyl-
3.827 1.628804 92 Cyclopentanone, 3-methyl-
4.327 1.457351 76 2,4-Dimethylfuran
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5.566
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1.071582

1.585941
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Ethane, 1,1-diethoxy-
3-Ethylcyclopentanone

Butanoic acid, anhydride

Table 5.6: The GC-MS analysis of EtOH distillate products of corn stover liquefaction

using Fe,O,;, Ni (270°C), and KOAc of Run 5.3.

Ret. Time

(min) Area%  Similarity% Compound name
1571 9.669582 97 Methyl Alcohol

1.957 10.15549 96 1-Propanol

2.083  5.490768 88 Butanal, 2-ethyl-

2.152 34.74247 94 Ethyl Acetate

2.249 4.810496 95 Tetrahydrofuran

2401 2.478134 86 2-Propanol, 1-methoxy-

2471 1.020408 97 1-Butanol

2.756 8.98931 98 Propanoic acid, ethyl ester

2.888 1.214772 96 Ethane, 1,1-diethoxy-

3.456 3.741497 95 Butanoic acid, ethyl ester

3.827 1.020408 90 (R)-(+)-3-Methylcyclopentanone
4.251 1.603499 73 Furfuryl pentanoate

4.373 4.033042 88 2-Ethoxypentane

5.566 1.166181 90 Furan, tetrahydro-2-(methoxymethyl)-
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Table 5.7: The GC-MS analysis of EtOH distillate products of corn stover liquefaction

using Fe,O,, Ni (270°C), and KOAc of Run 5.4.

Re(tr.n'il'r:;n ©  Area% Similarity% Compound name

1.91 55.78947 95 Methanol

2.063 4.210526 91 2-Butanone

2.14 22.94737 97 Ethyl Acetate

2.364 3.578947 89 Propane, 2,2-dimethoxy-
2-Hexanone, 4-hydroxy-5-methyl-3-

2.657 4.421053 81
propyl-

3.119 9.052632 90 2,2-Dimethoxybutane

Table 5.8: The GC-MS analysis of EtOH distillate products of corn stover liquefaction

using Fe,0,, Ni (270°C), and KOAc of Run 5.5.

Ret. Time

(min) Area%  Similarity% Compound name
1911 34.36893 95 Methanol

2.066 3.495146 91 2-Butanone

2.141 42.3301 97 Ethyl Acetate

2.238 1.941748 84 Tetrahydrofuran

2.365 4.07767 88 Propane, 2,2-dimethoxy-
2.749 4.854369 84 Propanoic acid, ethyl ester
3.119 8.932039 89 2,2-Dimethoxybutane
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Table 5.9: The GC-MS analysis of EtOH distillate products of corn stover liquefaction

using Fe,0,, Ni (270°C) and KOAc of Run 5.6.

Re(tm'll'r:;n € Area% Similarity% Compound name
1.91 21.89586 97 Methanol
2.068 3.204272 92 2-Butanone
2.142 58.21095 98 Ethyl Acetate
2.24 1.869159 81 Tetrahydrofuran
2.367 3.070761 90 Propane, 2,2-dimethoxy-
2.748 4.138852 94 Propanoic acid, ethyl ester
3.119 7.610147 91 2,2-Dimethoxybutane

Table 5.10: The GC-MS analysis of EtOH distillate products of corn stover liquefaction

using Fe,O;, Ni (Hz), and KOAc of Run 5.7.

Re(tm'll'r:;n € Area%  Similarity% Compound name
1.913 6.324111 94 Methanol
2.063 3.030303 87 Butanal
2.144 6.192358 96 Ethyl Acetate
2.24 1.581028 89 Tetrahydrofuran
2.369 1.844532 88 Propane, 2,2-dimethoxy-
2.446 65.34914 98 1-Butanol
2.881 1.317523 90 Ethane, 1,1-diethoxy-
3.12 3.952569 91 2,2-Dimethoxybutane
3.164 4.611331 97 Butanal, 2-ethyl-



3.799

5.797101

95
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1-Butanol, 2-ethyl-

Table 5.11: The GC-MS analysis of EtOH distillate products of corn stover liquefaction

using Fe,O,, Ni (Hz), and KOAc of Run 5.8.

Ret. Time

(min) Area%  Similarity% Compound name
1.911 3.734896 95 Methanol

2.144 6.371293 97 Ethyl Acetate

2.446 58.76968 98 1-Butanol

2.748 2.087148 92 Propanoic acid, ethyl ester

2.881 1.025265 91 Ethane, 1,1-diethoxy-

2.986 1.281582 93 1-Butanol, 2-methyl-

3.12 1.391432 90 2,2-Dimethoxybutane

3.454 2.270231 95 Butanoic acid, ethyl ester

3.563 2.233614 95 Acetic acid, butyl ester

3.797 8.275357 96 1-Butanol, 2-ethyl-

4.036 1.904064 90 Formic acid, 2-methylpentyl ester
4.244 1.830831 91 Butane, 1,1-diethoxy-

5.218 1.061882 85 2-Diethoxymethyl-3-methyl-butan-1-ol

Table 5.12: The GC-MS analysis of EtOH distillate products of corn stover liquefaction

using Fe,O,, Ni (Hz2) and KOAc of Run 5.9.

Re(tr.n'il'r:;n € Area% Similarity% Compound name
191  19.11967 96 Methanol



2.07

2.143

2.241

2.368

2.749

2.881

3.12

3.713893

59.42228

1.788171

3.026135

3.988996

2.200825

6.740028

92

98

86

90

93

90

90
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2-Butanone

Ethyl Acetate
Tetrahydrofuran

Propane, 2,2-dimethoxy-
Propanoic acid, ethyl ester
Ethane, 1,1-diethoxy-

2,2-Dimethoxybutane

Table 5.13: The GC-MS analysis of EtOH distillate products of corn stover liquefaction

using Fe,O,, Ni (Hz2) and KOAc of Run 5.10.

Re(tm'll'r:;n € Area% Similarity% Compound name
1.911 25.21459 96 Methanol
2.068  8.798283 92 2-Butanone
2.143 52.14592 98 Ethyl Acetate
2.244 2.145923 84 Tetrahydrofuran
2.368 2.038627 90 Propane, 2,2-dimethoxy-
2.749 3.540773 93 Propanoic acid, ethyl ester
2.882 1.180258 93 Ethane, 1,1-diethoxy-
3.121 4.935622 85 2,2-Dimethoxybutane

Table 5.14: The GC-MS analysis of bio-oil products of corn stover liquefaction using

Fe,0,, Ni (270°C) and KOAc of Run 5.1.

Ret. Time

(min)

Area%

Similarity%

Compound name




2.766

3.436

4.379

4.84

4.9

4.961

5.39

5.456

5.524

5.564

5.819

5.862

6.007

6.05

6.588

7.382

7.47

7.509

7.55

19.54023

2.873563

1.149425

10.34483

1.724138

1.149425

2.873563

1.436782

1.149425

6.034483

1.149425

2.011494

12.64368

1.149425

4597701

1.149425

1.724138

1.149425

1.436782

94

95

86

86

93

87

95

82

78

90

92

77

80

84

89

73

83

86

65

Acetic acid

Propionic acid
2-(1-Ethoxy-ethoxy)-propionic acid ethyl
ester

(2-Ethoxyethoxy)acetic acid
Ethoxy-acetic acid

Butane-2,3-diol

Phenol
2-Hydroxy-2-methyl-1-phenyl-propan-1-
one

Butane, 1,1-diethoxy-

Furan, tetrahydro-2-(methoxymethyl)-
2-Hydroxy-butyric acid
4-Oxoheptanedioic acid
(Tetrahydro-furan-2-yl)-methanol
4-Methyl-phenol

3-Ethylphenol

Butanedioic acid, 3-hydroxy-2,2-
dimethyl-, diethyl ester
4-Hydroxy-3-methoxy-benzaldehyde
2,6-Dimethoxyphenol

Pentanoic acid, 2-methyl-, 1,2,3-

propanetriyl ester

161



7.724

7.809

7.925

7.99

8.059

2.298851

3.16092

3.448276

1.149425

1.149425

72

80

73

72

74
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4-Hydroxy-pent-1-en-3-one
4-Methyl-benzene-1,2-diol
Benzene-1,2-diol
2-Ketoglutaric acid

(3-Hydroxy-phenyl)-acetic acid

Table 5.15: The GC-MS analysis of bio-oil products of corn stover liquefaction using

Fe,0;, Ni (270°C) and KOAc of Run 5.2.

Re(tm'll'r:;n € Area% Similarity% Compound name
2.769 23.14815 96 Acetic acid
3.436 4.012346 94 Butan-1-ol
4.378 1.234568 88 Ethane, 1,1-diethoxy-
4.841 5.555556 87 (2-Ethoxyethoxy)acetic acid
4.901 1.234568 91 Ethoxy-acetic acid
5.341 8.024691 80 Propane, 1,1-diethoxy-
5389  4.320988 96 Phenol
5.563 7.098765 90 Furan, tetrahydro-2-(methoxymethyl)-
5.861 1.234568 77 2-Oxopentanedioic acid
6.007 11.41975 79 (Tetrahydro-furan-2-yl)-methanol
6.111 1.234568 85 2-Ethyl-malonic acid
6.511 1.851852 94 2-Methoxyphenol
6.588 5.864198 89 3-Ethylphenol, trimethylsilyl ether
7.469 2.160494 83 4-Hydroxy-3-methoxy-benzaldehyde



7.509

7.808

7.924

1.234568

1.54321

1.234568

90

82

71
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2,6-Dimethoxyphenol
4-Methyl-benzene-1,2-diol

Hydroxy-(3-methoxy-phenyl)-acetic acid

Table 5.16: The GC-MS analysis of bio-oil products of corn stover liquefaction using

Fe,0;, Ni (270°C) and KOAc of Run 5.3.

Ret. Time

(min) Area%  Similarity% Compound name
2.768 41.38413 90 Acetic acid
3.436 3.187721 96 Butan-1-ol
4.841 4.012575 86 (2-Ethoxyethoxy)acetic acid
5.343 5.533259 81 Propane, 1,1-diethoxy-
5.389 3.789229 95 Phenol
2-Hydroxy-2-methyl-1-phenyl-propan-1-
5.457 1.090232 81
one
5.567 4.897219 89 Furan, tetrahydro-2-(methoxymethyl)-
5.861 1.031208 77 2-Oxopentanedioic acid
6.007 10.40969 79 (Tetrahydro-furan-2-yl)-methanol
6.05 1.076475 70 4-Methyl-phenol
6.512 1.379619 93 2-Methoxyphenol
6.588  5.017216 90 3-Ethylphenol
7471 1.583329 83 4-Hydroxy-3-methoxy-benzaldehyde
7.809 1.095779 77 4-Methyl-benzene-1,2-diol



164

Table 5.17: The GC-MS analysis of bio-oil products of corn stover liquefaction using

Fe,0;, Ni (270°C) and KOAc of Run 5.4.

Re(tm'll'r:;n € Area%  Similarity% Compound name
2.808 25.21441 96 Acetic acid
3.478 6.689537 98 Propionic acid
4.844 5.145798 85 Ethane-1,2-diol
5.388 11.32075 95 Phenol
5.482 1.543739 90 Butane-1,2-diol
6.009 12.00686 80 (Tetrahydro-furan-2-yl)-methanol
6.329 1.02916 87 2-Ethylphenol
6.585 9.605489 91 3-Ethylphenol
7.034 3.773585 95 Benzene-1,2-diol
7.43 2.401372 93 4-Methyl-benzene-1,2-diol
7.472 2.744425 75 4-Hydroxy-3-methoxy-benzaldehyde
7.806 8.233276 81 2-Hydroxyphenylethyl alcohol
7.924 2.401372 72 2-Hydroxy-benzoic acid
8.056 4.116638 77 (3-Hydroxy-phenyl)-acetic acid
8.212 3.773585 75 (4-Hydroxy-phenyl)-acetic acid

Table 5.18: The GC-MS analysis of bio-oil products of corn stover liquefaction using

Fe,0,, Ni (270°C) and KOAc of Run 5.5.

Re(tm'il'r:;n ©  Area% Similarity% Compound name
2.798 46.15385 96 Acetic acid



3.474

5.389

6.588

7.809

12.82051

17.30769

14.10256

9.615385

97

95

90

77
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Propionic acid
Phenol
3-Ethylphenol

4-Methyl-benzene-1,2-diol

Table 5.19: The GC-MS analysis of bio-oil products of corn stover liquefaction using

Fe,0;, Ni (270°C), and KOAc of Run 5.6.

Re(tm'll'r:;n € Area% Similarity% Compound name
2.805 12.34043 95 Acetic acid
3.464 3.971631 97 Propionic acid
4113 2.695035 91 Butyric acid
4.835 3.546099 87 (2-Ethoxyethoxy)acetic acid
4.946 1.41844 84 Butane-2,3-diol
5.337 4.539007 82 Propane, 1,1-diethoxy-
5.382  5.815603 96 Phenol
5.502 3.829787 80 2-Oxopentanoic acid
5.559 1.843972 65 3-Acetoxybutyric acid
5.675 1.41844 65 1,3-Pentanediol
5.809 1.843972 80 2-Hexenoic acid
5.856 1.985816 75 Succinic acid monopropyl ester
6.003 6.808511 80 (Tetrahydro-furan-2-yl)-methanol
6.046 2.269504 72 2-Methyl-phenol
6.087 1.41844 56 4-Methyl-2-oxo-pentanoic acid



6.326

6.506

6.582

6.719

7.291

7.467

7.804

7.993

8.158

8.208

8.245

8.4

8.463

2.411348

2.269504

7.51773

1.276596

3.829787

1.134752

1.134752

3.546099

1.276596

1.134752

1.276596

1.41844

1.41844

92

82

91

73

85

80

76

76

64

75

69

57

66

2-Ethylphenol

2-Methoxyphenol

3-Ethylphenol

Succinic acid
2-I1sopropyl-5-methyl-phenol
4-Hydroxy-3-methoxy-benzaldehyde
2-(2-Hydroxy-ethyl)-phenol
1-(2-Hydroxy-phenyl)-propan-1-one
(4-Hydroxy-phenyl)-acetic acid
(3-Hydroxy-phenyl)-acetic acid
4-Hydroxy-3-methyl-benzoic acid
Benzene-1,3,5-tricarboxylic acid trimethyl
ester

4-tert-Butyl-benzene-1,2-diol

Table 5.20: The GC-MS analysis of bio-oil products of corn stover liquefaction using

Fe,0;, N1 (Hz2), and KOAc of Run 5.7.

Re(tm'll'r:;n € Area% Similarity% Compound name
4.126 9.883721 93 Butyric acid
5.486 22.09302 96 Hexanoic acid
5.696 10.46512 97 2-Ethyl-hexan-1-ol
6.009 10.46512 81 (Tetrahydro-furan-2-yl)-methanol
6.189 6.976744 96 Octan-1-ol
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6.947

7.271

7.652

7.784

8.007

8.106

2.906977

8.139535

3.488372

4.651163

15.11628

5.813953

80

71

53

72

77

68
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1,4-Benzenediol, 2,5-dimethyl-
2-Isopropyl-5-methylphenol
4-(1,1-Dimethyl-propyl)-phenol

Decanoic acid
3-(3-Hydroxy-phenyl)-acrylic acid methyl
ester

5-Isopropyl-2-methyl-phenol

Table 5.21: The GC-MS analysis of bio-oil products of corn stover liquefaction using

Fe,0;, Ni (Hz), and KOAc of Run 5.8.

Re(tm'll'r:;n € Area% Similarity% Compound name
2.847 5.714286 82 Propan-2-ol
4.117 6.153846 93 Butyric acid
4.819 1.538462 96 Pentanoic acid
4.895 5.054945 97 Hexanol
4.983 1.758242 81 2-Oxo0-pentanoic acid
5.212 1.098901 85 4-Methylvaleric acid
5.333 2.857143 89 (Tetrahydro-furan-2-yl)-methanol
5.481 6.373626 91 Hexanoic acid
5.687 9.010989 97 2-Propyl-pentan-1-ol
6.083 3.296703 82 2-Ethyl-hexanoic acid
6.193 4.835165 96 Octan-1-ol
6.325 1.978022 78 2-Ethylphenol



6.51

6.589

6.699

6.84

7.293

7.469

7.667

8.004

8.657

3.076923

2.637363

1.978022

1.758242

4.175824

1.318681

3.076923

1.538462

2.197802

74

87

83

85

84

71

52

73

62
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Octan-4-ol

3-Ethylphenol

Octanoic acid

Decan-1-ol
2-Isopropyl-5-methyl-phenol
4-Hydroxy-3-methoxy-benzaldehyde
Butyric acid, 4-ethoxy-
3-(4-Hydroxy-phenyl)-acrylic acid
methy| ester
3-(3-Hydroxy-phenyl)-acrylic acid

methy| ester

Table 5.22: The GC-MS analysis of bio-oil products of corn stover liquefaction using

Fe,0;, N1 (Hz2), and KOAc of Run 5.9.

Ret. Time

(min) Area% Similarity% Compound name
2.31 7.713499 72 Ethane-1,2-diol

2.8 12.02938 96 Acetic acid
3.468 1.74472 97 Propionic acid
4.115 1.74472 92 Butyric acid
4.837 2.571166 87 (2-Ethoxyethoxy)acetic acid
4,948 1.101928 89 Propane-1,2-diol
5.338 3.673095 83 Propane, 1,1-diethoxy-
5.384 4.499541 96 Phenol



5.503

5.562

5.675

5.754

5.81

5.857

6.004

6.047

6.109

6.327

6.506

6.583

6.72

7.153

7.292

7.349

7.467

7.713

8.004

8.209

3.030303

1.74472

1.101928

1.010101

1.74472

1.928375

3.948577

1.37741

1.010101

2.203857

1.652893

5.785124

1.285583

1.469238

3.581267

1.101928

1.193756

1.193756

1.193756

1.010101

84

76

71

70

85

74

79

79

72

89

86

90

79

89

86

80

82

71

74

73
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2-Methyl-pent-4-enoic acid
2-Ethoxytetrahydrofuran
Benzene-1,4-diol
16-Hydroxy-octadec-9-enoic acid
methy| ester

2-Hexenoic acid

1,3-Dioxolane, 2-cyclohexyl-4,5-
dimethyl-
(Tetrahydro-furan-2-yl)-methanol
2-Methyl-phenol

2-Ethyl-malonic acid
2-Ethylphenol

2-Methoxyphenol

3-Ethylphenol

Succinic acid

Pentanedioic acid
2-1sopropyl-5-methyl-phenol
3-Hydroxy-4-methoxy-benzaldehyde

4-Hydroxy-3-methoxy-benzaldehyde
3-Ethoxy-4-hydroxy-benzaldehyde
3-(4-Hydroxy-phenyl)-acrylic acid
methyl ester

(4-Hydroxy-phenyl)-acetic acid



8.463

8.644

8.701

2.203857

1.469238

1.101928

70

61

73
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2-tert-Butyl-benzene-1,4-diol
5-Acetyl-2-hydroxy-benzoic acid

5-Allyl-3-methoxy-benzene-1,2-diol

Table 5.23: The GC-MS analysis of bio-oil products of corn stover liquefaction using

Fe,0;, Ni (Hz), and KOAc of Run 5.10.

Ret. Time

(min) Area%  Similarity% Compound name

2.801 28.46656 96 Acetic acid

3.452 6.460822 97 Propionic acid

4.109 3.26108 92 Butyric acid

4.839 6.753158 86 (2-Ethoxyethoxy)acetic acid

4.899 1.558677 85 Ethoxy-acetic acid

5.056 1.40369 74 2-Pentenoic acid

5.34 8.364947 83 Propane, 1,1-diethoxy-

5.388 2.256575 88 Phenol

5.504 4.224136 81 2-Methyl-pent-4-enoic acid

5.57 1.857034 74 Furan, tetrahydro-2-(methoxymethyl)-
2-I1sopropoxy-2-phenylcyclopropane

5.599 1.052712 69
carboxylic acid,ethyl ester

5.68 1.118198 67 5-Ethyl-2-furaldehyde

5.756 1.14743 78 Cyclopentanone, 3-butyl-

5.812 2.417292 79 2-Hexenoic acid

5.858 3.75554 77 4-Oxoheptanedioic acid



6.004

6.079

6.112

6.586

7.157

7.994

14.05565

1.628712

1.163194

2.515689

1.1883

1.721802

80

50

66

81

83

74
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(Tetrahydro-furan-2-yl)-methanol
Hexa-2,4-dienoic acid
2-Ethyl-malonic acid
3-Ethylphenol

Pentanedioic acid

1-(2-Hydroxy-phenyl)-propan-1-one

Table 5.24: The GC-MS analysis of bio-oil products of corn stover liquefaction using Zn

and Ni(OAC)2 of Run 5.14.

Re(tm'll'r:;n ©  Arca% Similarity% Compound name
2.814 3.444667 94 Acetic acid
3.431 4.384499 96 Butan-1-ol
3.472 1.244458 97 propanoate
3.645 1.103498 95 But-2-en-1-ol
4.12 1.430633 91 Butanoic acid
4,521 1.343647 94 3-Methyl-pentan-1-ol
4.791 2.054133 85 3-Methyl-but-2-en-1-ol
4.842 2.415795 86 (2-Ethoxy-ethoxy)-acetic acid
4.898 7.251535 92 Hexan-1-ol
5.026 6.45094 91 cis-2-Hexen-1-ol
5.388 7.186311 97 Phenol
5.482 2.29999 77 Hexanoic acid
5.522 5.271685 80 2-Oxopentanedioic acid



5.606

5.694

5.738

5.81

5.858

5.92

6.004

6.057

6.136

6.189

6.258

6.329

6.413

6.509

6.583

7.292

1.400237

2.366438

2.022212

2.217405

3.385587

1.131009

4.440144

3.409954

1.646281

2.011481

1.857041

1.532978

1.10136

2.087809

8.28653

1.120165

66

83

87

81

75

77

78

77

66

86

88

82

59

68

91

82
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Propanoic acid, decyl ester
2-Ethyl-hexan-1-ol

3-Hexene, 2,2-dimethyl-, (2)-
2-Hexenoic acid
4-Oxo-heptanedioic acid
2-Methyl-phenol
(Tetrahydro-furan-2-yl)-methanol
Phenyl-methanol
3-Cyclopentylpropionic acid, 2-
methylphenyl ester

Octan-1-ol
2-Hydroxy-pentanoic acid
2-Ethylphenol
2,3-Dimethylphenol
2-Methoxyphenol
3-Ethylphenol

2-Isopropyl-5-methyl-phenol

Table 5.25: The GC-MS analysis of bio-oil products of corn stover liquefaction using Zn

and Ni(OAc)2 of Run 5.15.

Ret. Time

(min)

Area%

Similarity%

Compound name

2.796

11.40649

96

Acetic acid



3.422

4121

4.522

4.795

4.901

5.028

5.342

5.389

5.485

5.696

5.81

5.858

6.007

6.06

6.259

6.585

6.678

5.842592

3.120488

2.030533

2.796267

7.890344

5.751844

1.857906

2.864284

8.233333

1.557488

2.625946

1.933509

1.452973

3.995984

1.512162

2.775992

1.545358

97

92

95

87

92

90

82

97

95

85

85

78

78

90

88

90

73
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Butan-1-ol

Butanoic acid
2-Methyl-pentan-1-ol
3-Methyl-but-2-en-1-ol
Hexan-1-ol
cis-2-Hexen-1-ol

Propane, 1,1-diethoxy-
Phenol

Hexanoic acid
2-Ethyl-hexan-1-ol
2-Hexenoic acid
2-Oxopentanedioic acid
(Tetrahydro-furan-2-yl)-methanol
Phenyl-methanol
2-Hydroxy-pentanoic acid
3-Ethylphenol

2-Phenyl-ethanol

Table 5.26: The GC-MS analysis of bio-oil products of corn stover liquefaction using Zn

and Ni(OAc)2 of Run 5.16.

Re(tr.n'il'r:;n € Area% Similarity% Compound name
2.807 1.518648 93 Acetic acid
4.308 1.2784 96 Butanoic acid, 2-hydroxy-, ethyl ester



4.96

5.008

5.387

5.452

5.482

5.518

5.562

5.676

5.756

5.815

5.856

5.965

6.005

6.05

6.107

6.259

6.329

6.507

6.584

6.733

6.85

6.966

7.095

5.160213

3.599178

6.693567

5.078389

1.027907

2.332244

6.166917

1.587879

1.913055

1.585436

2.029971

3.727776

1.797905

1.232946

1.706269

2.914466

1.612891

3.18726

8.574917

1.689355

1.493631

1.341388

1.590002

85

80

97

86

68

76

91

74

67

94

69

84

77

68

86

92

72

91

90

85

55

64

71
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Butane-2,3-diol

3-Hexanol, 2-methyl-

Phenol

2-Methyl-3-pentanol
2-Hydroxy-butyric acid
2-Oxopentanedioic acid

Butanoic acid, anhydride
1,2-Butanediol

8-Heptadecene, 1-chloro-
2-Hydroxy-butyric acid
3-Hydroxypropanoic acid ethyl ester
2,4-Dimethyl-3-pentanol
(Tetrahydro-furan-2-yl)-methanol
2-Methyl-phenol
2-Ethyl-malonic acid
2-Hydroxy-pentanoic acid
2-Ethylphenol

2-Methoxyphenol

3-Ethylphenol
2-Hydroxy-3-methyl-pentanoic acid
2-Ethoxy-phenol

Heptanedioic acid

2-Decen-1-ol
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7.39 1.213777 67 Hexahydro-furo[3,2-b]furan-3,6-diol
7.466 1.8273 82 4-Hydroxy-3-methoxy-benzaldehyde
1-[3-(1-Hydroxy-1-methyl-ethyl)-

7.722  1.614863 70
oxiranyl]-pentan-1-ol

Table 5.27: The GC-MS analysis of bio-oil products of corn stover liquefaction using Zn

and Ni(OAc)2 of Run 5.17.

Re(tm'll'r:;n ©  Area% Similarity% Compound name
2.784 9.5199 96 Acetic acid
3.411 4.419609 96 Butan-1-ol
3.627 1.443254 97 But-2-en-1-ol
4104  2.044568 92 Butanoic acid
4.779 1.937388 86 3-Methyl-but-2-en-1-ol
4828  1.152668 85 (2-Ethoxy-ethoxy)-acetic acid
4.885 3.352859 92 2-Ethyl-butan-1-ol
4.92 1.13149 72 Hex-3-en-1-ol
5.014  5.073159 88 cis-2-Hexen-1-ol
5.375 4.584914 97 Phenol
5492  8.280775 85 2-ketohexanoic acid
5.681 1.418618 73 2,4,4-Trimethyl-pentan-1-ol
5.722 1.381613 83 3-Hexene, 2,2-dimethyl-, (E)-
5797  4.188896 91 2-Hexenoic acid

5.846 2.3804 77 2-Oxopentanedioic acid



5.937

5.992

6.046

6.169

6.247

6.316

6.402

6.498

6.572

6.6

6.662

6.709

7.141

7.279

1.025595

3.564239

4.065205

1.481724

1.147425

1.740026

1.175096

1.91058

2.815624

1.427611

1.338694

1.033479

1.14785

1.616069

76

78

88

65

92

86

63

69

90

91

78

74

88

81

2-Methyl-butanediol
(Tetrahydro-furan-2-yl)-methanol
Phenyl-methanol
15-Hydroxy-octadec-9-enoic acid methyl
ester

2-Hydroxy-pentanoic acid
2-Ethylphenol

Tetradec-9-en-5-ol
4-Phenoxy-butan-1-ol
3-Ethylphenol

o-Tolyl-methanol

4-Methylbenzyl alcohol

Succinic acid monoethyl ester
Pentanedioic acid monoethyl ester

2-Isopropyl-5-methyl-phenol
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Table 5.28: The GC-MS analysis of bio-oil products of corn stover liquefaction using Zn

and Ni(OAc)2 of Run 5.18.

Ret. Time

(min) Area%  Similarity% Compound name
5.444 2.405112 85 2-Methyl-pentan-3-ol

6.574 2.172408 92 3-Ethylphenol

6.824 13.62842 76 3-Methyl-phenol

7.279 1.603903 81 3-Hydroxy-butan-2-one



7.399

7.569

7.703

7.801

8.235

9.063

9.12

9.845

10.502

10.754

11.83

2.567399

12.01864

1.137148

2.522639

1.456708

1.343307

1.93475

28.12733

2.679552

9.085501

1.106823

92

78

65

87

71

67

64

78

59

60

82
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4-Hydroxy-benzaldehyde
1-(4-Hydroxy-phenyl)-ethanone
4-(3-Hydroxy-phenyl)-butyric acid
Pentane-1,2,5-triol
4-Hydroxy-3-methoxy-benzaldehyde
(4-Hydroxy-3-methoxy-phenyl)-acetic acid
methy| ester
2-Methoxy-4-propenyl-phenol
3-(3-Hydroxy-phenyl)-acrylic acid ethyl
ester

Hexadecanoic acid, ethyl ester
3-(3-Hydroxy-4-methoxy-phenyl)-propionic
acid methyl ester

Ethyl Oleate

Table 5.29: The GC-MS analysis of bio-oil products of corn stover liquefaction using Zn

and Ni(OAc)2 of Run 5.19.

Re(tm'll'r:;n € Area%  Similarity% Compound name
4,951 5.368118 83 Propane-1,2-diol
5.444 4.413262 86 2-Methyl-3-pentanol
6.576 2.549011 91 3-Ethylphenol
6.827 10.39298 75 3-Methyl-phenol
7.049 1.181683 85 2,3-Diethoxy-propionic acid, ethyl ester



7.402

7.498

7.572

7.704

7.803

8.237

8.381

9.122

9.848

10.505

10.758

1.881571

1.332387

10.70402

1.423022

3.805951

1.93846

1.460725

2.265187

19.94269

1.826047

8.21962

92

93

78

64

86

75

76

59

66

96
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4-Hydroxy-benzaldehyde
2,6-Dimethoxyphenol
1-(4-Hydroxy-phenyl)-ethanone
4-(3-Hydroxy-phenyl)-butyric acid
Pentane-1,2,5-triol
Ethoxy-(4-hydroxy-3-methoxy-phenyl)-
acetic acid ethyl ester
2-Methoxy-4-propenyl-phenol
4-[2-(2-Hydroxy-ethoxy)-ethyl]-2-
methoxy-phenol

P-Hydroxycinnamic acid, methyl ester
Hexadecanoic acid, ethyl ester
3-Hydroxy-4-methoxycinnamic acid,

methy| ester

Table 5.30: The GC-MS analysis of EtOH distillate products of corn stover liquefaction

using Zn and Ni(OAc)2 of Run 5.14.

Re(tm'll'r:;n € Area% Similarity% Compound name
0.191 35.01634 53 1,2-Propadiene-1,3-dione
1.912 14.15114 96 Methanol
2.14 6.539966 97 Ethyl Acetate
2.364 1.045826 88 Propane, 2,2-dimethoxy-
2.451 3.064623 90 1-Butanol



3.118

10.833

2.424837

3.10489

88

89
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2,2-Dimethoxybutane

Hexadecanoic acid

Table 5.31: The GC-MS analysis of EtOH distillate products of corn stover liquefaction

using Zn and Ni(OAc)2 of Run 5.16.

Ret. Time

(min) Area%  Similarity% Compound name
1.913 18.26331 96 Methanol

1.996 1.435841 83 Pentane, 3-methyl-

2.067 6.558693 90 Pentane, 2,4-dimethyl-
2.143 49.52443 98 Ethyl Acetate

2.236 2.522186 82 1-Pentanol, 4-methyl-
2.368 2.380369 87 Propane, 2,2-dimethoxy-
2.457 2.797408 90 1-Butanol

2.75 3.465993 91 Propanoic acid, ethyl ester
2.881 7.076807 93 Ethane, 1,1-diethoxy-
3.121 5.974958 89 2,2-Dimethoxybutane

Table 5.32: The GC-MS analysis of EtOH distillate products of corn stover liquefaction

using Zn and Ni(OAc)2 of Run 5.17.

Ret. Time

(min) Area%  Similarity% Compound name
1.901 42.68004 96 Methanol

2.046 5.592696 79 2-Hexanone, 3,4-dimethyl-
2.129 34.31124 98 Ethyl Acetate



180

2.352 4.40956 88 Propane, 2,2-dimethoxy-

3.106 13.00646 87 2,2-Dimethoxybutane

5.4 Conclusions

The catalytic liquefaction of corn stover by various combinations of Ni metal +
Fe2O3 + KOAC, Ni metal + ZnO + NaOH/KOAc, and Ni metal + FeO + NaOH +
activated carbon was conducted under different conditions. The results of liquefaction
catalyzed by Ni metal + Fe,O3 showed that bio-oil yield was enhanced by the addition of
KOACc giving ~ 38-40%, and great production of bio-oil was achieved by the increase in
the amount of Ni (H2) metal at 300 °C in less than 4 h. The catalytic liquefaction results
using Ni metal + ZnO + KOACc confirmed that KOAc has a better influence on biomass
liquefaction than NaOH, giving > 50% of bio-oil at 300 °C in lower than 2 h. Using a mix
of EtOH and water instead of only EtOH is better for liquefaction catalyzed by Ni metal
and metal oxide under basic conditions. Moreover, oxygenated carbons, condensation
reactions, and repolymerized bio-residues were much reduced in liquefaction catalyzed
by Ni metal + Fe203/ZnO + KOAc compared to that obtained from liquefaction catalyzed
by Ni metal + metal oxide + NaOH (Chapter 4). The bio-oil yields of corn stover
liquefaction by Ni(OAc). + Fe were improved by adding activated carbon. The
pronounced improvement was observed for runs with NaOH added than under neutral
conditions. However, because of Fe metal not being a potent reducing agent as Zn metal,
bio-oil production using this catalytic system was lower than that generated by Ni + ZnO

+ NaOH.
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Figure S5.1: The H-NMR spectrum of bio-oil product of corn stover liquefactio
Fe,0;, Ni (260°C), and KOAc of Run 5.1.
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Figure S5.2: The H-NM‘R spectrum of bio-oil product of corn stover liquefaction using

Fe,0;, Ni (260°C), and KOAc of Run 5.2.
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Figure S5.3: The H-NMR spectrum of bio-oil product of corn
3.Fe,0;, Ni (260°C), and KOAc of Run 5.3.
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Figure S5.4: The H-NMR spectrum of bio-oil product of corn stover liquefaction using
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Figure S5.5: The H-NMR spéctrum of bio-oil product of corn stover liquefactio
3.Fe,0;, Ni (260°C), and KOAc of Run 5.5.
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Figure S5.6: The H-NMR spectrum of bio-oil product of corn stover liquefactio
3.Fe,0;, Ni (260°C), and KOAc of Run 5.6.
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Figure S5.7: The H-NMR spectrum of bio-oil product of corn stover liquefaction using

3.Fe,0;, Ni (H,), and KOAc of Run 5.7.
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Figure S5.8: The H-NMR spectrum of bio-oil product of corn stover liquefaction using

3.Fe,0,, Ni (H,), and KOAc of Run 5.8.
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Figure S5.9: The H-NMR speétrum of bio-oil product of corn stover liquefaction using

3.Fe,0;, Ni (H,), and KOAc of Run 5.9.
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Figure S5.10: The H-NMR spectrum of bio-oil product of corn stover liquefaction using

3.Fe,0;, Ni (H,), and KOAc of Run 5.10.
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Figure S5.11: The H-NMR spectrum of bio-oil product of corn stover liquefaction using

Zn and Ni(OAC)2.4H20 of Run 5.11.
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Figure S5.12: The H-NMR spectrum of bio-oil product of corn stover liquefaction using

Zn and Ni(OAC)2.4H20 of Run 5.12.
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Figure S5.13: The H-NMR spectrum of bio-oil product of corn stover liquefaction using

Zn and Ni(OAC)2.4H20 of Run 5.13.
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Figure S5.14: The H-NMR spectrum of bio-oil product of corn stover liquefaction using

Zn and Ni(OAc)2.4H20 of Run 5.14.

o ,\,Luwm\ N

T T T v T T T T
10 8 3

|

a

[l ./‘

= v~

2

——
1 - —__——9-.—
4/
0 2 4 6 8 10 12 M)

.
o [ppm]

Figure S5.15: The H-NMR spectrum of bio-oil product of corn stover liquefaction using

Zn and Ni(OAC)2.4H20 of Run S5.15.
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Figure S5.16: The H-NMR spectrum of bio-oil product of corn stover liquefaction using

Zn and Ni(OAc)2.4H20 of Run 5.16.
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Figure S5.17: The H-NMR spectrum of bio-oil product of corn stover liquefaction using

Zn and Ni(OAC)2.4H20 of Run 5.17.
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Figure S5.18: The H-NMR spectrum of bio-oil product of corn stover liquefaction using

Zn and Ni(OACc)2.4H20 of Run 5.18.
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Figure S5.19: The H-NMR spectrum of bio-oil product of corn stover liquefaction using

Zn and Ni(OAC)2.4H20 of Run 5.19.
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Figure S5.20: The H-NMR spectrum of bio-oil product of corn stover liquefaction using

Fe and Ni(OAC)2.4H20 of Run 5.20.
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Figure S5.22: The H-NMR spectrum of bio-oil product of corn stover liquefaction using

Fe and Ni(OAc)2.4H20 of Run 5.22.
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Figure S5.23: The H-NMR spectrum of bio-oil product of corn stover liquefaction using

Fe and Ni(OAc)2.4H20 of Run 3.
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Figure S5.24: The H-NMR spectrum of bio-oil product of corn stover liquefaction using

Fe and Ni(OAC)2.4H20 of Run 5.24.
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Figure S5.25: The H-NMR spectrum of bio-oil product of corn stover liquefaction using

Fe and Ni(OAC)2.4H20 of Run 5.25.
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Figure S26: The GC-MS chromatogram of EtOH distillate product of corn stover
liquefaction using Fe,O,, Ni (260°C) and KOAc of Run 5.1.
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Figure S27: The GC-MS chromatogram of EtOH distillate product of corn stover
liquefaction using Fe,O,, Ni (260°C) and KOAc of Run 5.2.
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Figure S28: The GC-MS chromatogram of EtOH distillate product of corn stover
liquefaction using Fe,O,, Ni (260°C) and KOAc of Run 5.3.
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Figure S29: The GC-MS chromatogram of EtOH distillate product of corn stover
liquefaction using Fe,O,, Ni (260°C) and KOAc of Run 5.4.
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Figure S30: The GC-MS chromatogram of EtOH distillate product of corn stover
liquefaction using Fe,O,, Ni (260°C), and KOAc of Run 5.5.
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Figure S31: The GC-MS chromatogram of EtOH distillate product of corn stover
liquefaction using Fe,O,, Ni (260°C), and KOAc of Run 5.6.
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Figure S32: The GC-MS chromatogram of EtOH distillate product of corn stover
liquefaction using Fe,O,, Ni (H,) and KOAc of Run 5.7.
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Figure S33: The GC-MS chromatogram of EtOH distillate product of corn stover
liquefaction using Fe,O,, Ni (H,) and KOAc of Run 5.8.
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Figure S34: The GC-MS chromatogram of EtOH distillate product of corn stover
liquefaction using Fe,O,, Ni (H,) and KOAc of Run 5.9.
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Figure S35: The GC-MS chromatogram of EtOH distillate product of corn stover
liquefaction using Fe,O,, Ni (H,), and KOAc of Run 5.10.
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Figure S36: The GC-MS chromatogram of bio-oil product of corn stover liquefaction
using Fe,O;, Ni (260°C), and KOAc of Run 5.1.
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Figure S37: The GC-MS chromatogram of bio-oil product of corn stover liquefaction
using Fe,O;, Ni (260°C), and KOAc of Run 5.2.
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Figure S38: The GC-MS chromatogram of bio-oil product of corn stover liquefaction
using Fe,O,, Ni (260°C) and KOAc of Run 5.3.
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Figure S39: The GC-MS chromatogram of bio-oil product of corn stover liquefaction
using Fe,0;, Ni (260°C), and KOAc of Run 5.4.
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Figure S40: The GC-MS chromatogram of bio-oil product of corn stover liquefaction
using Fe,0,, Ni (260°C), and KOAc of Run 5.5.
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Figure S41: The GC-MS chromatogram of bio-oil product of corn stover liquefaction
using Fe,O;, Ni (260°C), and KOAc of Run 5.6.
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Figure S42: The GC-MS chromatogram of bio-oil product of corn stover liquefaction
using Fe,O,, Ni (H,), and KOAc of Run 5.7.
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Figure S43: The GC-MS chromatogram of bio-oil product of corn stover liquefaction
using Fe,O,, Ni (H,), and KOAc of Run 5.8.
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Figure S44: The GC-MS chromatogram of bio-oil product of corn stover liquefaction
using Fe,O,, Ni (H,), and KOAc of Run 5.9.
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Figure S45: The GC-MS chromatogram of bio-oil product of corn stover liquefaction
using Fe,O,, Ni (H,) and KOAc of Run 5.10.
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Figure S46: The GC-MS chromatogram of bio-oil product of corn stover liquefaction
using Zn and Ni(OAc)2.4H20 of Run 5.14.
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Figure S47: The GC-MS chromatogram of bio-oil product of corn stover liquefaction
using Zn and Ni(OAc)2.4H20 of Run 5.15.

Figure S48: The GC-MS chromatogram of EtOH distillate product of corn stover
liquefaction using Zn and Ni(OAc)2.4H20 of Run 5.16.
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Figure S49: The GC-MS chromatogram of bio-oil product of corn stover liquefaction
using Zn and Ni(OAc)2.4H20 of Run 5.17.
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Figure S50: The GC-MS chromatogram of bio-oil product of corn stover liquefaction
using Zn and Ni(OAc)2.4H20 of Run 5.18.
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Figure S51: The GC-MS chromatogram of bio-oil product of corn stover liquefaction
using Zn and Ni(OAc)2.4H20 of Run 5.109.
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Figure S52: The GC-MS chromatogram of EtOH distillate product of corn stover
liquefaction using Zn and Ni(OACc)..4H20 of Run 5.14.
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Figure S53: The GC-MS chromatogram of bio-oil product of corn stover liquefaction
using Zn and Ni(OAc)2.4H,0 of Run 5.16.
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Figure S54: The GC-MS chromatogram of EtOH distillate product of corn stover
liquefaction using Zn and Ni(OAc)2.4H20 of Run 5.17.
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CHAPTER 6: SUMMARY

The presented work in this dissertation has aimed to study the direct-liquefaction
of lignocellulosic biomass for bio-oil production, focusing on the effect of temperature,
residence time, biomass, solvent, and catalysts on the yield, composition, and quality of
bio-oil. Based on the liquefaction results presented in this work, the following specific
conclusions can be summarized:

1) Hydrothermal liquefaction of pine sawdust under basic condition at low temperature of
200 °C was insufficient. Cellulose was mostly recovered. Thus, biomass liquefaction in
H>O should be conducted at higher temperatures.

2) Co-solvent pine sawdust liquefaction using Zn metal and Ni(OAc), in 1:1 solvent:H>O
at different temperatures and residence times could provide bio-oils with high yields.
Compared to the bio-oils from solvolytic liquefaction, the aromatic and oxygenated
species were found in higher amounts in the bio-oils generated from both hydrothermal
and co-solvent liquefaction.

3) Metallic salts applied in pine sawdust liquefaction in EtOH showed synergistic effect
with Zn, Mn, and Fe metals under basic condition. The effect of metal alone, metal-
NaOH, metal oxide, metal oxide, metal oxide-NaOH, Ni metal-metal oxide, and Ni
metal-metal oxide-NaOH were investigated in chapter 3 and 4. Based on the results, the
last two catalytic systems exhibited better performance on liquefaction of biomass than
others. The results obtained from different biomass liquefaction using Fe;Os-Ni (260°C)
under neutral and basic conditions indicate to that bio-oil production was more promoted
under basic than neutral conditions and aromatic and oxygenated species were greatly

reduced by addition of NaOH.
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4) The major components of bio-oil may be alcoholic compounds from EtOH
condensation under basic condition when EtOH was used as the solvent. The distribution
of bio-oil components is highly determined by the type of biomass, solvent, and catalysts
used.

5) The effect of KOAc on corn stover liquefaction was investigated under different
conditions (Zn or Fe- NiOAc and Ni metal-Fe>03). The results showed that KOAc was
more effective than NaOH.

6) Bio-oil yields greater than 40% were obtained using Ni metal-Fe>O3- KOAc or Zn

metal-Ni(OAc)>-KOAc at 300 °C in less than 4 hr.
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