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ABSTRACT

Hemicellulose is one of the major components of non-food lignocellulosic biomass,
which can be transformed into liquid hydrocarbons. In this study, Maize cobs were
transformed into liquid hydrocarbons via acid-catalyzed hydrolysis. The transformation
process involved, production of Furfural from maize cobs using acid-catalyzed hydrolysis
and dehydration process, aldol condensation of the produced Furfural with acetone and
hydrodeoxygenation of the aldol adduct to liquid hydrocarbons which was catalyzed by
NiO/Al>Os.Taguchi design was used to determine the effect of variables on Furfural
yield. The yield of the Furfural was found to be72.0% at 180°C, 50 minute reaction time
and 10% acid concentration. The Furfural produced was condensed with acetoneto
obtained furfural-acetone-furfuraldimers which was subsequently subjected to
hydrodeoxygenation to produce liquid hydrocarbons.GC-MS analysis revealed the
presence of alkanes within the range of (C7-Cis), with the selectivity of 61.08% on
NiO/Al>O3 catalyst at the reaction temperature of 220°C, 30 bars pressure and reaction
time of 1 h with heptane and decane being the major products each accounting for
28.06% and 17.65% respectively.The result revealed that hemicellulose obtained from
Maize cobs could be a potential substrate for the production of liquid hydrocarbonswith
NiO/Al203 as hydrodeoxygenation catalyst.

xiii



CHAPTER ONE

INTRODUCTION AND LITERATURE REVIEW

1.1Introduction

Frequent crisis in petroleum supply products leading tothe possibility of its scarcity,

prices instability and negative effects onthe environment,led so much interest in

alternative energy sources which has increased year after year(Santos et al.,

2013).The interest in renewable sources of energy arises because they are considered

to be sustainable, hazard-free, safe and environmentally friendly (Tushar, 2010).

However, the dominant resource for energy production currently is fossil fuel

compared with the very low usage of renewable energy sources. Figure 1 shows the

contribution of fossil fuels and renewable sources in the energy portfolio. The world

total consumptions of fossil fuels, namely, oil, natural gas, and coal account for 30%,

22% and 28%, respectively for a total of 80% whereas the consumption of renewable

sources accounts only for 17% (Kumar, 2010).

Fuels with small amounts of admixed biofuel (up to 5 vol. %; E5 Europe) are

permitted in common gasoline or diesel engines and can be used in common vehicles

without any form of adaptation. Also, fuels with higher levels of biofuel (more than 5

vol. %) are currently available in Brazil (gasoline, up to 25 % ethanol, E25), USA (10

% ethanol/90 % gasoline, E10), and Sweden (85 % ethanol/15 % gasoline, E85).

Diesel containing 5-30 vol. %, example, FAME (B5, B10, and B30) are common, as



is E95 for diesel engines. However, vehicles using this type of fuel must be adapted

(Soni et al., 2008)

Biobutanol may be a more suitable gasoline-range biofuel than bioethanol, as it has

the same energy density as bioethanol, but would increase the octane number in the

gasoline pool. In addition, biobutanol has a lower vapor pressure and a lower water

solubility, which simplifies handling procedures and the infrastructure.

According to Brunner (2009), biomass can be used as a raw material to produce

useful chemicals as well as for producing energy. It is also known that biomass is a

safe source ofenergy and can be used to decrease the emissions of hazardous gases

such as SOx and NOy as well as GHGs (Pastircakova, 2004).

The concern over dwindling fossil fuels reserves with serious challenges it posed to

the environment and the growing trend in energy consumption over the past decade

was one of the driving forces for the researchers and industries to quest for an

alternative source of liquid fuels and chemicals from renewable sources (Choudhary

etal., 2012).

The current energy utilization was derived almost exclusively from crude oil (95%)

and depletion of these finite fossil fuel resources seems to be unavoidable in the future

since these resources are exhausted faster than its regenerated. According to Mehdi et

al. (2008) the proven reserves for oil, natural gas, and coal fuels have lifetimes of

approximately 46, 59, and 118 years, respectively, at current usage rates. In particular,



crude oil is a resource with the shortest expected lifetime, and it is the predominant

source of fuel for the transportation sector, which is one of the largest and fastest-

growing global energy consumption sectors.

Additionally, the consumption of fossil fuels leads to emission of CO», causing

detrimental effects on the environment that may accelerate rates of global warming.

(Xiu and Shabhasi 2012). One of the main concerns in the large-scale production of

biofuels and chemicals is the consumption of edible biomass such as corn, sugarcane,

soybeans, and vegetables as feedstocks for biofuels generation (Hongjun et al., 2017).

This issue has motivated researchers around the world to develop second-generation

technologies for processing non-edible biomass (lignocellulosic biomass) for

sustainable production of new generation fuels and chemicals with zero effect to the

food basket. In this respect, lignocellulosic biomass is attractive since it is abundant

(Roman-Leshkov and Dumesic, 2009) and can be grown faster and more

economically than food crops. Lignocellulosichiomass consists of three major

components: cellulose (40-50%), hemicellulose (25-35%) and lignin (15-20%)

(Gurbuz et al., 2011).

Production of liquid fuels via aqueous-phase processing could be a promising option

for harnessing biomass for fuels generation. The process is viable as it uses water-

soluble feedstock at moderate temperatures and pressures (Demirbas, 2006).

Operation at such process conditions enables the processing of low-value biomass



into high-value products. The aqueous phase processing of biomass consists of four

steps including hydrolysis, dehydration, aldol-condensation and hydrogenation(Huber

et al., 2005). In the first reaction step, biomass was converted to glucose and fructose

molecules via the hydrolysis process. Then, glucose and fructose molecules were

converted to hydroxyl-methyl furfural (HMF) and furfural over acid catalyst by the

dehydration process (Bond et al., 2010). Finally, intermediates were converted to

liquid alkanes by aldol-condensation and hydrogenation over bifunctional catalyst.

1.1.1Botanical description of maize (Zee Mays)

Maize (Zea mays) is a plant belonging to the family of grasses (Poaceae). It is

cultivated globally and is one of the most important cereal crops worldwide. Maize is

not only an important food crop for human consumption but also a basic element of

animal feed and raw material for the manufacturing of many industrial products

(Oladejo and Adetunji, 2012). The products include corn starch, maltodextrins, corn

oil, corn syrup, and products of fermentation and distilleries. It is also being recently

used in the production of biofuel (Zahra, 2012). Its scientific classification is shown in

Table 1.

Table 1.1: Scientific Classification of Maize

S/N Classifications Scientific names
1 Kingdom Plantae

2 Division Magnoliophyta
3 Class Liliopsida




4 Order

5 Family
6 Tribe

7 Genus
8 Species

Poales
Poaceae
Maydaeae
Zea

Mays

Iken and Amusa, (2004).

Plate 1.1 shows maize seeds and how is wide cultivated throughout the world and a

greater weight of maize is produced each year than any other grain (Linda,
2013).Maize is a versatile crop grown over a range of agro-climatic zones. In fact, the
suitability of maize to diverse environments is unmatched by any other crop. It is
grown from 58°N to 40°S, from below sea level to altitudes higher than 3000 m, and

in areas with 250 mm to more than 5000 mm of rainfall per year (Shaw, 1988). And

with a growing cycle ranging from 3 to 13 months.



Y & .

Plate 1.2: Maize cobs Used in the Research

Plate 1.2 shows threshed cobs from the grains which has methane potential and could
be used as a sustainable feedstock for anaerobic digestion processes (Massimo et al.,
2016). Biomass is a renewable resource of carbon produced from organic matter
including agricultural residues. These materials can be converted to energy carrier
and/or heat as well as liquid fuels by either thermochemical, physicochemical, or

biological processes



1.2 Literature Review

The use of furans, such as HMF and furfural, as precursors of liquid hydrocarbon
fuels, is an option for the production of linear alkanes in the molecular weight range
appropriate for gasoline to diesel or jet fuel (C7-Cis) (Sokoto et al., 2017).
Polysaccharides can be hydrolyzed to their constituent monomers, which can
subsequently be dehydrated over an acid catalyst to furan compounds with a carbonyl
group such as HMF, 5-methylfurfural, or 2-furaldehyde (furfural) (Barret et al.,
2006).

1.2.1Aqueous phase processing of biomass

Aldol condensation has been typically performed in the presence of base catalysts,
such as NaOH (Fakhfakh et al., 2008), KOH and NHz-H2O (Liu et al., 2008). These
homogeneous catalysts have been effective in decreasing reaction temperature and
shortening the reaction time; however, it is difficult to separate them from the reaction
solution and reuse them without causing environmental issues. Therefore, many
researchers have focused on solid base catalysts in recent years (Hideshi, 2004).

In a subsequent study, West et al. (2008) conducted the condensation of furfural and
HMF with acetone in an aqueous phase, using NaOH as a catalyst and the limited
solubility of furfural in water made it necessary to use high amounts of a base to

observe the substantial activity.



The use of Cu based catalysts exhibit a remarkable selectivity toward hydrogenation

of the carbonyl group leaving the C=C double bonds in the furyl ring unreacted.

Copper containing catalysts, such as Cu—-Zn mixed oxides with Al, Mn and Fe,

Cu/MgO, Cu—Ca/SiO2 and Pt on different supports are most frequently employed for

furfural hydrogenation (Merlo et al., 2009).

Huber et al. (2005), proposed a process for obtaining diesel fuels of high quality from

the condensation of HMF or furfural with acetone involving the aldol condensation,

followed by hydrogenation and deep hydrodeoxygenation.

1.2.2 Basic contents of biomass

In general, biomass consists of cellulose, hemicellulose, and lignin. Fig. 1.2 shows the

percentages of the basic contents of biomass (Kumar, 2010).Cellulose mainly consists

of anhydrous glucose in a chain structure. The molecules of anhydroglucose are

linked by B- glycosidic in a chain of linear structure, which increases the stability of

cellulose. The importance of cellulose is to provide the solidity of the plant. The

second major component in plants is hemicellulose, which consists of side chains of

different sugars in a polymer structure. According to Bobleter (1994), these sugars

could be classified either as five carbons (arabinose, and xylose) or six carbons

(glucose, mannose, \galactose). The hemicellulose works like glue for the cellulose

units through hydrogen bonds.



The third major component in plants is lignin, which is one of the complex
components present in the plants. Lignin consists mainly of different units of phenyl
propane as sinapyl alcohol, p- cocumaryl alcohol, and coniferyl alcohol. Lignin works
as a linkage for the plant cellular and as a protector against chemical or
microorganism effects. In addition, lignin is the controller of the fluid flow through
plants and it can work as an antioxidant because it absorbs UV lights (Falkehag, 1975:

Olsson, et al., 2005).

m Oil m Nuclear = Renewable m Coal = Natural Gas

Figure 1.1: The Main Lignocellulosic Biomass Composition (Kumar, 2010)

The biomass that could be used for biofuels production will depend on regional issues
such as soil quality, precipitation, and climate. Biomass can be produced not only on
agricultural land but also on the forest, aquatic, and arid land (Kaygusuz et al., 2015).
Nature produces a wide range of structures from biomass. Plants use solar energy to

combine carbon dioxide and water forming a sugar building block and oxygen. The



sugar is stored in a polymer form as cellulose, starch, or hemicellulose. Most biomass
approximately contained 75 wt % sugar polymers (Huber et al., 2006). The first step
for biofuels production is obtaining an inexpensive and abundant biomass feedstock.
Biofuel feedstocks can be chosen from the following; waste materials (agricultural
wastes, crop residues, wood wastes, urban wastes), forest products (wood, logging
residues, trees, shrubs), energy crops (starch crops such as corn, wheat, barley; sugar
crops; grasses; woody crops; vegetable oils; hydrocarbon plants), or aquatic biomass
(algae, waterweed, water hyacinth) (Kaygusuz et al., 2015). The structured portion of
biomass is composed of cellulose (35-50%), hemicelluloses (20-35%), lignin (15-
25%) and a number of other compounds (Wyman et al., 2005). The lignocellulosic

composition of some locally available biomass is listed in Table 1.2

Table 1.2: Chemical Composition of Some Biomass Resources

Biomass Cellulose (%) Hemicellulose (%0) Lignin (%)
Finger millet hulls 25 +0.73 32+1.38 4 +1.66
Sorghum hulls 39+0.82 35+ 0.07 4+0.11
Corn stalk 30+1.19 33+2.63 15+ 0.67
Cassava peels 39+0.34 25+0.41 8+0.52
Saw dust 44 +1.77 17+0.14 21 +1.92
Rice straw 35+131 27 +£1.97 16 +2.01

10



Soybean hulls 35+0.12 16 £0.21 4+0.19

Sugarcane bagasse 45+ 0.52 26+ 0.34 19+0.13

Groundnut husk 36+1.41 20 +0.88 25+1.03

(Salihu et al., 2015)

1.2.3 The Production of Furfural and Conversion Process

Furfural is an aldehyde as well as an organic solvent with the formula of CsH4O>. It

could be used to produce alkanes and furan through catalytic decarboxylation

reactions of furfural (Chheda and Dumesic, 2007).Furfural (2-furaldehyde) is a

heterocyclic aldehyde derived from acid hydrolysis and dehydration of pentoses

(mainly xylose) sugars contained in lignocellulosic biomass fraction (Vazquez et al.,

2007). Furfural can be produced by one-step or two-steps conversion processes. In the

one-step process, pentosans are hydrolyzed into xylose and then dehydrated into

furfural simultaneously. However, in the two-step process, hydrolysis of pentosans

occurs under mild conditions followed by the dehydration of xylose into furfural

(Perego and Bianchi 2010; Serrano et al., 2010).

11
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Figure 1.2: Chemical Transformation of Biomass to Liquid Hydrocarbon (Rong
et al., 2010).

Sokoto,et al.(2017) reported furfural production from millet husk via simultaneous
hydrolysis and dehydration processes. Where the Furfural optimal yield of (71.55%)
was achieved at 184°C,39 min, and 9% acid concentration. Jian et al. (2015) reported
the optimal furfural of 78.5% from corncobs in a one-pot method catalyzed by ZSM-5
at 473 K, 30% ZSM-5, 15 mL of toluene, and 500mM of NaCl for 2 h. Also, Ong and
Sashikala, (2007) obtained an optimal furfural yield of 75% from dry rice husk using
10% sulphuric acid for 7 h. The yield was obtained with heterogeneous catalysts in
dimethyl sulfoxide (DMSO) and toluene/water solvents; however, the yield was
significantly lower when water was used as a solvent. However, the furfural cannot be
utilized as a motor fuel because of its tendency to polymerize (Diaz et al., 2005).
However, furfural can be hydrogenated to furfuryl alcohol, methyl furan,
tetrahydrofurfural alcohol, and methyltetrahydrofuran (MTHF), which have octane

number of 83, 74, 83, and 74, respectively (Huber et al., 2005). Among the

12



hydrogenated forms of furfural, only MTHF is suitable as a motor fuel because it will
not polymerize and has low volatility. Furfural can also be used to produce liquid
alkanes (n-C7 to Cis) using aqueous-phase hydrogenation and base-catalyzed aldol
condensation step (Faba et al., 2012).

1.2.4 Aldol Condensation

Aldol condensation is the reaction of carbonyl enolates with aldehyde and ketones to
form B-hydroxy carbonyl when subsequently dehydrated form a-f unsaturated
compounds. This reaction is one of the most powerful reactions that increase the C-C
bonds.(Faba et al.,, 2012). The extent of the addition reaction of two species
containing carbonyl groups to form aldol adducts is controlled by equilibrium;
however, dehydration is highly favorable and drives the reaction forward to form a, -
unsaturated compound. Aldol condensations are especially useful in biomass
upgrading because the facile dehydration removes oxygen, increases the carbon to
oxygen ratio, and assists in the conversion of biomass-derived oxygenate to liquid
hydrocarbons (Gabriels et al., 2015). Therefore, this coupling reaction is widely used
to upgrade bio-derived carbonyl compounds to form larger products that can be
converted into jet and diesel fuels or lubricants by subsequent hydrogenation
(Anbarasan et al., 2012).

Aldol condensations are generally carried out at mild reaction temperatures in the

presence of a homogeneous or heterogeneous acid, base, or amphoteric catalyst such

13



as alkali metals, metal oxides, mixed metal oxides, hydroxyapatite, amines grafted
onto supports, and metal-substituted zeolites (Kozlowski and Davis, 2013: Gabriels et
al., 2015). However, few studies have been reported for aldol-condensation using
solid base catalysts in water, because the leaching of catalyst components into the
water phase and poor hydrothermal stability pose significant challenges. Recent
improvements in heterogeneous catalyst systems possessing acid-base bifunctionality
showed greater reaction rates by stabilizing the transition states on the acid-base pair
sites. Factors such as reaction temperature, reactant molar ratio, the structure of
reactant molecules, and the nature of the catalyst determine the selectivity of the
process toward heavier compounds (Climent et al., 2002; Sankaranarayanapillai et al.,
2015). Faba et al. (2012) demonstrated the reaction network for aldol- condensation
of furfural and acetone as shown in Figure 1.4.

Ca!aly-l Catalyu
Cr O A, 2= O

4-(2-furyl - 4-hydrox ybutan-2-on 4-(2-furyl}-3-buten-2-on

7
Camysx ol \\
A O 52 S

1. 4-pentandien-3-on-1,5-di-2-furany!

Figure 1.3: Step-wise reaction for aldol- condensation of furfural with

acetone(Faba et al., 2012)

1.2.5 Hydrotreating of Bio-Oil
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Hydrodeoxygenation (HDO) of bio-oils involves treating bio-oils at moderate
temperatures (200-400°C) with high-pressure Hy in the presence of heterogeneous
catalysts.However, the high H> consumption and capital costs and low product
selectivity render this method uneconomical (Xiong et al., 2011).Direct
hydrogenation of bio-oil in batch reactors over Raney Ni (200°C, 40 bar H») yielded
only 30% organic liquid indicating that the direct hydro-processing of bio-oils is
difficult and produces a large yield of coke and tar, which lead to deactivation issues
(Xiong et al., 2011).0ne of the catalyst deactivation mechanisms that occur during the
HDO of bio-oil is carbon deposition on the catalyst surface (Xiu and Shahbazi 2012).
This deactivation represents a major limitation of this technology because the catalyst
has to be frequently regenerated. One approach that has been reported is to try to
develop HDO catalysts that have low acidity and hence a lower rate of coke formation
(Huber et al., 2006).

Elliott and co-workers have reported that two hydrogenation steps are typically
required for HDO of pyrolysis oil: 1) a low-temperature step (100-140°C) and 2) a
high-temperature step (200-300°C) with final products containing 40% of the starting
carbon (Elliot and Hart, 2009). The purpose of the low-temperature step is to
hydrogenate aldehydes and ketones and make the oil more stable. Low-temperature
stabilization step does not completely deoxygenate the bio-oil. However, it does make

the oil more stable and decreases the rate of coke formation in the high-temperature
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HDO step. The improved stabilization of the resulting bio liquid by the low-
temperature hydrogenation also allows the bio-oil to be easier to handle and store for
further upgrading and applications in existing crude oil refinery settings (Huber et al.,
2006).

The current bio-oil hydro-deoxygenation state of the art indicates that there is a wide
range of products formed and that the involved catalytic chemistry needs to be
understood in more detail (Li et al, 2011). Therefore, future work on
hydrodeoxygenation could focus on developing non-sulfur-based catalysts for
hydrodeoxygenation.

1.2.6 Statement of the Research Problem

Municipal solid waste (MSW), as it popularly called globally, comprised of all form
organic wastes generated from agricultural activities, households, commercial
activitiesamong others. Most of these wastes end up in the landfill or in the
environment creating serious havoc to the habitats as well as environmental
degradation. With the rapid depletion of fossil fuels reserves with increasing demands
and uncertainty in this supply, there is a need for sustainable means for abating these
waste materials especially for the conversion of waste to wealth. Therefore,
conversion of hemicellulose obtained from maize cobs into liquid fuels like gasoline
and diesel is one of the forefront issues critically giving preference and it could be a

profitable process to mitigate the menace of these organic wastes.
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1.2.7 Justification of the Study

Production of liquid hydrocarbons from sorghum straw, rice husk, millet husk,
corncobs and other lignocellulose biomass and the effect of reaction conditions have
been reported by several kinds of literature (Vazquez et.al., 2007; Ong and Sashikala,
2007; Li et al., 2011; Jian et al., 2015; Sokoto et al., 2017). However, research on the
production of liquid hydrocarbons has not been reported from maize cobs using

NiO/Al,O3 as a catalyst.

Therefore, this work intends at providing another information on the productionof
liqguid hydrocarbons from maize cobs and the potential of NiO/Al,O; as

hydrodeoxygenation catalyst

1.2.8 Aim and Objectives

The aim of this research is to produce liquid hydrocarbons from hemicellulose
obtained from maize cobs via catalytic conversion.
The specific objectives of the research are to:
i.  Produce Furfural from maize cobs by acid hydrolysis and dehydration process
ii. Determine the effect of reaction variables (temperature, time and acid
concentration) onFurfural production using Taguchi Array Design.

iii.  Synthesize and characterize NiO/Al,O3 catalyst.
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iv.  Convert the furfural into hydrocarbons by hydrodeoxygenation process
v. ldentify the chemical composition of the generated hydrocarbons using GC-

MS

1.2.9 Scope and delimitation

The scope of this research is limited to the conversion of hemicellulose obtained from
maize cobs to liquid alkanes (within gasoline and diesel range). However, the
emphasis is to determine the effect of variables on Furfural production process and to
study the nature of the liquid products. In addition, the research did not account for
the optimization of other reaction stages and the gases that was produced during the

process.
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CHAPTER TWO

MATERIALS AND METHODS

2.1 Materials

Table 2.1: List of Chemicals Used in the Research

Chemicals Chemical formula Purity(%) Grade  Manufacturer
Sulphuric acid H2SO04 98.0 AR British Drug House
Sodium chloride NaCl 99.5 AR LOBA Chemie
Dichloromethane CH:Cl2 99.0 AR LOBA Chemie
Sodium sulphate Na2SO4 99.0 AR British Drug House
Sodium hydroxide NaOH 97.0 AR Qaulikems
Furaldehyde C4Hs0: 98.0 AR British Drug House
Ethanol C2H20H 95.0 G.P.R Kermel

Acetone (CH3).CO 99.0 AR Beith Dekel

Ethyl acetate CH3COOC;Hs 99.5 AR JDL Industries
Hydratednickelnitrate Ni(NO3)2.6H.O 99.9 AR Sigma-Aldrich
Alumina Al2O3 99.5 AR LOBA Chemie
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Table 2.2: List of Instruments Used in the Research

Instruments Model Manufacturer

Analytical Balance AW320 Shimadzu Japan

Magnetic Stirrer ERC-1000H Tokyo Rikakikai Co.Ltd, Japan
Reactor SS316L Fabricated in India

Rotary Evaporator RE-200A Xian Heb BioTec. CO. Ltd, China
Laboratory oven SM9053 Surgifriend Med., England

FT-IR Spectroscopy Carry630 Agilent Tech., USA

FT-IR Spectroscopy MB3000 Agilent Tech., USA

GC-MS

1790B-5977A

Agilent Tech.

2.1.1 Sample Collection and Treatment

The sample (maize cobs)was obtainedfrom Majema villageopposite Nana Asama’u

girl’s hostel, Usmanu Danfodiyo University, Sokoto. The sample wassun dried at

39°Cand stored at room temperature until required for the analysis.
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2.2 Methods

2.2.1 Preparation of Reagents

a. Sulphuric Acid (H2SOa4)Solution (10%b)

The H2S04 stock solution(10%) was prepared by dissolving 25. cm?® of concentrated
sulphuric acid in a beaker containing distilled water and the solution was transferred
into 250 cm?® volumetric flask and filled up the mark with distilled water. The solution

was allowed to cool at room temperature.

b. Hydrated Nickel Nitrate (Ni(NOz3)2.6H20) Solution (0.6M)

Exactly 17.449gof nickel nitrate (11)was weighed and dissolved in 50 cm? of distilled
water in a small beaker. The solution was transferred into 100 cm?® volumetric flask

and then brought to the mark with distilled water.

C. Sodium Hydroxide (NaOH) Solution (4M).

Exactly 16.000g wasweighed and dissolved in 50 cm?® of distilled water in a small
beaker and the solution was transferred into 100 cm® volumetric flask and filled to the

mark with distilled water
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2.2.2 Catalyst Preparation

The catalyst was prepared by incipient wetness method of impregnation. 100 cm?® of
0.6M solution of Nickel (1) nitrate was added dropwise into the 200g of alumina
powder (Al.Oz) in the ratio of 1:2v/wwith continuous mixing using magnetic stirrer
for 10 min. The prepared slurry was placed in an oven to dry at 80°C for 8 h and then
calcined in a furnace at 600°C for 4 h. The prepared catalyst (NiO/Al,O3) was stored

at room temperature until required for the analysis (Francisco and Jesus, 2000).

Table 2.3: Furfural factors and their levels.

Factor Levels

Temperature (°C) 140, 160, 180 and 200
Time (min) 20, 30, 40 and 50
Acid concentration (%) 4,6,8and 10

2.2.3Experimental Design

The experiments were designed using TAGUCHI design on MINITAB 17 Statistical
Software. The effects of three factors i.e. temperature, time, and acid concentration at

a different level weredetermined as indicated in Table 2.3 on yield.

2.2.4 Effects of variables:

Parameters considered for Furfural production include; temperature, time, and acid
concentration as it was indicated in Table 2.3. The Taguchi array design was used in
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this dissertation because it is the best method of experimental design having factors in
four levels and above. The optimum parameters were determined for the highest yield

of the furfural.

Table 2.4: Design of experiment (Taguchi Orthogonal Array Design)

Temperature(°C) Time (min) Acid conc.(%)
140 20 4
140 30 6
140 40 8
140 50 10
160 20 6
160 30 4
160 40 10
160 50 8
180 20 8
180 30 10
180 40 4
180 50 6
200 20 10
200 30 8
200 40 6
200 50 4
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The optimum parameters which gave the highest yield of furfural were determined by

using the equation below:

Weight of Furfural formed(g)
Dry weight of substrate utilized(g)

%FurfuralYield= x1002.1

2.2.5 Production of Furfural

Plate 2.1 indicated a setup showing furfural production.Dried samples of 5.0 g and
5.0g of sodium chloride (NaCl) was mixed in a clean beaker. The mixture was placed
into a 250cm?® borosilicate glass tube reactor and 50mL of 10% conc. sulphuric acid
(H2S04) was added. The reactor was placed upright inside the furnace and connected
to water condenser. The distillation process was carried out according to the chosen
variables of acid concentration, temperature and time respectively.The organic portion
of the distillate was then extracted with dichloromethane using separating funnel and
0.2g of sodium sulphate was added to remove any trace water in the distillate. The
solvent used was then removed using rotary evaporator at 40°C (Ong and Sashikala,
2007). Equation 2.1 was used to calculate the percentage yield of the furfural

produced.
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Plate 2.1 Setup Showing Furfural Production

2.2.6 Aldol Condensation

Setup showing aldol condensation of furfural with acetone was indicated on plate 2.2.
The reaction was performed in a flat bottom flask (250cm?) reactor equipped with a
magnetic stirrer. 10 cm? of the distillate (furfural) was mixed with 5 cm? of acetone in
the ratio of 2:1 and then aqueous ethanol (50%) was added. The reactor was heated to

85°C, then 20 cm® of 4M NaOH was added into the mixture with vigorous stirring
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(500 rpm/min) for 30 min (Fakhfakh et al., 2008). After reaction time elapsed, the
resultant mixture was filtered and washed three times with ethanol to remove the

excess NaOH. The crystals obtained from the reaction was dissolved in ethyl.

Plate 2.2:Setup Showing Condensation of Furfural with Acetone

2.2.7 Hydrodeoxygenation

The hydrodeoxygenation (HDO) of the aldol product was carried out at 220°C in a
stainless-steel tubular reactor. 30 cm? of the aldol adduct and 1.8 g NiO/AlOs catalyst
was heated in the reactor at 220°C for 1 hour under inert atmosphere and at 30 bars of

Hydrogen. The liquid product obtained at the end of the reaction wasthen filtered and
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analyzed using GC-MS (Faba et al., 2015). Plate 2.3 below showsa setup of

hydrodeoxygenation process.

Plate 2.3 Setup Showing Hydrodeoxygenation Process

a. FT-IR Spectroscopic and XRD Analysis

The Fourier transform infrared (FT-IR) spectroscopic analysis is used to quickly and
definitely identify compounds such as compounded plastics, blends, etc. However,
theFT-IR spectroscopy of standard furfural, catalyst prepared and produced furfural
was carried out at Central Science Laboratory, Department of Pure and Applied
Chemistry, Usmanu Danfodiyo University, Sokoto using Agilent Model and that of

aldol adduct was carried out at Department of Chemistry, Yobe State University,
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Damaturu using Agilent Technology model. The transmission rate was set at the
range of 4000-650 cm™ at 4 resolution value. The sample was mixed with alkali
halide potassium bromide (KBr) and compressed into a thin transparent pellet using
hydraulic press and placed in a standard sample compartment of the spectrometer and
spectral data was obtained. The X-ray diffraction of prepared catalyst was carried out
by Empyrean intelligent diffractometer model, Malvern Panalytical, Netherland at
National Geosciences Research Laboratory, Nigerian Geological Survey Agency,

Kaduna,

d. GC-MS Method of Analysis

GC-MS is extensively used for the analysis of these compounds which includes
esters, fatty acids, alcohols, aldehydes, tarpenes etc. The analysis of the
hydrodeoxygenation product was carried out using GC/MS machine at chemistry
central laboratory, Yobe State University, Damaturu. The GC 7890B, MSD 5977A,
Agilent technology was equipped with a capillary column (30.0 m in length x 250um
in diameter x 0.25um in film thickness). The injection volume was 1ul and the inlet
temperature was maintained at 250°C. The GC oven temperature was programmed
initially at 70°C for 1 min and then programmed to 260°C at the rate of10°C per
minute and held at 260°C for 5 minutes.The front inlet temperature of the oven was
250°C (pulsed split less-mode). The carrier gas was helium with a flow rate of 18
cm®min, pressure 4.9693 psi and septum purge flow 3mL/min. The ionization mode
was set at 70eV. Total lon Count (TIC) was used to evaluate for compound
identification and quantitation. The spectrum of the separated compound was
compared with the database of the spectrum of known compound saved in the

NISTO02 Reference Spectral Library.
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CHAPTER THREE

RESULTS AND DISCUSSIONS

3.1Results

The results obtained from Furfural produced was presented in Table 3.1
Anappreciable yield of furfural was achieved at the optimum condition of
temperature, time and acid concentration. Taguchi array design was used to develop a
correlation between condition variables of Furfural yields. The yield of furfural from
hydrolysis and dehydration process of hemicellulose obtained from maize cobs was
designed using TAGUCHI design on MINITAB 17 Statistical Software. The effects
of three factors i.e. temperature, time, and acid concentration at a different level were
determined and the effect of variables revealed furfural yieldwithin the range of 15.0—
72.00%. Contour plots wasused to analyze the interactions between the corresponding

variables on the furfural yield.
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Table 3.1: Effects of Variables on theFurfural Production and the Yield
Obtained

Temperature Time (min) Acid concentration Yield (%)

(°C) (%)

140 20 4 15
140 30 6 21
140 40 8 34
140 50 10 51
160 20 6 31
160 30 4 22
160 40 10 59
160 50 8 50
180 20 8 33
180 30 10 72
180 40 4 37
180 50 6 56
200 20 10 54
200 30 8 52
200 40 6 49
200 50 4 44

30



Mamn Effects Plot for Furfural {%)
Temperature [ C) Time (min) Acid conc. (%)

Furfural ylekl (%)
&

Ho %0 0 200 20 0 40 30 4 L] L ]

Fig. 3.1: Effects ofVVariables on theFurfural Yield

I. Effect of Temperature on the furfural yield

The experimental results illustrated in Figure 3.1 showed the Effect of Temperature
on the furfural produced. It can be observed that the average Furfural yield
significantly increases with increasein temperature from 140 to 200°C with yields of
30.5 to 49.75this is due to the fact that the response surface of Furfural yield increases
rapidly with an increase in reaction temperature within the range of 140-180°C. The
yield of Furfural was noticed significantly increased between 140 to 180°C but the
increase was slightly between 180 to 200°Cwhich is in line with findings by Sokotoet
al. (2017) where the temperature reached saturation point with the reaction time
which virtually makesreaction difficult to proceed, thereby decreasing in the Furfural

yield.
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1. Effect of the time on furfural yield

The experimental results illustrated in Figure 3.1 shows that the time has also effect
on the furfural produced. It can be observed that as the time increases from 20
minutes to 30 minutes the mean of the Furfural yield rapidly increases to about
41.75%. As the time continues to increase subsequently by 10 minutes the mean of
the Furfural significantly increasedto about 50.25%, simultaneously, which is in line

with the findings of Amir et al.(2015).

I11. Effect of acid concentration on furfural yield

In the study results presented in Figure 3.1, as the acid concentration increases from 4
to 6% the average mean of the Furfural yield significantly increases to 39.25%and
subsequentlyincreases to 59% with an increasein acid concentration from 6-10%.
However, the percentage yield of furfural could be increased by increasing the

concentration of sulphuric acid (Amir et al., 2015).

Table 3.2: Analysis of Variance (ANOVA) for Furfural Production

Sources DF Adj ss Adj ms F- Value P-Value
Temp. (°C) 3 1022.5 340.83 8.21 0.015
Time(min) 3 605.0 201.67 4.86 0.048
Acid Conc. (%) 3 1807.5 602.50 14.52 0.004
Error 6 249.0 41.50

Total 15 3684.0
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Table 3.3:Model Summary

S R-sq R-sq (adj) R-sq (pred)

0.644205 0.9334% 0.8310% 0.5194%

The Taguchi array design in Minitab Statistical tool was able to function as an optimal
design for the desired response based on the model obtained and input criteria. The
effect of variables of furfural yield was carried out based on the three variables i.e
temperature, timeand acid concentration which are in four different levels of 16
experimental runs. The general linear model was carried out to fit the response
variable and investigate the variable that is significant and insignificant.

The “P” value less than 0.05 indicated that the particular term was statistically
significant and “P” value greater than 0.05 indicated that the particular term was
statistically insignificant.The “R?” (correlation coefficient) is the variability of the
factors around the mean which explain how close the data are to the fitted regression
line. That 0% means the model explains none of the variability and 100% indicates
that the model explains all the of the variability of the response data around the mean.
The “R?’ (correlation coefficient) of the analysis was found to be 93.24% which
showed that the variable fit the model. The analysis shows the temperature (0.015),
time (0.048) and acid concentration (0.004)are less than 0.05 and therefore found to
be statistically significant (Table 3.2)

3.2 Effect of Process Variables

Interaction plot of the variables at each level of another factor was plotted to examine
whether the factors interact and to predict the optimum levels of each variable for
maximum yield. The optimum conditions for maximizing Furfural yield were reaction
temperature of 180°C for 30min reaction time and 10% acid concentration. The

maximum response value of Furfural yield was obtained at 72.0% and the plot of

33



Furfural indicated that Furfural yields increased with an increase in reaction
temperature in the range of 140-200°C. However, reaction temperature, reaction time
and acid concentration had a linear individual significant influence on the Furfural

yield.
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Fig 3.2:Effect of Temperature Against Acid Concentration on Furfural Yield

Figure 3.2 The experimental results illustrated in Figure 3.2 shows that the effect of
Temperature against the acid concentration on the Furfural produced. It can be
observed that there is an interaction between reaction temperature at different levels
of acid concentrations. The average Furfural yield of less than 20, 20-30, 30-40 and
40-50% was obtained at 150°C, 160°C,170°C and 180°Creaction temperature
respectively, at 4-10% acid concentration. However, the maximum Furfural yield of
72% was noticed at 180°C and 10% acid concentration which is in line with the

findings of Sokoto et al., (2017).

34



50

Yield (%)
[} < 20
I 20 - 30
I 30 — 40
[ 40 - 50
B 50 - 60
Il 60 - 70
[ | > 70

45

35

Time (Mins)

30

25

140 150 160 170 180 190 200

Temperature (-C)

Figure 3.3:Effect of Temperature Against Time on Furfural Yield

From Figure 3.3, it is observed that when the reaction was performed at a reaction
temperature of 160°C the Furfural yield slowly increasesto 60-70% with an increase
in reaction time of 45 minute. Beyond this reaction time with an increase in reaction
temperature, there is a slight decrease in furfural yield to about 50-60 % and that the
optimum Furfural yield of greater than 72% was achieved at 30minutes reaction time
and 180°C reaction temperature. It is observed that the highest Furfural yield of 72%
was achieved at reaction temperature at high of 180°C and at an average reaction time
of 30 minute which is in line with the findings of Sokoto et al. (2017).
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Fig 3.4: Effect of Time Against Acid Concentration on Furfural Yield
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The experimental results illustrated in Figure 3.4 shows that time and acid
concentrationhavean effect on the Furfural produced. It can be observed thatfrom 4-9
% acid concentration the Furfural yield increases significantly with an increase in
reaction time until the reaction reached equilibrium. Beyond the optimum reaction
time with acid concentration,the reaction starts to progress in a backward direction
towards reactants which is line with the findings of (Samart et al., 2009). The
optimum yield of 72% was obtained at 30 minutes reaction time and 10% of acid
concentration. The high percentage of acid concentration rapidly promote the
production of Furfural yield. A similar result at optimum reaction time and acid
concentration were obtained by Sokoto et al. (2017).

3.3 Identification of Furfural

The FT-IR assignment of functional groups to the produced furfural was shown in
Table 3.4

Table 3.4: FT-IR Spectral Analysis of the Produced and Prepared Furfural

Group Functional Observed Frequencies cm™ Assignment
Frequencies Group Standard Observed

Furfural Furfural
cm?!
1780-1670 C=0 1988 1690 Aldehyde
2900-2700 C-H 2848-2814 2848-282
3100-3000 C-H - - Aromatic
1600-1450 C=C 1570-1460 1570-1460
1300-1000 C-O 1200-1000 1200-1000 Ether
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The (Appendix 1), shows the infrared spectrum of Furfural produced. The IR
spectrum(Appendix I1) shows a strong/sharp absorption 1690 cm™ which corresponds
to the absorption of conjugated carbonyl (C=0). The C=0 absorption is lower than
the usual absorption of aldehyde due to internal hydrogen bonding which occurs in
conjugated unsaturated aldehyde and conjugation lower the vibrational frequency of
carbonyl compounds. Similarly, C=0 absorption was also observed in the standard
furfural spectrum (Appendix Ill). The presence of the aldehyde group was proven
with the existence of two weak absorption gained at 2848 cm™ and 2812 cm™ as
observed in the standard furfural that indicated moderate intense stretching of
aldehydic C-H which is attributable to Fermi resonance between the fundamental
aldehydic C-H stretching and the first overtone of the aldehydic C-H bending
vibration. In addition, no peaks were observed at 2100-2260 cm™ as observed in the
standard furfural spectrum that could be due to the presence of other compounds in
the furfural standard. Strong peaks indicated from 1570 cm™ to 1466 cm™* are inactive
of stretching of C=C from the aromatic ring and strong peaks at 1020 cm™ indicated
the C-O stretching vibration in both the standard and the produced furfural. Also, there
is lower broad absorption at 3462 and 3540 cm™ could be due to the presence of O-H
vibration which could be attributed to the absorption of the solvent that remains in the
product. This IR spectrum was also compared with that of the standard furfural
spectrum (Appendix II) and the one published by and Ong and Sashikala (2007).

3.4 Analysis of the Aldol Adducts

The result for the characterization of aldol adduct using FT-IR was shown in Table

3.5 and the peak for each absorption was assigned.
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Table 3.5: FT-IR Spectral Analysis of the Aldol Adducts

Group Functional Observed Frequencies Assignment
Frequencies  Group cm?

cm?!

1700-1725 C=0 1584 Ketones
3080-3140 C-H 3055-3141 Alkenes
1630-1670 C=C - -

3000-3100 C-H - - Aromatic
1450-1600 C=C - -

1000-1300 C-O 1199-1240 Ether

The IR spectrum (Appendix VIII) of Furfural-Acetone dimer obtained was recorded
(Table 3.5). The frequency of the main absorption bands illustrated that the (C—H)
vibrational frequency appears at 3055 and 3141 cm™ correspond to the sp? vibration
in the furan ring. The stretching absorbance(C=0) was observed at 1584 cm ! infers
the carbonyl group and a sharp stretching absorbance band at 1199 cm™ and 1240
cm™* probablyindicates C-O stretching for cyclic C-O-C linkage of furfural. Also,
there is lower broad absorption at 3462 and 3540 cm™ could be due to the presence of
O-H vibration which could be attributed to the absorption of the solvent that remains

in the product. The spectrum observed was in line with the findings by Gandini,

(2010).

3.5 Catalyst Characterization

i. Fourier-transform infrared spectroscopy (FTIR)

NiO/Al203 has been successfully synthesized. Infrared spectroscopy was used for the

characterization of inorganic compound (Francisco and Jesus, 2000). The (Appendix
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VII) shows the infrared spectrum of NiO/Al,Os from hydrated nickel and
alumina.Which shows a vibrational peak in the range of 400-650 cm™ representing the
characteristic metal-oxygen stretching frequencies associated with the vibrations of
Ni-O-Al-O and Ni-O-Al bonds. A sharp peak can be seen around 469 cm™ the
infrared spectrum corresponds to functional group Ni-O stretching frequency
synthesized from nickel nitrate which corresponds with the findings of Sokoto et al.
(2017). The Ni-O peak intensity reduced as nickel nitrate was decomposed to nickel
oxide (Galvan- Ruiz et al., 2009).Upon calcination, the nickel nitrate was thermally
decomposed into oxide and losses nitrate. Thus, this leads to the loss of characteristics
of peaks of nitrates on the Infra-red spectrum on the synthesized nickel oxide over
alumina. The reduced intensity of absorption band which corresponds to nitrates can
be seen at, 520 cm ™, 500cm™* and 450 cm™ on the IR spectrum of nitrate oxide from

NiO/Al;O3

Theabsorption peaks at 610 cm™of the infra-red spectrum were due to the Al-O
stretching frequencies. The characteristic absorption of NiO/Al,Oz observed

corresponds to the absorption of NiO/Al>Os reported by Ryczkowski et al. 2006)
ii. X-ray diffraction (XRD)

The X-ray diffraction pattern of as-synthesized catalyst and calcined powder of NiO
and alpha Al>Oznanoparticles are shown in the appendix (V) and appendix (VI)
respectively. The diffraction peaks are sharp and broad due to the medium size effect
and reflection peaks from the combustion (Sarika et al., 2016). The XRD pattern as
obtained NiO, which shows peaks arising from NiO indicating that combustion is
incomplete. The combustion of this residual occurs during subsequent calcination at

600°C for 4 hours and phase pure cubic NiO was obtained. The calcined powder has
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crystallographic parameters of Fm-3m space group, 225 space group number and
lattice parameter of 4.178A°.0n the other hand, the as-obtained Al,Oz is amorphous.
It needshigh calcination temperature to obtain crystalline alpha Al>Os particles (Sarika
et al., 2016). Therefore as-obtained powder was calcined at 600°C for 4 h. It’s XRD
pattern shows sharp peaks indicating the presence of small size particles. The
crystallographic parameters indicated the crystal system of the rhombohedral, space
group of R-3c, space group number of 167 and lattice parameter of a=b=4.7590 and
c=12.9965A°. The elemental analysis of the calcined powders also showed no
impurities were detected due to neither Ni and oxygen or Al and oxygen. This is in

line with the findings of (Sarika et al., 2016).

Table 3.6:The Crystallographic Parameters of NiO and Al.OsPhases

Parameters Calculated density Measured density Volume of the cell
(g/em®) (glem?) (10%pm?)

NiO 6.80 - 72.93

AlzO3 3.98 3.99 254.91

3.6 Analysis of the Hydrodeoxygenated Products

The chemical compositions of hydrodeoxygenation products over NiO/Al>Os catalyst

analyzed using GC-MS are presented in Table 3.7

Table3.7: Compositions of Hydrodeoxygenated Products

Peak Name of compounds RT Formula % Relative peak
(min)
1 Heptane 9.708 C7Has 28.06
2 Nonane 10.034 CoH2o 7.83
3 Decane 10.154 CioH22 17.65
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4 Heptadecene 11.842 CisHz4 7.54

Result in Table 3.7 shows the distribution of alkanes obtained
fromhydrodeoxygenation of aldol adducts. The products were mainly liquid
hydrocarbons within the carbon range of (C; — Cis).The presence of pentadecene
indicated partially hydrogenation which might require further hydrogenation. The
total relative peak area of the products was 61.08% with heptane and decane being the
major products, each of which accounted for 28.06% and 17.65% respectively. Based
on GC-MS data, the liquid phase also contains significant amounts of other alkanes
which could be formed due to decomposition and polymerization reaction. In the
liquid phase, other than alkanes, there were some other organic oxygenates identified

by GC— MS, including methanol and acetic acid which are most likely byproducts.
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CHAPTER FOUR

CONCLUSION AND RECOMMENDATIONS

4.1 Conclusion
The conversion of maize cobs to liquid hydrocarbonsvia aqueous phase process using

NiO/Al>O3 as catalyst revealed that:

i Furfural was successfully producedvia aqueous phase hydrolysis and
dehydration processes

ii. Optimization of furfural production was successfully achieved at 180°C
reaction temperature 30 min reaction time and 10% acid concentration
revealing the highest yield of 72.0% obtained

iii. The prepared catalyst (NiO/Al203) showed significant improvement in its
catalytic activity by lowering reaction time and producing a significant
amount of bio-oil.

iv. Appreciable quantity of hydrocarbons was generated by agueous-phase
processing of maize cobs

V. A result from GC-MS analysis confirmed the presence of alkanes (within

the range of C7 -Cis)

4.2 RECOMMENDATIONS

From the highlight of this study, the following recommendation were made:

i. The optimization of aldolic condensation of furfural on acetone should be

studied by maximizing the chemical yield of Furfural with Acetone.

42



Different metallic catalyst should be tested in the hydrodeoxygenation process
to ascertain the activity of the different catalyst and to identify which catalyst
gives the best result

Solid acid catalyst should be used in the production of furfural to improve the
yield and avoid the problems associated with a homogeneous acid catalyst.
The use of a single reactor and catalyst should be adopted in the condensation
and hydrodeoxygenation process to reduce the cost of the process and reaction

steps involved.
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APPENDICES
APPENDIX I:

General Linear Model: Furfural yield ( versus Temperature (°C), Time (min),
Acid concentrati

Method

Factor coding (-1, 0, +1)

Factor Information

Factor Type Levels Values
Temperature (°C) Fixed 4 140, 160, 180, 200
Time (min) Fixed 4 20, 30, 40, 50

Acid concentration(%) Fixed 4 4,6, 8, 10

Analysis of Variance

Source DF Adj SS Adj MS F-Value P-Value
Temperature (°C) 3 1022.5 340.83 8.21 0.015
Time (min) 3 605.0 201.67 4.86 0.048
Acid concentration(%) 3 1807.5 602.50 14.52 0.004
Error 6 249.0 41.50

Total 15 3684.0

Model Summary

S R-sq R-sq(adj) R-sq(pred)
6.44205 93.24% 83.10% 51.94%

Coefficients

Term Coef SE Coef T-Value P-Value VIF
Constant 4250 1.61 26.39 0.000
Temperature (°C)

140 -12.25 2.79 -4.39 0.005 1.50

160 -200 2.79 -0.72 0.500 1.50

180 7.00 279 251 0.046 1.50
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Time (min)

20 -9.25 279 -3.32 0.016 1.50
30 -0.75 279 -0.27 0.797 1.50
40 225 279 081 0.451 1.50
Acid concentration(%)

4 -13.00 2.79 -4.66 0.003 1.50
6 -3.25 279 -1.17 0.288 1.50
8 -0.25 279 -0.09 0.932 1.50

Regression Equation of the analysis is;

Furfural yield (%) = 42.50 12.25 Temperature (°C)_140- 2.00 Temperature (°C)_160
+7.00 Temperature (°C)_180 + 7.25 Temperature (°C)_200
- 9.25 Time (min)_20 - 0.75 Time (min)_30 + 2.25 Time (min)_40
+7.75 Time (min)_50 - 13.00 Acid concentration(%) 4
- 3.25 Acid concentration(%)_6 - 0.25 Acid concentration(%) 8
+ 16.50 Acid concentration(%)_10

APPENDIX I1: FT-IR Spectrum of theProduced Furfuralfrom Maize Cobs
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APPENDIX I1lI: FT-IR Spectrum of furfural standard
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APPENDIX V: XRD Diffractogram of the Prepared NiOCatalyst

Peak list

Hao. h ke 1 d [&] 2Theta[deq] I [%]
1 1 1 1 2.41217 37.246 6d.0
i 2 a 0 Z2.08500 43,276 100.0
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4 3 1 1 1.25971 75,385 16.5
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APPENDIX VI: XRD Crystallographic Parameters of the Prepared Al.O3 Catalyst

Peak list

No. h k 1 d [A] 2Thetaldeg] I [%]
1 0 1 2 3.48042 23.374 S7.4
2 1 0 4 2.55157 35.143 G3.8
3 1 1 0 2.37949 37.777 51.5
4 0 0 G 2.1ce0B 41.663 0.2
) 1 1 3 2.0B559 43350 100.0
& 2 0 2 1.596425 46.177 1.5
7 0 2 4 1.74021 S52.54a 47.5
d 1 1 g 1.60179 57.488 99.3
o 2 1 1 1.546a7 55,741 3.5
10 1 2 2 1.51482 £l1.12¢9 3.5
11 0 1 a 1.51138 €l.283 6.2
12 2 1 4 1.40465 ce.514 32.2
13 3 0 0 1.37380 c8.20%9 45.5
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APPENDIX VII: FT-IR Spectrum of the Aldol Adducts
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APPENDIXVIII: GC-MS Spectrum of the Hydrodeoxygenated Products

Library Search

Report

6 |+ Scan (1:8.935-9.164 min, 41 scans) Gambo UDUS2.D
34

32
3 57.1
28
26
24
22

711

611

8.1 591
| 7o w2, ] ] 952 981 1028 161 1311

630 671

-
02 ‘
1L
.

100

50—

5 e 65 70 75 8 & % 9 0 05 Mo s 10 135 1l tds 140 s tho 5 60 s 1o 15 w0 185t
Cous vs. M

s 2l abs 2l0

100

o-¢—— —_— {11 r
50 60 70 80

(replib) Heptane
Name:

55

100



Heptane
Formula: C7H1

PEAK 5
1004
56
504
69
) 83
97
67
51 65 _L (A L.
50 60 70 80 9 100 110 120
(mainiib) 1-Nonene

56



I°' | il .J.Jl.”l...l:.
woE AR o

i I

57
43

; AVAVAVAN

5 n
85
3

56 0
LI, 5;0..5.3.“., 6.l 7. ..|L.6, i

T M 1M W I M Mo 8 M 10 I M M fM M Jh A8 Mk Ko Bl DN I MM D% Mo WM 0 10 4 AN 4B &N 0 40 f8 o 4
M a

142
|,

2
AEE—

10 2 30
(mainlib) Decane

40 50 60 0 80 90 100

Name: Decane
Formula: C1oH22
MW: 142 Exact Mass: 142.172151

PEAK 6

& T
140 150

* B . 10,102 .42 i, 60 scwrn| Gamis VOUSED

R A A I

[

T T T T R TR T T T T R (R R R T R ]

00 4 "‘
Hil
n

3 ' {

|

| ,
p [} I [}, HH i i
) Ll T T T T L T Ll T T T T T L ) T

4IRS SR | CTIUREN | IRERN . (RRNRD | IR | (I ] nom i ome W

U

Name: Tridecane

Formula; C13H28

MVW: 184 Exact Mass: 184.219101

57




PEAK 7

8 5 A ETWAUNOEEEENEENENITDNNNE N

100{ °°

69

97

50-

80 120 160
(replib) 8-Heptadecene

58

NN EWME N MW

W

k]

L]

N TN IEEEE]

200 240

- 280



A0 [ Boan ik B IBLEIT i, TN s Tk WDURZD
1|
17+
T LR
1)
1=
RS
13- 1
e
]
|
o
i
18-
0 2] i
Ldal
e
B2 b 7]
I:; ||,| | me 5 ||| i fEd i [l 1
F [ % B & L EEEEEEEEEEEEEE  EE N EE EEE]
[
[
=N o
P e \r
o s;T ’ L
- 7 @
AT z:nﬁgI\ f‘?"l||“ 2 Nll?:ujg; .|I’|"i’1: B s w | g i i i —
[] F E & ) @ n ® a 1 1 13 13 [ 180 18
[HE 1 el At el e i
Name: Acetic acid, heptyl ester
Formula: CgHg0O2
MW: 158 Exacl Masxs: 158.13068
- |
=
] |
B { |
pod | |
o 8| -3 BT TR YT TR TR = |
I EEEEEEEEE R EEE R E R E E E R E N E R E R E E A E E R E R E E R E E E E R
e oot
b a0
a
% = sslsls oule Ju 5% 9 ?T 3 wge e g 8 N7
' 5 B 3 » = = = 2 = = = = [ Tl B = = |
P

Name: Butane, 2-methyl- Formula: CgHjp MW: 72 Exact Mass: 72.0939

P L T L ——]

i
0 "

isae
ETREN AT - B
A B o=

i
||||| -
& 5 & L EEEEEEEEEEEEEEEEEEEEE

g :31_“ TT-' .. 2]

[} § L] . E = ki ¥ a & L = [ [ L K [ L i L 4 ] i (]
1 b i L,

Bame: Hexane, 3-methyl- Formula: CjHpg MA: 100 Exact Mass: 100.1252007

59



1
{
§
i
i
i
¢

e P En e Fop 6o Tr

= w om M =

~— =
2.2 % & F & N E R EITEINWNESENEMRSEEXINDINMNSESEDNNDWIITDENS NN N N

L e ol Dot s .
Name: trans-2-Dodecen-1-ol, trifluoroacetate
Formula: Cj4Hp3F309
MW: 280 Exact Mass: 280.165014

AARAAR]

IR N N e O I I O e
o ———

" R R & % m R S s oW oM oW MmO WOE W F W W N M M M RN N w N

L i
Namo: 3a, 6-Methano-3aH-indene, 2,3,6,7-tetrahydro- Formmla: CigHyp MW: 132 Exact Mass: 132.093501

[ S 1t RIS DV T www Gvr DT

=4

na

PR Sy FFFE v EFRE S

my
3

----'h-'--'.-f-as.i“.&baaaaa-aa-&aaa-’-a&.‘-.’.aa-

I.I:z:

00

3 bl Sewid | Dhatee Tooeti |

B EEEEEEE EE E E R T E E T T I LIS

Formula: CygHpq

e
Name: Bicylo[4.1.0]heptane, 7-bicyclo[4.1.0]hept-7-ylidene-

MA: 188 Exact Mass: 188.156501
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