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ABSTRACT

Biomass is the promising renewable energy sources which can be converted into liquid and
gaseous fuels through various technologies. Thermochemical conversion of biomass is a common
technology for the conversion of biomas®ifuels .In this work, a thermo gravimetric analysis of
Corn cob i n t heALQ;catalystiscanductedf PyrGl\si©éxpedments of corn cob
wi t h -A®Ahtalystwith the main aim of development of the kinetic modeling for the
catalytcd ecomposi ti on process. The kinetics -study ¢
Al,O; catalyst was investigated over temperature rang8@@%° C. The catalyst was prepared from
Aluminum nitrate nonahydrate, urea, and CaC@asing impregnation methodollowed by
activation at 700°C for 4:30hin the furnace. The catalyst was characterized withay
diffraction (XRD), Fourier transform infrared spectroscopy (FTIR) and Thermo gravimetric
analysis (TGA) and Scanning electron microscopy (SEM). Thermblsimaas carried out forla
samples using TGA n order t o study t he c atABQ; yom i ¢ per
decomposition of corn cob in the process of pyrolysis. The obtained results were shown on TG and
DTG graphs. The decomposition of all samples comtgifi, 10, 20,304 0 and 50- wt % Ca
Al,O; catalysts were compared to each other and to the reference sample (corn cob). The results
showed best decomposition rate waM0:;o0sedsasiaved wr
catalyst. Kinetic models weravestigated based omeight loss dependeado temperature in the
pyrolysis process of -AO;rcontairing Bample. The detothpositidtn Ca O/
stage was divided into two different zones to attain the-fittell reaction model with high
coefficient of determinationR{) using linear egressions. The activation energy (Ea) and
correlation coefficient ) profiles revealed that the kinetic parameters calculated using the
Flynni Walli Ozawa and KissingéAkahira' Sunose method. The values from the RiyMalli
Ozawa methods were comparabléthaugh gave higheR? values. TheE Uvalues gradually
reduced from 165.87kJ/mol to 928&J/mol and 177.18 to 96.7kJ/mol with an iresein from
0.3 to 0.5 and 0bto 0.8 respectively. The moditing method of Coatfkedfern was used to
predict the possible reaction mechanism, foiclhthe F6.5 and F4 model resulted in comparable
E Uvalues to those obtained from the Flykvalli Ozawa method. The pexponential factors
(InA) were calculated based on the F6.5 and F4 reaction model and thei PalihOzawa
method, and fell in the rangsf 17.6'13.26 miffand 17.638.95 mirt with Uincreasing from 0.3
to 0.5 and 0.%0.9 respectively. The study of the kinetic compensation effect confirmed that a
compensation effect existed between Ea aAdlining the corn cob pyrolysiResults obtaiad in
this thesis may be the base for wide range of scientific studies in the future to examine the catalytic
degradati on nat vALGy and further Bnalysis 86 caGlys /olztained in this work
in the synthesis of bioil from corn cob and diérent biomass feedstock

Key Wordsbiomass, corn cob, bioil, TGA,FWO and KAS

XIl



CHAPTER ONE
1. INTRODUCTION

1.1. Background of study

In this 2F' century, energy demand is continually increasing with the in population.

The majority of energy demand is currently fulfilled by fossil fuels and partially by
renewable energy. Energy consumption in the developed and developing worlds is greatly
different. The developed world predominantly consumes energydaal, petroleum and
natural gas, and to some extent, renewable energy s{yjrcks contrast, developing
world is still largely dependent on biomass domestic energy fuel sources that typical burn
in traditional stove. However, environmental issue such as global warming and air
pollution happen due to fossil fuebnsumption, growing energy demand and depletion of
fossil fuel have stimulated the demand for renewable[Rjel

Biomass is all organic material thatavailable on renewable ocgcurringbasis, and such

thing as agriculture corps and waste oddand wood waste, animal waste, aquatic plant,

and organic fractions of municipal waste. Lignocellulosic biomass are mainly composed of
macromoleculafcellulose, hemicellulosand lignin) together with smaller amount of low
molecular weight substancestieciedand inorganic (salt or minerals). There are a number

of biomass sources being considered as potential sources of fuel and chemical feedstocks
in Ethiopia[3], [4].

In Ethiopia among grain, corhas got the widest field for planting after teff, wheat and
barley[5]. Corn is an important plant as human nourishment, animal folder and industrial
material Corn cob is by product of corn for every 100d€gcorn grain approximately 20

kg of corn cob are produced. However, corn cob is still discharged in productive ways,
usually burnt which result in irreparabdiarm to the environmenhich isdirectly rehted

to ar pollution. The composition of corn cob containgluable materials 460%
cellulose, 1530% hemicellulose and 1Z6% lignin. It was thought that corn cob could be

utilized as agriculture by product renewable energy solétes

Conversion of biomass into energy sources (electricity and biofuel) has been practiced
from long time. Direct combustion of biomass, histdhcehas been the primary sources

of energy throughout the world, for residential activity and small industry in rural area.
Unforturtly, direct burning of loose biomass in conventional grate is always associated

with low energy efficiency and contributagdverse impact to the environment, particularly
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the air quality. Modern technology which offer clean and efficient energy conversion, is

required to improve the attractiveness of biomass utilization as energy §ources

Biomass ca be converted mainly throudhe necessary biochemical and thermochemical
processes. Thermochemical processes required relatively high temperature and sometimes
high pressures to decompose biomass into the smaller molecular weight compound that
can convert into hydrocarbon, alcohol or aromatic via the catalytic processes.
Thermotiemical methods such as gasification, liquefaction, pyrolysis, torrefaction and
combustion, are usually preferred over biochemical methods for energy prof8]ction

Pyrolysis is a process, where organics materials are exposed to thermal treatment in
absences of an akzing agent, resulting in bichar, bicoil, gases(CO, CQCH,, and

H2)[9]. Thecatalytic pyrolysis of biomass is the proven way that can be used to improve

the cracking reaction and quality of products. Basically this process involves the biomass
thermal decomposition stages as occur in thermogravimetric analysis, but with the

presewes of the catalyst it can be used to lower the pyrolysis temp¢ifXure

The reaction kinetics of biomass is usually studied by thermogravimetric analysis (TGA),
an experimental technique giving mdsss data as function of time andnigerature. The
kinetics models derived from such data can be used to describe the overall conversion and
if vapors are condensed, the product distribution volatiles and gas. The method used to
derive or develop kinetics parameter from experimental theemalysis data can be
categorized into modelinfitting and modelfree methodd.1], [12].

The apparent activation energy can be calculated using isoconversional methods accurately
without prior knowledge of reaction model order. However, biomass pyrolysis is a
complex processvolving many secondary reactions. It is reported that isoconversional
methods are suitable only when estep reactions are considefE8]l. The model fitting
metods are used to determine kinetic parameters and reaction mechanism for complex
biomass decomposition. It has been determined by identifying model functions which
present thermal decomposition behavior of complex. For lignocellulosic biomass,
decompositia includes more than one reaction involving parallel reactions of the three
components commonly presgiit]. Several researchers have studied the pyrolytic

behavior and kinetics of biomass using thermogravimetry angdl$is

The kinetic parameters calculated from the ofubsed model of solidtate reactions
resulted in significant deviations. Hence, integral methafdsissingerAkahiraSunose



and FlynaWall-Ozawa have been used more in the kinetic analysis of biomasdaysw

The activation energy can be calculated from TGA and DTG curve data based on model
effects. Therefore, modélee model error result from kinetic analysis through Arrhenius
parameter estimation can be avoidfib]. The preexponential factor is the pre
exponential constant in the Aenius equation an empirical relationship between
temperature and rate coefficient. Presently, thermal degradation of lignocellulosic biomass

Is extensively studied using modete methods.

The modeffitting method is consideredsaeaction mechanism metwherethe kinetic
parameters calculated using linear regression to fit the experimental data. Kinetic
parameters represented by the i nteacyonal fo
schemes. In addition, temperature and conversion vary simultaneadtslytime;

therefore, it is difficult to obtain a unique solution. The activation energy estimated by
modeHitting methodsis an implicit functionof (temperature and conversion). However,

the activation energy represents the average value of the querlisis procesgL7].

The derivedvalues areassumd to be invariant to the reaction mechanism and kinetics of
process which vary with temperature and extent of conversion. Hence, the isoconversional
methods have providedeightage over modebased schemes to encome drawbacks of
inconsistent value$l8], [19]. One of modefitting method Coats Redfern is used in
evaluating kinetics parameters this method derives Arrhenius parameters from a single
heating rate. This scheme is highly inaccurate. It is suggested that thie kimaysis

should not be based on the single heating rate. Furthermore, thermal decomposition of
biomass indicates that the results obtained from @eatdern are highly incoherent as

compared to moddtee schem§20].

This study aims to investigate the kinetics of catalytic thermal decomposition of corn cob
using thermogravimetric analysis. It alocuses onsyrthesis and charactedtion of
heterogeneoumetal oxides (Ca/-Al,O3) which can be used tenhance the catalytic

pyrolysis of corn cob.

1.2. Statement of problem

The thermal pyrolysis requires high temperatures, which often results in products with low
quality, making this process unfeasible (the value activationgeper i ncr eases it ¢
high amount of pyrolysis reactor cost). This occurs because the uncatalyzed thermal

degradation gives raise to low molecular weight substances, however, in a very wide range

4



of products. This method can be improved by the adddforatalysts, which will reduce

the temperature and reaction time and allow the production of hydrocarbons with a higher
added value, such as fuel oils and petrochemical feedg®@tk$23]. That is, the use of
catalysts gives an added value to the pyrolysis and cracking efficiency of these catalysts
depends both on its chemical aptysical characteristics. These particular properties
promote the breaking of-C bonds and determine the length of the chains of the products
obtainedi24].

Ethiopia is one of the developing countries in the world with quite many rural settlements
that are assmated with energy challenges because of the difficulties in extending the
national electricity grid to these settlements. Therefore, the energy needs of these remote
areas have to be met 94% of biomass-goff technologies) is mostly for traditional
codking and heating. This traditional use of biomass implies very low conversion
efficiencies, around 10% to 20%, and health damage issues through air p@ijtion
Therefore, the energy needs ofdae@emote areas have to be met bygoifl technology

that is economically viable and sustainable. There are four different types-gficbff
power generation methods, namely, the solar, wind, hydropower and biomass power
generation. Because of the higlstassociated with the first three, power generation from
biomass happens to be the most convenient and yet efficient method of providing energy

to a remote settleme[f26].

In Ethiopia farmer produces many agricultural, plantation, and forestry residues which
could be converted into valuable fuels and chemical products. These waste materials have
not or a little economic value, often present as a disposal problem. Fossil fuel, the
dominant source of energy today modern civilization has been a significant negative
impact on depletion, global climate change and other environmental concern. The major
concerns of replacing fossil fuel into biomass energy is to reduce environmental and

energy crisis by the conversion of corn cob into useful liquid fuel via catalytic

pyrolysig27].

1.3. General objective

The general objective of this thesidasstudyinvestigateof catalytic degradation of corn
cob usi-Algo;datalydt/ o

1.3.1. Specific objective

The speific objective are:



U To characteriz@roximate, uimate analysis and heating valof corn cob

U Tosynthesize and characteriZea O /Al0; catalyst.

0 To study t h-éAl,Qs satalysotd enltaac® thermal degradation of corn
cob.

U To investigate t main operating parameters (catalyst loading and heating rate) of
catalytic degradation of corn cob.

0 To study the kinetics of-Ac@catalyscob i n the

1.4. Research question

After studying the literature review and identifying treowledge gap a research question

was framed to focus thegject. The research questions asgollows:

1. Is it possible tosynthesize a heterogeneous metal oxide with better performance for
efficient catalytic cracking of corn cob?

2. Howdoesa C aADD;xatalystaffects the thermal decomposition of corn cob?

3. How to develop the decomposition kinetics of corn cob with and without the newly
devel op eAll,O;Caalyst that fit the experiment?

4. How the operating parameters affect the decomposition &nethd what is the

optimum catalyst loading?

1.5. Significance of study

The current world dependency on fossil fuel produces concerns over energy security and
global warning. One way to mitigate this is to promote the use of alternative fuels such as
biomass. Biomasses have received worldwide interest due to its great potential to
substitute fossil fuels for production of electricity, fuels, and chemicals. Biomass has
several significant advantages, including its abundance, renewability, and -carbon

neutralityas well as low sulfur content.

Forestry and agricultural waste represent a good opportunity in this sense-psoduny

from forest and agriculture management with not a widespread usage. To obtain energy
out of the forestry and agricultural waste, pysi$ is an alternative to direct combustion

due to the recovery of solid and liquid materials which can be readily stored and
transported. The liquid material known as-bibis advantageous because its volumetric

energy density is-8 times higher (or e@n more) than the solid biom§283].

Catalytic degradation dfiomass uses a suitable catalyst to carry out the cracking reaction.

The presences of catalyst can promote the decomposition reaction at lower temperature
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with lower energy consumption, reduce equipment and energy costs, increase the yield of
products with higher added value, increase the process selectively, faster cracking
reactions, lead to smaller volumes and inhibiting the formation of undesirable p[2éjcts

- [30].

In orderto designindustrial reactor, as well as to obtain important empirical parameters for
process modeling and coolling the kinetics involved in biomass pyrolysis should be well
understood. This not only allow the estimation of kinetic parameters, but also the
simulations beyond the temperature raf8jg.

1.6. Scope of study
The research work generally covers:
0 Corn cob preparatioand characterization.
U Synthesis and character-AlDdatalysm of heter
U Thermogravimetric analysisf corn cobat different heating rate and catalyst
loading.

U Predict the kinetic study of catalytic thermal degradation of corn cob.

1.7. Organization of study

This thesis is organized into five chapters
Chapter 1= The first chapter present background stusiatement of problem, objective,

research question, significances of study and sobpmsearch.

Chapter 2: discuss extensivestéture reviews related boomass, factor affecting biomass,
composition of biomass, corn cob pretreatment of corn toérmal decomposition

kinetics, effecof operating parametandcatalytic pyrolysis of biomass using TGA

Chapter 3: The thirdchater describes materianhd method usetb prepare corn cob and
catalysts, characterize corn cob and catalgs$tely the catalytidegradation of corn cob
effect of catalyst loading and heating radelectreaction modelgand predicts the kinetics

paraneters

Chapter 4: The results obtained and discussions are presented in this chBeuses
about characterization results of corn cob and catalyst, best catalyst screenirdyt€ cat
degradation of corn cobeffect of catalyst loading and heatirgfe, reaction mechanism
anddetermination of kinetics parameters using different kinetic model.

Chapter 5: Last chapter discussed about conclusion and recommendation



CHAPTER TWO

2. LITERATURE REVIEW

This chapter provides an extensive review on bgsnand catalyst selection and
catalytically degradation of biomass. The literature review part of this Thesis consists of
two sections. The first section is a review on biomass, factor affecting biomass,
composition of biomass, corn cob and pretreatmemaf cob. The second section is a
review on biomass conversion process (pyrolysis and mechanism pyrolysis process),
thermal decomposition kinetics (model fitting and free) and effect of operating parameter
(particle size, heating rate and catalyst loagicgtalyst and support materials (acid and

basic metal oxide catalyst).

2.1. Biomass

Biomass can be used to produce renewable electricity, thermal energy, or transportation
fuels Biomass is organic material resulting from living, or recently living organidost

often it refers to a plant or plabased materials which are precisely called lignocellulosic.
Biomass is carbon based and comprised of a mixture of organic molecules containing
hydrogen, oxygen, nitrogen and also small quantities of other atocisding heavy
metals, alkaline earth and alkali mef8R]. The resources of biomass include various
natural and derived materials such as agricultural crops and residues, forest wood and leaf
residues, municipal solid wastes, forest and mill residues, animal residues, and sewage
[33].

On the other hand, biomass can be considered a natural form of solar energy and it is the
oldest source of renewable engiknown by humankind. Historically the most common

way of treating biomass has been by direct combustion converting it to heat to meet the
needs of heating, cooking food, steam treatment technoligigsrhere are several ways

to produce energy from biomass, including burning biomass to generate heat or run steam
turbines that produce electricity, burning biomass to produce heat in thermal systems
(when colrbi ned with electricity generation,
turning feedstockds into | iquid biofuels
digesterg33], [35]. The main advantage of biomass as an energy vector compared to fossil

fuels lies in that its use has a net zero balance of carbon dioxide emissions, also called
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closed carbon loop, since the £émitted during the pyrolysis is courtb@tanced by the
CO, consumed by the plant itself during its groya].

Some important additional advantages of the substitution of fossil fuels for biomass are
listed below:

U Biomass is not a finite material, but a renewable one.

U It promotes the development and efficiency of the agriculamd forestry sector,
contributing to the creation of employment in rural areas, and providing a
delocalized energy network, thus avoiding depopulation of these areas.

U The risks of forest fires and insect plagues caused by the rotting of forest residues
would be reduced.

U The use of agricultural waste would avoid its burning in the fields.

U The economic and logistic independence from fluctuation in prices and production

of fuels from abroad could be achieved.

2.2. Lignocellulosic biomass constituents

A Lignocellulosic biomass are mainly composed of macromolecular substances ( cellulose,
hemicellulose and lignin) together with amounts of low molecular weight substances such

as extractives and inorganics (salt or minelf@s).

Cellulose is the most common form of carbon in kass1accounting for 35%0% by

weight of biomass depends on the biomass source. It is a complex sugar polymer, or
polysaccharide, made from the wiarbon sugar, glucosg87]. Cellulose is usually
represented by @E1...00s) n, and the polymerization degree of the long polysaccharide
chain approximately 10,000, resulting in a highlecalar weight (>500,000). Cellulose is

f ormed 4{i,y4 glycohsedic Inkages of Iglucopyranose unit§9]. The chemical
structure of cellulose chains allows forming strong intra and intermolecular hydrogen
bonds due to the oriented hydroxyl groups. Micro and macro fibrils are formed as a result

of the hydrogen bonding network amderact with the hemicellulose fraction.

H OH H H
H oo H OH
HO HO
H | —O -y
H OH ho” HT©
OH H OH
Cellobiose unit
- —an

Figure 2.1: Chemical structure of cellulo$a8].



Hemicellulose is a major source of carbon in biomass at levels of betwes?2by
weight. It is a complex polysaccharide made from a variety of five and six carbon sugars.
The structure and composition of hemicelluloses difter different types of biomass.
Most of the hemicelluloses contain some simple sugar residues-ifecDse, Bxylose,
D-galactose, Bmannose, Bylucurnoic acid and babinos¢Shurong Wanga,*, Gongxin
Daia,Haiping Yangb, 2017 Cellulose and hemicelloses are converted into bad than

other product at specified operating paramdg&9%

OH
CH,OH
CH,OH )
CH0H 5 o o g
HO o
OH OH  HO
"o : OH
i manose
Glcouse Galactose
HO COOH
OH
OH HO
HO
OH OH HO
- CH,OH
xilose arbainose glucuronic acid

Figure 2.2 Main components of hemicelluld4®].
Lignin is a complex polymer which provides structural integrity in plants. It makes up 10%
to 25% by weight of the biomass. It remains as residual material after the sugars in the
biomass have been converted. It contain lot of energy and can be buodtcegsteam
and electricity for biochemical biomass procesgitf
Lignin is an amorphous polymer formed by randomly ctodgsed phenyl propanoid units
that connect hemicellulose, cellulose through hydrogen bond and covalent linkages which
provides structural rigidity to lignocellulosimatrix. There are monlignol monomers
which, methoxylated to various degrees (sinapyl alcohol, coniferyl alcohol-emdnparyl
alcohol). Lignin can be used as a lovalue heating fuel binder and dispersant. Lignin
yields larger proportion of solid chpt2]

H H
OCH; OCHj;
OH OH OH
p-coumaryl coniferyl sinapyl
alcohol alcohol alcohol

Figure 2.3: Main components of lign[d0].
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Biomass contains a very small amount of inorganic minerals, which are primarily

composed of potassium, calcium, sodium, magnesiumoisjlighosphorus and sulfigtc.

Trace amount of aluminum, titanium, vanadium, manganese, ioa/tc nickel, cobalt,

nickel, copper, nickel, zinc, molybdenum, and other heavy metals may also be present in

biomasdq27].

Organic extractives in lignocellulosic biomass refer to thestarctural materials that can

be extracted by solvents (e.g., water, ethanol, acetone, benzene and toluene), such as fatty

acids, simple sugars, waxes and stef40]s

Table 2.1: The content of cellulose, hemicellulose, and lignin in common agralltu

residues and wastes soy#sy.

Lignocellulosic materials| Cellulose (%) | Hemicellulose (%) Lignin (%)
Switch grass 45 31.5 12
Swine waste 6.0 28 Na
Nut shells 2530 25-30 30-40
Corn cobs 45 35 15
Grasses 2540 3550 10-30
Wheat straw 30 50 15
Leaves 1520 80-85 0
Cotton seed hair 80-95 5-20 0
Newspaper 40-55 2540 18-30
Waste water solids 8-15 Na Na
Solid cattle manure 1.64.7 1.4-3.3 2.7-5.7
Hardwood stems 40-55 24-40 1825
Softwood stems 45-50 5-35 2535
Rice straw 3545 18-25 10-25
2.3. Corn cob

Corn cob is biomass feedstock with direct potential as energy resources that canibe used

pyrolysis systems for energy production. It has a number of advantages over other biomass

feedstocks including its dense and uniform nature as well as its increased energy content

and its low sulfur and nitrogen concentration. Corn cob consists otsidue left from

removing the maize grains from the cobs during harvesting. Cob makes up about 20 % of

the yield of corn residue shows inTiable2.2: corn cob can also contain other leaves and

the grain part of harvest corn has higher water contentthiganorn Stover after harvest
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[44]. The separation of the stalks, husks and leaves from timecodx is achieved by
passing a stream of air through the corn plant residue with the lighter stalks, husks and
leaves being discharged to the ground with the cobs being collected in storage. Corn cobs
are becoming important feedstocks for ethanol and ysiolplant. They have more
consistent density and ash content than corn Sfd%gr

Table 2.2: Dry matter distribution in corn residufg.

Corn residue wt. % of residue
Stalk 50
Leaf 20
Cob 20
Husk 10

2.3.1. Corn cob in Ethiopia

Corn, which was originated from South American and first introduced in Ethiopia in the 16
to 17" cenury[46]. It is classified as one of warm weather cereal crop and widely
cultivated at altitudes ranging from 158800 meter above sea level of Western, South
western, and Southern parts of the country. Ethiopien@ng major corn producers in Sub
Saharan African countries; where smallholder farmers control the major portion of
production. Corn is widely grown in Ethiopia only three region states contribute to 94% of
total annual production. These regions are Oroahara, and SNNP. According to a
five-year (2003/04€2008/09) CSA data, the share of Oromia region was on the average
60% of the total corn production in country. This was followed by Amhara with 21.67%
and SNNP with 12.55%. Thus, the trend of nationalncproduction was entirely
dependent on the production of field of the three regions. It accounts for about 10% of the
area 12% of the production of the region. Maize yield levels are slightly above the region
average about 1.7 metric tons/ha for the whetgor{47]. The production capacity of corn
cobs depend on the production of corn. Corn cob is essential by prodi6Ofay of corn

grain approximately 20kg of corn cobs are prod{#gj
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Table 2.3: Regional corn production statistical taljgs

Region Production (in quintals)
Oromia 46,767,440.66
Amhara 17,812,032.42
SNNP 11,969,670.78
BenishangulGumuz 2,033,750.51
Tigray 1,590,561.25
Samali 574,831.11
Afar 138,009.12
Gambela 125,827.55
Harari 33,827.52
Dire Dawa 6,296.35
Total 83,958,872.44

2.4. Pretreatment of corn cob

The corn cob feedstock usually requires some form of pretreatment before its pyrolysis.
The aim of the pretreatmerd to change or even destruct the lignocellulosic structure so
that the pyrolysis efficiency can be enhanced. Corn cob pretreatment methods can be
classified into four (physical, chemical, biological and thermal pretreatment). During
thermal degradation fro corn cob is treated by thermal and physical pretreatf8ent

Physical Pretreatment includes mechanical processing (milling/grinding) and drying where
the objective is to reduce the particle size but increase the surface area. Grinding of the
dried feedstock into smaller particles dne order of millimeters and micrometers
increases the surface area to mass [d89. Simple drying in the relative absences of
oxygen atmospheric conditionstise easiest pretreatment process to reduce the moisture
of feedstock to below 10%wt. The drying approach can be divided intaeactive

drying reactive drying and torrefaction. Low temperature heat treatment leads to a
shrinkage and reduced porosity adrinass, while heat treatment results in degradation and
carbonization. The advantages of dry approach reduce biomass transportation cost,
grinding energies, increases biomass stability and improve conversion to liquid
producf50].
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2.5. Biomass conversion processes

Biomass can be converting through a variety of thermochemical processes, as combustion,
gasification, pyrolysis and liquefaction or through biochemical processes.

Biochemical processes use microorganisms or enzymes to break down the organic material
into chemicals, including liquid and gaseous fuels as biogas, ethanol, methanol or
biodiesel. The thermal processes are those in which dry biomass are subjectdd to hig
temperature and vary atmospheres of oxidation to release the chemical energy contained in

biomass transform it into heat, mechanical energy or electricity or into different chemicals.

Co mb u s> Bi-ohar
Pyrol Liquid and
Ther moc
cal pr Gasi fi Useful ga
Liquef Liquid
Bi omas
converjfsion Aeorbi c
technolNogi es Di gest
Bi ocheri An aerob
process Fer men

Figure 2.4 Varioustechnologies used for biomass cersion[51], [52].

Pyrolysis is the process of thermal degradation when Issmare heated at high
temperatures and in an inert atmosphere (total absence of oxygen). After an initial stage of
drying when the moisture is released, takes place an exothermic dehydration, when the
inherent water and some lewolecular weight gases BkCO and C@are released. The

next stage is the main devolatilization, when the degradation of long polymer chains of
hemicellulose, cellulose and lignin occurs, producing intech@ar, condensable gases and
norrcondensabl&3]. The last step would correspond to the carbonization of the volatiles
and the degradation of carbonaceous solid to proch&eand noitondensable gadéd],

[55]. The thermal degradation of lignocellulosic biomasses are a complex process, where

reactions occur simultaneously to produce gaseous products as COQ,alc@hols,
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aldehydes acids, furanng products, anhydrosugars and it produces ach@ residue

formed by fixed carbon and af#b6].

Depending on the type of pyrolysis is dsethe intermediate species formed during
degradation of cellulose, heceilulose and lignin can be cooled resulting in dark liquid
that contains many reactive species this process is not exothermic, the interest in pyrolysis
is due to that liquid product, a liquid fuel known as-bip which stores the chemical
energy contaied in the biomass and its heating valve is about a half of a conventional fuel
oil [57]. The pyroysis process is divided into three types depending on the operating

conditions used for slow, faahdflash pyrolysi§58].
2.5.1. Slow pyrolysis

Slow pyrolysis has been utilized for thousands of the years, primarily for the production of
charcoal. Slow pyrolysis is a conveatal pyrolysis process; whereby the heating rate is
kept slow (approximately 0:13 /s). This slow heating rate leads to higher char yield than
the liquid and gaseous products. In slow wood pyrolysis, biomass are heat&d0to

3 [59]. The vapor residence time in the reactor,-gasse products have sample

opportunities to continu react with other products to form ché@].
2.5.2. Fast pyrolysis

This type of pyroysis processes are lignocellulose processed by rapid heating of biomass
to moderate temperature in the absences of oxygen and immediate quenching of the
emerging pyrolysis vapour. Fast pyrolysis uses much fast heating rates (ai20@s 16),

and is considred as a better process than slow pyrolysis for producing liquid or gases.

In fast pyrolysis the liquid product yield is higher since the fast heating rates allow the
conversion of thermally unstable biomass compounds to a liquid product before they for
undesired cokg6l]. Fast pyrolysis technology can have relatively high energy efficiency
and low investment @s compared to other processes

2.5.3. Flash pyrolysis

Flash pyrolysis is an improved version of fast pyrolysis, whereby the heating rates are very
high > 1008 /s, with reaction times of few to several seconds. Due to the rapid heating
rates and short reaction times for better yields this process requires smaller particles size
compared to the other procesdé2]. However, this process has some technological

limitation, for instances; poor thermally stability and corrosiveness of the oil, increase of
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the viscosity over time by the catalytic action of char; alkali concentrated in the char

dissolves in the oil and the production of pyrolytic w§6&.

Table24:- Main operating parameters for pyrolysis prodé€y.

Operating parameters Slowpyrolysis Fast pyrolysis  Flash pyrolysis
Pyrolysis temperatureQ) 300500 500-700 700-1000
Heating RateC/sec) 0.1-1 10-200 >1000
Particle size (mm) 5-50 <1 <0.2

Solid residence time (s) 300550 0.510 <0.5

2.6. Mechanism of pyrolysis process

The bianass pyrolysis can be divided into two categories, such as primary and secondary
mechanism. In the primary mechanism, volatile compounds are released, while the
chemical bonds within the polymers are broken during biomass heating pietie$65].
Furthermore, rearrangement reactions within the matrix of the residues take place. Some of
the volatile compounds lich are unstable further undergo additional reactions, which are

defined a secondary mechanifs)].

—t Char for Wat er or i ncon

Bi omals 9

pyrol Depol yme Vol atil e mol ec

.|/l ncondensabl e
Fragmentagt.| .
— organi c compou

(@)

Cracking Low MW molecule

Recombin High MW molecule

(b)
Figure 2.6: Mechanisms of pyrolysis procegs primaryand(b) secondary mechanism.
The primary mechanism is explained in different three approaches, namely; char
formation, depolymerization, and fragmentation. In the char formation [moesally,

benzene rings are formed, and these rings combine into solid residue known as char, which

is an aromatic polycyclic structuf@7]. During this processincondensable gas or water is
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also releasefb8], [69]. In depolymerization process, polymers are broken into monomer
unit which reduce the degree of polymerization. This process continues, until the volatile
molecules are producef0]. Finally, in fragmentation, incondensable gas and small chain
organic compounds are formed through the linkage of many covalent bonds of the

polymer, even within the monomer unjés].

The secondary mechanism consists of cracking, recombination and [B6grg71].
During cracking reactions, chemical bonds within the volatile components are broken,
resulting in lower molecular weight products being fornjéd], [72]. As the same
chemical bonds can be broken within the polymer, there are similarities between
fragmentation and cracking recombination cofis8jt Recombination consists of the
association of two volatiles compounds to produces a new compound with higher
molecular weight, which can be in volatiles at the reactor temperature. Secondary char can
be formed when recombinati@eactions occur within the polymer matrix. The surfaces of
the reactor, char or of an added catalyst can be atalyzessecondary mechanism,
resulting in the formation of secondary char at the surface of the catalyst m@ate};al
[74].

2.7. Thermal decomposition of kinetics modehg

In the first attempt to understand biomass thetmehlviourand kinetics, were considered

the classical mathematical methods developedinthe @8 . The assumed t ha
decomposition of biomass could be well described by a single step r¢2@}idi5],

[76].Firstly the TG data need to be eented to normalized mass (W) using equation (2.1),

where m and gare the mass at a time t, ahé initial mass, respectively.

The DTG curves determined by numerical differentiation have to be also normalzed (

usingequation 2.2).

For the kinetics analysis, it is necessary to select the main volatile release range from the
normalized mass data. Then, usthgg( 2. 3) wer e converteds,in con
w and (w), the normalized mass at theginning, at a time t, and at the end of the main

volatile release, respectively.
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The conversion (U) i's a dimensionless meas

been converted into products. The experimental conversion F’%tx is given by

equation (2.4).

szo_ ) s Eeee e e e reee e et e naas (23
cW-w, -

. dwa 1 o)
= 3. ettt ettt oe oo, (2.4
dt cw,-w, -

Generally the kinetic expressions for biomass a thermal decomposition can be express
under isothermal or neisothermal condition and formulatewith respect to a
combination of solid state reaction kinetic and Arrhenius equations.

For isothermal conditions, the form is

T KT )T (@ )i s 2.5
k(M) (a) (
k(T):AexpgleE 8 .................................................................................... (2.6
¢ RT =
dU & E @~
—= —— BlU) . . e 2.7
dt paeRTE() (
Where f(U) is the model, and it depends on

frequency (A), activation energy(E), absolute temperature (T), time(t), degree of

c o nv e r sandamveréallgps constant (R).

For nonisothermal form with accompgimg heating rateb ij%t written as

dU A & EG¢g-~ .
—=—eX 1 (5 ) RN 02 o |
a5 % R 8 @8

Rearrangement and th@egration of equation (2.8)

du A & E 6 \

— = —eX [ IR 2.9
(0 % R @9
L du & EodT (2.10)

In solid-state kinetics the Arrhenius paraters a rise form analogy with the representation
of homogeneous kinetics (gas phase processes) by the collision theory of reaction rates.
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From this statement, the activation energy (E) is the energetic barrier to be overcome in
order to start a chemicakaction, i.e., reactants be converted in the products. The pre
exponential factor is the frequency of molecular collision during the reaction.
Mathematical analysis to determine activation energy, frequency and reaction model was
performed by the methaaf

1 ModeHitting approach (Coats and Redfern).

1 ModeHitting isoconversional KissingerAkahiraSunose and Ozawdlynn-

Wall methods.

2.7.1. Model-fitting methods

Computational fitting methods are one of the most widely used methods in research. These
methods assume a reaction mo d el function f ( U)
experimental through nelmear least square fitting to obtain the kinetics param@i&ils

The simulation of biomass pyrolysis as just one component reaction is not accurate enough
as already mentioned above. Thermal degradation of biomass is assumed to be the sum of
the decompositin of its biomass component (cellulose, hemicellulose and lig8if)

The knetics committees of the international confederation for thermal analysis and
calorimetry published recommendation with the aim of improve kinetic analysis based on
the experimental curves obtain by thermogravimetry techniques and differential thermal
analsis. Among the recommendations mentioned it is included the comparison of the
experiments at four different heating rates the quality of fit should obtain a correlation
coefficient greater than 0.9n the plot that compare the model with the experimental
results, the use of an isoconversional method to verify the reliability of the calculated
kinetic parameters and the validation of the rate expression with experimental data that

have not been used to obtain the mgi2].
2.7.2. Model- free methods

ModeHree methods originated from the isoconversional principal which is often called the

basic assumption. This assumption provides moeel finethodshe freedom to avoid the

usage of theoretical kinetic methods for s
g( U) f un sdconeersisnainethdds are one of the most accurate kinetic methods

to calculate parameters from thermatieal analysig].
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The method is based on isoconversional principal that asstiraeghe reaction is a
function that depends only in the temperature and its best property is that at it is not
necessary to assume a previous reaction model to calculate the kinetic paramkters
The differential form is expressed by the Friedman method, wdqeession is shown in
equation (2.11)
adT
&t S

In(A*f (U)) -RET e e (2.11)

QO

The problem of differential method is thermogravimetric analysis result in a large amount
of data which produce high level of noise when differentiate. To avoid todegm the

integral methods wasroposed. The form of the equatioreigpressed in equation (2.12).

g(0) mvf Lb-u,- % AT o o o 2L

The most use integral method is the one developeff&yOFW), who elaborates the
following linear correlation to determine the kinetics parametdysiomass pyrolysis as a

homogenousingle reaction.

In(p) = - 1 %5 g = 5.3.3. 1o 1L

Where b is the heating rate and g (U) is
the kinetics parameters are obtained with the slope of the curve.

The integral method is KissingeAkahira Sunose (KAS) proposed in order to obtain
more precisia than FWO method in the numerical integration, calculating the apparent
activation energy by linear regression analy€k

The KAS metlod is expressed equation (2.14)

AR, & E 5
—_-69 T%Q—R_@e ...... 0

The problem to an integral method is to average the apparent activation energy which

|- 0101

nab
SE‘T_

would cause errors in the calculation of the kinetic parameter during the numerical solution
[80].
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2.8. Catalytic cracking of biomass

Catalytic cracking is more appealing than thermal degradation on its own as it is faster and
requires lower temperatures which sigzahtly reduce the energy demand. Moreover,
catalytic cracking using catalysts results in high quality products, therefore reducing the
need for any further upgra@d]. The pyrolysis of biomass involves the thermal
decomposition in the absence of oxygen. During pyrolysis, the biomass materials are
heated to high temperatures and thus, their macromolecules are broken intg smalle
molecules, resulting in the formation of wide range hydrocarlddsing catalysts lowers

the required pyrolysis temperature, reduces time of reaction and enhances the selectivity to

specific component. However, catalyst regeneration is required dukedarmatiof81].
2.8.1. Catalyst and support materials

A catalyst is defined as a material that accelerates a chemical reaction but remains
unchanged chemically in the processes. For a reaction to bblppo#se process must be
accompanied by a decrease of activatarergy. The reduction in activation energy is
achieved by the catalyst providing an alternative pathway of lower energy for the reaction.
Often products are formed in addition to those te desired. The selectively of a
catal yst i's a measure of the catalystods
products. The greater the stability of a catalyst, the lower the rate at which the catalyst
loses its activity or selectively. Gendyalcatalysts consist of two or more components: the
support and one or more active phases. The phase is principally responsible for the

catalytic activity, while the support provides a vehicle for the active gBase

The activity of a catalyst has been related to the number of active (acid) sites on the
catalyst surfacg¢83]. Strong acids come in two fundamental tygésgnstedand Lewis
acids.Brgnstedacidity is provided by the very active hydrogen ioff)(hivhich has digh
positive charge density and seeks out negative charge, suckelstmn in aromatic
centres.Brgnstedacids can add to an olefinic double bond to form a carbo¢&4pn
Catalyst used ni the petrochemical industry includes amorphous, sdiaenina
(SIO/AI03), zeolites and aluminium chloride (Al}Jamongst oth¢85], [86].

Now days, catalyst support are extensively used to decrease the costs and increase the
constant surface area in chemical reactions. Specific surface area, compressive strength,
pore volune and pore size are some of the most important characteristics of catalyst

supports.
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2.8.2. Catalyst and catalystsupport selection

Different types of catalysts can promote different pyrolysis mechanism, resulting in
different effects of pyrolysis temperatureroguct yields and qualities. Catalysts are
selective towards specific bonds and different compounds therefore, the type of catalyst
affects the temperature, bail yield and compositioj87]. Lignocellulosic biomass has
been pyrolyzed using different composition of catalysts in the thermogravimetry. A review
of these catalysts is given this section. The bi®il deoxygenatia capabilities of the
catalyststhrough decarboxylation, decarboxytati and dehydration and associated with

an increase in the HHV of the bajl.

The improvement of bioil quality will come at the expense of yield of organic fraction
due to formation of C&) CO and HO in the deoxygenation procg8s].

Numerous rereseach works has been carried out in the analyzing the effect of different
cracking catalyst such as microdameseporous acidic zeolitegnd metal oxidesatalysts

have been investaged in the literature.
2.8.2.1. Micro-and Mesacporous acidic

Zeolites are microporous and seldid aluminosilicate catalysts which have been studied
extensively to upgrade bioil becase of their similar use in the petroleum cracking
industry. Zeolite catalysts have been shown to be effective in the deoxygenatioroibf bio
resulting in the formation of aromatic and effectively increasing the cavkypgen ratio in
upgrading bieoil. Zeolite catalyst (HZSM , -zedlite, Y-type zeolite, ferrierite zeolite,
MCM-41 and SBAL5) have use the bioil catalytic cracking89]. Among these catalysts,
HZSM-5 is most effective due to its high adty, strong acidity and shape selectivig].
Additionally, coke formation was a problem up to 16% of the originabidiended up as

coke deposits on the catalyst surface. HowevelSM5 is easily deactivated by coking,
resulting in low yields and short life cycle times. Small pores zeolites results in the
increase of water and gaseous products, therefore reducing organic yield. Another
disadvantage of zeolite structures is that thegiergo irreversible deactivation when are
dealuminated form the water produced by pyrolysis and catalytic dehydfatipnThe

alkali and alkaline earth metals found in biomass irreversibly deactivated the 49ZSM
catalyst by substituting the proton of the acid site. This makes zeolite not appropriate for

the in situ catlyst configuration where in the biomass is in contact with the ca{@gkt
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2.8.2.2. Metal oxides

Metal oxides are known to improve bidl quality by deoxygenating and increasing
heating value. Catalytic pyrolysis using.®k, CaO and MgO in particular, has been
studied because they have been reported
particularly transition metal oxides have been widased as heterogeneous catalyst in
various reactions. Generally, metal oxides possess either redox properties due to their
multivant nature or certain aclshse properties which could potentially catalyze the
thermal decomposition of lignocellulose anck treaction of pyrolysis intermediatéo

form more stable products.

i.  Acidic metal oxide
Acid metal oxides, such as A);, SiO, and TiQ, have shown to decrease liquid yield
while increasing gas and solid yield. Change in composition ebibisas been obseed
because of more production of aromatics and polyaromatic hydrocarbon, while actively
removing oxygenated compounds (acids, ketones, aldehydes and inhibiting coke
formation)[93].

For Acidic metal oxides such as 8k, Si0, and SiQ- Al, O3 as well as the sulphated
metal oxides such as Sfd TiO,, SiO?/ ZrO, and SiQ?/ SnG have been investigated as
catalysts in catgtically fast pyrolysis. The presence of acidic metal oxide also changes the
composition of bieoil. For AlLOs-catalyazed pyrolysis, there were many aromatic
hydrogen and polycyclic aromatic hydrogen (PAH) in the organic products. V8t®

weak acidityand medium porosity was removing oxygenated compounds such as acid,
ketones, and aldehydes and inhibiting coke and polycyclic aromatic compound formation
in CFP of residue. Acidic metal oxides atsatalyzethe decarbonylatiomeaction and lead

to increaseof CO meanwhile the yield to @T4 hydrocarbon is also greatly increased
[94].

Pyrolysis experiments with catalysts were carried out at a constant heating rate of
50°C/min at the same temperatures use in-catalytic runs to determine both effects of
catalysts (ZnO and AD;) and catalyst ratio (5, 10, 15%) on the product yields. The liquid
product yield, which was 41.89% without catalyst reached the maximum Vai\e1d %

with 15% aluminium oxide catalyst at 380

In situ catalyst screening experiments with beech wood in a fixed bed reactor’@t 500
using various metal oxides (MgO, 285, NiO, TiO, and ZrQ) and a traditional zeolite
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catalyst (ZSM5) at C/B ratioof ¥2. MgO and alumina resulted in the most significant
deoxygenation. The oxygen content of thetiicdecreased from 41.68 wt. % to 21.94 and
24 wt. % with MgO and AlO; respectively, while the organics yield decreased from 37.37
wt. % to 15.02 and 16.6&t. %. The pyrolytic water yield increased from 21.38 to 29.22
and 29.08 wt. % for MgO and AD; respectively showing that dehydration reactions are

responsible for improved deoxygenatiéd].

Aluminium oxide means amphoteric oxide which is commonly referred as alumina. Porous
gamma alumina is widely used as a catalyst support in chemical reaction such as a
biodiesel synthesis via transesterification reaction andlysysoreaction. The superior
properties of alumina support such as extreme thermal and mechanical stability, high
specific surface area (as high as 3&@n mesepore size (8L5nm), high pore volume
(0.6 cni/g), and its ability to be extrude and pelletizahich make it a good catalyst
support of active species with high catalytic in industrial prof8ss
The common methodsed to produce supported catalyst (alkali metal and alkedirta
metal affix on alumina support) is wet impregnation method. In such method, a suspension
of the alumina powder support is treated with aqueous solution of active metal salt, and the
resuling material is then thermal activated to convert the precursor to a more active state.
Alumina is widely used as acid material of catalytic support because of its high chemical
inertness particle size, which results in high activity of the surface dysasappor{96],
[97].

ii.  Basic metal oxide
Base oxides are known to be active catalysts for ketonization and aldol condensation of
carboxylic acid and carbonyl compounds. Alkaline earth metal oxides such as MgO and
CaO are classic base. The addition of Mgg@rdased the yield to bml but improved the
bio-oil quality in terms of heating valve, hydrogen distribution, and removal of oxygenated
groups. CaO catalyst is more cost effective, low toxicity, easy ipapagion, and highly

available.

Lu et al. foundnane CaO reduces the selectivity to phenols and anhydrosugars from
26.5% and 10.15% to 1.2 %, respectively, in-gatalytic fast pyrolysis. CaO eliminated
the acids and increased the ketone selectivity from 3.8% to 20.9%, particularly the

selectivity tocyclopentanonesvhich increased to 16.7% from 2.488)].

Catalytic pyrolysis process can be done with inexpensive base metal such as CaO, MgO,

ZnO and dolomite, which reduce undesirable components lioroil. The use of CaO
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and CaO. MgO (dolomite) reduce acidity and oxygen content. Accelerating aging test of
bio-oil produced using CaO, MgO and ZSb/catalysts in fluidized bed reactor showed

that CaO used bioil was more stable compared to other-biis.

In experiment using CaO catalysts for catalytic pyrolysis of corn cob showed that it
helped to effectively reduce acids while improving the production of hydrocarbons. Even
after the catalytic pyrolysis, oxygen content in the-dilois still high and makes it

incompatible to petroleum fuel98].

Metal oxides also exhibited good catalytic activity in-bibupgrading. For instance, nano
MgO, CaO, TiQ, FeOs, NiO, and ZnO were used in catalytic cracking of poplar wood
pyrolysisvaporsin a pyrolysis tube. The results indicated that CaO was the most effective
catalyst increasing the formation of hydrocarbons, reducing the production of
anhydrosugars, phenols andds{B9].

The CaO catalyst could increase catalytic decarboxylation by conversion of acid
compounds to hydrocarbon. The acids can be eliminated and the levels of anhydrosugars
and phenols can be reducedngigantly. The formation of several light compounds,
hydrocarbon and alstyclopentanonesan also increase with C4@9].

Catalytic pyrolysis of various biomass species with CaO, kaolin, antD;Alas
investigated leading to production of a4mib with high PH, viscosity, and heating value.
Regardless of the biomass type, CaO wasddorproduce bi@il of lower viscosity thn
that of noncatalytic bicoil compared to other catalysts used for their studi@g].

CaO has been reported to promote deoxygenation dafilsi@nd increase its heating value

and bicoil oxygen contendecreased from 39 to 31 wt. % with the use of CaO catalyst
while, CaO was used as a catalyst, an increase in pyrolytic water yield or an increase in the
bio-oil water content was reported while the total organics yield decr§s3Ed

Studied the effdmf three different catalysts (CaO, MgO and Z5Mas bed materials and
concluded that biwil from CaO catalytic pyrolysis was comparatively stable and had
lowest TAN. They found ZSM had very less effect on acid property even through it
produced lesscdic oil [102]. Alkaline earth metals are found in form of minerals and can
be applied directly for catalysis without chemical treatment. The advantages of these
materials are that they aabundant and are inexpensive compared to synthetic catalysts.
The uncalcined forms of these materials are called limestone (a@@agnesium
carbonate (MgCg), and dolomite (CaC® MgCG;s). These materials show high catalytic
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activities for tar eliminatio when calcined. Calcination is a process where bound carbon
dioxide is released upon heating. Calcined forms include calcites, magnesites and
dolomites[103].

2.9. Factor affecting pyrolysis process

The generation and distribution of the products will be conditioned by the physicochemical
characteristics of biomass, despite the operating conditions being the same, due to its
effects on heat and mass transfer along the particle. The influentatsfaic pyrolysis

process are particle size, heating rate and catalyst loading.
2.9.1. Patrticle size

One of the most influential in factors in pyrolysis and combusprocesses is particle
size. A bigger particle size increases the resistance for the cordergsses to leave the
particle, which favours the occurrences of secondary reactions between the volatiles
phases coming from the interior of the particle with the carbonized material that has
already reacted on the surface of the parfiddd], [105]

Reversely, a finer particle size enables the movement of the prin@iyqgbs through the
particle, which increase the liquid yie[8%]. Primary pyrolysis releases GOwhile
secondary pyrolysis produces mainly CO and,(B¢cause ofhe fact thaparticle size is

a parameter that has been given great importance in the literatmg, researches have
been carried with the aim of determining the effect of particle size on the thermal
behaviour of biomass. Some of these studies often differentiate particle by size groups as

for exampld54], who separated the particles into three categeries:

1 Small particles(11-225um)
1 Medium particles(50&00um)
1 Large particles (862000 pum)

It can be concluded that the thermal behaviour of #régtes large and medium particles
is the same, whereas the behaviour of the small particles deviates in the final stage of
conversion curves and predicts as faster devolatilization. The explanation proposed was
that the kinetics of larger/ medium paréisl incorporates the effects of internal heat
transfer resistance, which means that kinetics can predict the thermal behaviour of
particles, either medium or large, and that the effect of particles size can be considered

negligible.

26



2.9.2. Effect of heating rate

Most of the TGA experiments have been performed under low heating rate conditions (less
than 50C/min) because high heating rate TGA measurements are rather complex.
However, heating rates of TGA experiments influence the characteristics of
thermogravimetd curves. Indeed, the pyrolysis rate is affected by the heating rate in the
particle and it leads to different kinetics parameters. Therefore, it is to known under which
conditions pyrolysis occurs in low/high heating rate regimes in order to apply the
appropriate TGA kinetic paramet¢t®4]. The rate of heating is one of the important
factors in the process of pyrolysis and the combustion of bi¢h#gs
1 High heatingrates contributes to formation of volatiles and consequently to the
production of liquid. Higher heating rates also favours the formation of temperature
gradients inside the particle, which as mentioned above, promotes the appearance
of secondary reactionwhich results in a secondary char formation.
1 Lower heating rates produce more char as it provides more contact time between

the volatile phase and the solid phase.
2.9.3. Catalyst loading

Pyrolysis product yield are party dependent on the catalyst to bioratiss Wsing
catalysts at very high catalyst to biomass ratios of greater than 1/1i.e. more than 50 wt. %
catalyst, poor bimil yields were observed as well as increases in the gas and char
yield§107]i[109]. However, the bimil quality in terms of deoxygenation and energy
content increased. The presence of large amounts of catalyst in the feedstock id tielieve
enhance the cracking of vapour resulting in an increased incondensable gas[tta6fion

Also, some secondary reactions of the volatiles leadingetdormation of high molecular
weight compounds (recombination) are promoted. These compounds generate
carbonaceous deposits and hence increase the char yield. It was observed that changing the
catalyst to biomass ratio of 1/3 to 3/1 resulted in an inergathe char yield from 27 wt.

% to 44 wt. % on a catalyst free badi®7]. A lower catalyst concentration means that the
available active catalyst surface area is limited, thereby allowing some of the volatiles to
exit the reactor unreformed and leading to limited deoxygenation. Therefore, the catalyst
to biomas ratio must be optimized in the range-0/2 i.e. 850 wt. % catalyst for an

efficient and economic catalytically pyrolysis process
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CHAPTER THREE

3. METHODOLOGY

The experimental work was done in the laboratory of Adama Science and Technology
University, School of Mechanical, Chemical and Material Engineering and Bahir Dar
University, School of Biochemical and Chemical Engineering.

3.1. Materials and equipment
Corn cobthat used for catalytically thermal degradation pyrolysis experiment in this study.

All chemicals used in this study were aluminium nitrate-adrydrates (Al (NG)3.9H,0),
urea, calcium carbonate and distilled water
Digital balances, spatula, Measuring Cylinder, Conical flask, beaker, petricdisihle,
magneticstirrer, ball mill sieves, oven, betype resistance furnace, dissec®EMEDX
analyser, bomb calorimeter, thermogravimgBgijing, HCT-1), X-ray powder diffraction
(XRD-7000), Scanning electron microscopy, Fourier transforms ifrgpectrum (FT/IR

6600), Tong, glove and face mask were used for safety.
3.2. Method

3.2.1. Preparation of corn cob

The corn cob sample was collected from agricultural field locally (Finote Selam Amhara
Region, Ethiopia). The samples were dried in the sun for ad@ys to remove the
moisture content so as to a void the growth of fungus and gred mould. The corn cob were
dried again in the conventional oven at 103%0,5urtil their moisture content achieved

less than 10 wt. % of moisture content and it was into poimde laboratory a higspeed

rotary ball mill and sieved with al@f@esh sieve (< 250um)l11]. The material that
passed through the sieve were gathered in two different closed containers and kept for

analysis.
3.2.2. Characterization of corn cob

The proximate analysigas conducted oa received bsis, while ultimate analysis and

heating value was performed on a dry basis.
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3.2.2.1. Proximate analysis

Proximate analysis is used for calculation of chemical composition of the residues,

including moisture content, ash content, volatile mater and fixed carbon.

I.  Moisture content
Moisture content is calculated by measuring a known quantity of air dried coSday
D-871-82. Finely corn cob was taken on petridish and kept at a temperature®6f fbd3
16 hour. Before and after heating weight of sample were nmexhsand recorded. The
difference in weight divided by initial sample weight gives moisture cdadtehit
Maximum the moisture content, high is the transportation cost and lower is the caloric

valve. Thus, low moisture otent in biomass is preferable.

oMeC =M M (3.1

initial
Where: 9CC (perentageof moisture contentMiniial (before dry base of corn cphand

Maried (Weight of con cob materigl
ii. Volatile matter

When fuel is heated, volatile matter of a fuel are released in form of condensable and non
condensable vapour. The amount eleasedvaporsi.e. volatiles matter depends on the
rate of heating and the temperature to which it is hedteel.applicable ASTM standard

for determination of volatile matter is ASTM-B15707. 1g powered sample after
removing moisture was taken in a cible covered with lid and kept at $&Dfor seven
minute [112]. Volatile mater can expressed in terms of mathematicall\erieined by

following expression

VM = 0 T e 3.2
w

tx

Where:%VM (percentagesf volatileg, wi, (weight of iniial mass of cubff samplg and

wy (weight of cutoff sampe at a particulatemperature).
iii.  Ash content

The final residue left after the complete combustion of sample is ash. It was found out by
heating 1g of sample at 57585 for three hour without lid. Ash, the inorganic solid

residue éft after fuel is completely burned, has primary ingredients such as silica,

29



aluminium, iron and calcium and sometimes small amounts of magnesium, titanium,
sodium, and potassium. Ash content is determine@i$®yM D-1102[113].

UOACC =8 500, ..o (3.2
w

cc

Where: %ACC (percentagesh content of corn cdbW,gh(weight of ash contepaindW,
(weight of corn cop

iv. Fixed carbon

Fixed carbon may also be determined using empirical formulae, by subtracting the sum of
the experimentally determined moisture, ash and volatile matter experimental contents
from 100 (% masd)L14], as in Equation

%FC =100- (MCCAD +%ACC +VMUD. ... e (3.4).

3.2.2.2. Ultimate analysis

This analysis is important for determining therekéntal composition (C, N, H, S, and O)
of the biomass fuel and is also useful for calcutathreir calorific valve. It caibe carried
out by usingSEMEDX analyzer.

3.2.2.3. Heating valve

The corn cob was obtained from available sources. They were separatelgrdskd
grinded and sieved through a 2®@crometersieve to remove the granular impurities and

the samples powders, which tend to influence the result. The corn cob is then pressed using
the laboratory scale tablet machine which binds the powdered samfgesonvenient

form for use in the bomb calorimeter that cannot be easily disintegrafied.dleach of

the prepared sample of corn cob were collected and transferred to the sample cup of the
bomb calorimeter making sure the interior of bomb includimgstinpport and crucible are
properly cleaned and dried. A 10cm long Nichrome wire was fixed to the two electrodes
and the sample cup containing the sample was carefully fixed into the electrode seat inside
the bomb. Pressed pellets were used to preveashipt and incomplete combustion of

the sample in the calorimetdrl5].

The decomposition vessel, in which both the sample pellet and ignition wire were located,
was filled with oxygen (99.99%46) at a pressure of 1Hbar to produce complete

combustion. The recipient was also immersed in water so that the initial temperature of the
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sample was 22 UC. When complete combusti on
amount of heat that is measurad the temperature difference in the calorimeter. The

device was calibrated with benzoic acid pe]let6]. Corn cob samples were aredy in

triplicate to guarantee reproducibility of the method.

The standard deviations were also calculated for these experimentally obtained values.

L"J _mba *q vba+ Q fuse+ Q ign
pT

Where, mj, = mass of benzoic acid (g)»g= gross calorific value of benzoic acid (J/g),

Qruse = hed attributed to the cotton thread (J)igfd= heat attributed to the Nichrome

ignition wire (J) and @®@T = corrected temper

With the knowledge of the calorific values of the leftover fuse wire and cotton tread, the
corrections can be made to test corn cob $anoplorific valve using the following

formula:

U* pTe Qi +
Qe = P e Qun Qe (3.6).
mCC

Where m. = mass of corn cob
3.23. Sy nt hes tABO;Catal@st o
3.231. Prepar atAl,zn of o

Aluminium nitrate nonahydrate (Al (N§.9H,0) dissolved near its saturation point (28 g/
40ml H0) in deionized water e22°C under magnetic stirring. Then, it wibllow by
addition of urea (61g/60ml 4@0) and kept at ZZ for 1hr on the hot plate and magnetic
stirrer. Aluminium nitrate nonahydratgea saturated solution is heated in the oven for
24hr at 96C. Heating thesolution gave a sol at the first step and further heating of a sol
finally end up yielding a transparent gel. This gel will be a white crystalline and lustrous
solid. Alumina gel will then got dried at 28D for 1hr to eliminate urea and nitrate left
unreated inside the gel. This procedure result is a porous and amorphous gamma solid. A

solid gamma alumina obtained will then milled finely to increase the surface area.
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3.23.2. Synt hesi sAl,@ztcatalysst O/ o

C a OAlgD; catalyst was synthesized by employing theethod of impregnation
primarily, the measured weight of Cag@ precursor to CaO) @t.%, 10wt.%, 20wt.%,

30wt.%, 40wt.%, and 50wt.% Ca O by wAeQs)gliksblvedih Bmb of deionized

water under magnetic stirrer at room temperature. Then, ttwe i gh e d-Algf@ass of
powder was mixed with CaG& ol ut i on a n-@lunsnd and tetedded mthe r o
oven at 10%C for 24h. Then, then dried mass was calcined at@@ 4:30hr to liberate

carbon dioxide, physically absorbed and chemically bdndoisture.

324. Charact er i z aAlOgcatalystf Ca O/ o
3.2.4.1. Thermal stability of catalyst

Thermogravimetric analysis was performed using (Beijing, HCTGA) analyzer. The

corn cob feedstock was loaded in a high purity alumina pan with approximately 8mg
weight of the powdered sample. Nitrogen was used as carrier gas for creating the inert
environment. The heating rate was set &C2@in and the temperature range is between
20°C to 80GC. This analysis produced two types of curve, TG curve and derivative
thermagravimetric (DTG) curve. TG curve represents the change in weight of the sample
as a function of temperature. The DTG curve indicates the rate of weight change, dw/dt

versus temperatuf@17].
3.2.4.2. Morphology studyo f  C-#AI@0; catalyst

Scanning Electron Microscopy (SEM) is resolution imaging system with an extraordinary
depth of field. It indicates topographical, structural, and elemental data at low
magnifications up to 200,000. The morphology, structure and elementalad o f Ca O/ <

Al, O3 weredone by scanning electron microscopy (SEM).
3.2.4.3. Cirystalline structure and phase of catalyst

Phase identificati on an dAl©Ofcstaystavasidonaley-Xst r u ct
Ray diffraction (XRD) is a rapid analytical techniquyeimarily used for phase
identification of a crystalline material and can provide information one unit dimensions.
Monochromatic Xray as a sources of radiation containinglCll (& = 1. 5405 j
40Kv power and 35 Ma current was directed toward the sarfjglch sample was scanned

wi thin t he -8dndin@nsityvas ontasutebrystallite size in the prepared
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sample was calculated by using the data from the XRD pattern by using the Scherrer

formula,

D = et 3.7

b cosd

Where,
D = crystallite size
& = wayvel e-mgtproduaed in thehmachiXe
b = width of a peak at half of its intensit
d = angle of the corresponding peak

k = shape factor
3.2.4.4. FTIR analysis

Fourier transforms infrared (FTIR) spectra anaysi o f t MAkO; Gatl@st in the
range of 4008100cm’® using Fourier transform infrared spectrophotometer-IFET
spectroscopy study was operated with KBr disc method. Sample preparation involved
mingling of 40mg fine powder of calcined or activatedhwit0 mg KBr powder, milling
in gate mortar and compressing it to make a pellet. The catalyst sample study was then

performed in the transmission FTIR spectroscopy.
3.2.5. Catalytically thermal degradation of corn cob

Thermogravimetric analysis involves monitagirthe weight loss of the sample as
controlled function of temperature. An important application of TG in the study of corn
cob is the measurement of thermal stability. In this study, the analysis serves primarily as
an assessment tool of various potertathlysts for corn cob pyrolysis. An assessment of
the catalyst performance prior to use in the reactor reduce costs. Furthermore, this
particular TG model allows for the variation of parameters such as the heating rate. In
addition, to the mass at eacimgerature change, the data output also includes time and
rate of weight loss (DTG) at each temperature Et&p]. The heating rate feature and time

data are particularly importaot the pyrolysis, which will be discussed in section 3.2.5.1.
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3.2.5.1. Thermogravimetry sample preparation

In the Thermogravimetry study of catalytic degradation of corn cob byt 26, 20 wt.%,

30 wt.%, 40wt.% and 50 wt.%C a O-AlsD; catalyst prepared their sg@les by mixing

dried proportions of corn cob and catalysts (mechanical mixing). In this analysis, they
found the amount of catalyst to be different for runs at the fixed process parameters such
as particles size, temperature, heating rate, and catadysnhdpin TGA equipment. This

makes to assess the extract performance of the catalysts in the decomposition of curves.
3.2.6. Effect of catalyst loading and heating rate
3.2.6.1. Effect of catalyst loading

Thermogravimetric analyser was used to investigate the thermaldagign behaviour of
catalytic pyrolysis of corn cob at different catalyst weight loading. There are four samples
used as feedstock for TGA. These samples are added with different catalyst weight loading
(2, 4, 6 and 8%). The prepared samples approxign&t&Pmg were first heated to 105°C

and kept at that temperature for about 30 min to remove any moisture content from the
sample. After that the samples were individually heated to a maximum temperature of
800°C in an inert (B atmosphere flowing at 50 mrin at fixed heating rate of 20 °C/min
[119].

3.2.6.2. Effect of heating rate

The pyrolysis experiments were performed at heating rates of 5, 10, 15 and 20°C/min from
ambient temperature to 800°C. During hegtimass and temperature of the sample were
simultaneously and continuously recorded. In the pyrolysis experiments, Ntra-high

purity was passed through the TGA at a constant flow rate of 50 mL/min to provide the

inert gas environment and to sweep piree volatiles releasgd20].
3.2.7. Determination of kinetics parameters

The kinetics parameters were determined by the Microsoft excel 2010 software package.
This programamongother thingdacilities kinetics analysis of thermogravimetric analysis
datafor the study of catalytic degradation of corn cob. Théhod determinethe kinetic
parameters activation energind preexponential factor of a given solid material and
predicts reaction progress un@erangeof temperature (up to 800) and heating rate$(

10, 15 and 20°C/min)The kinetics parameters, @ettion energy and prexponential,

reaction progress and thermal stability of corn cob under a temperature range of up to
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800°C were determined121]. The following steps were usetb estimate the nen

isothermal catalytic parameseof corn cob.
3.2.7.1. Determination of activation energy

The activation energy can be solved by isoconversional (FlyaihOzawa and

KissingerAkahiraSunose method) form equation (2.13) and (2.14).
3.2.7.2. Degradation mechanism

Model fitting method is a reaction modekploring method using weknown different
theoretical react i on -Trpwfdes, Imeanwthite fof eath medelp er i
asset of activation energy and fagponential factor can be obtained. The Géadfern

method is one commonly used modéting which explores the asymptotic series

expansion with the following formufd.22],

9(9 _ 8AR 2@ RT O0E,

| -
"B ETT g ¥ R

Where g (U) is the integral for mygRdsthea he r e
average temperature during all the heating process. For each reaction model as listed in
Table 3. 1: p | %vs.1¢Ti cang obtdim set§ of activBtipn’ éhergy and- pre
exponential factor.
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Table 3.1: Fourteen different kineticmodalsid t heir integr[®. g (U)
Kinetic model Symbol g( U) U
Chemical reaction
Frist order F1 -In(1-0) 1-exp(z)
Second order F2 (1-U¥1 1-(1/(z +1))
N™order Fn ((1-U3"-1)/(1-n)
Diffusion
1-D diffusion D1 V3 v
3-D diffusion D3 [1-(1-0 Y32 1-[1-2Y9°
Phaseboundary reactions
Contractiny area R2 1-(1-U ¥? 1 (1-z)
Contracting volume R3 1-(1-U %3 1-(1-z)°
Power law
P4 1/ 40U z'
P3 1/ 30 z°
P2 1/ 20 z?
P2/3 3/ 20 z°
Nucleation and growth
A2 [-In(1-U Y9 1-exp(z%)
A3 [-In(1-0 )" 1-exp(Z’)
A4 [-In(1-0 )] 1-exp(Z’)
A3/2 [-In(1-0 ¥ 1-exp(z79)
Wherez:ﬂ(l-zﬂ_ e‘TET
b E
3.2.7.3. Invariant parameter techniques

ModeHfitting methods involves the use of different

reactions models to fit one single

conversion curve or multiple curves, and then attempt to determinntie& parameters

and by regression analyses. When a mdittelg method is applied to a singheating

test, widely varying values of the activation parameters are obtained when using different

model functions E and A that can be correlated to thepeasation effect relation.

INAZAHDE. ... e (3.¢
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Where, a and b are constants. It has been theoretically and expitignpostulated that

reaction rate.

All model listed can be examined by Cd@tdfern method by which nineteen
corresponding sets of kinetics parameters carexamined can be obtained. Then the
calculated activation energy and fsponential factor can be used to evaluate the
compensation effect formula parameters a and b. based on the obtained compensation
effects formula, the prexponential factor at eaatonversional extent can be evaluated

according to activation energies obtained by isoconversional methods.
3.2.7.4. Kinetic mechanism screening

The model which has the best linearity with experimental profile is considered as the real
reaction model. There are fdeen commonly used reaction models in a kinetics area.
Each model will be used to fit the experimental formation with the obtainment of
activation energy and pexponential factor. Then, according to the fitness of
experimental data and theoretical modelculation, one correlation coefficient can be
obtained. So, for all fourteen models, there must exist one maximum correlation

coefficient
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CHAPTER FOUR

4. RESULT AND DISCUSSION

In this section the study discussed proximate, ultimate analydih@ating value of the
sample, characterization of catalysts, effects of biomass to catalyst ratio and heating rate
catalytic thermal degradation of corn cob and activation energy arekposential factor

were analyzing using thermogravimetric analysis.

4.1. Characterization of corn cob

4.1.1. Proximate analysis

The moisture, ash, volatile matter and fixed carbon content in the biomass were
determined by proximate anal ysi s. The fuel
and easily by this analysis. Conversiefficiency and heating value of biomass drastically
depend upon the moisture content. Biomass, during storage decomposes more rapidly if
the moisture is lower. After pyrolysis, volatiles matter convert in the form of light
hydrogen, gas and taiSorn b contains around %8 of volatiles matter, which is higher

than the co§l23]. Due to higher contentf wolatiles matter, biomass devolatilize readily

than solid fuel. Also, biomass liberates less fixed carbon, which is for pyrolysis. Along
with moisture content, ash content also affects the heating value. As the plant structure
include of a wide varietgf mineral matter (potassium, calcium, magnesium, silica and ash
content) are vital part of biomass. Ash content varies with plant and soil condition, weather
conditions. From proximate analysis result of corn cob has higher percentage of volatile
matter ad less amount of ash content compared with other agricultural reBiaesesults

of experimental analysis that the agricultural waste (corn cob) used in this work produced
more heating value than the popular charcoaighased for cookingThe calorifc values

are in the order of Maize cob greater than Charadthl the following values 18.23Kg

and 10.21KJg respectively.These values met the minimum standard calorific value of
6.276 KJ/kg 6.988callkg byAlvarezAlvarez et al., 2018.

38



Table 4.1: Proximate analysis results of corn cob (as received.basis)

Content This study Demiral et Liu etal. Trninil
Weight (t. %) ‘("‘V'vt - i ) o)
’ Hawaiian Serbian
CC CC
Moisture 6.42+0.52 7.36 11.7 - -
Ash 2.2+0.2 1.49 2.7 2.6 15
Volatile matter 78.0 79.56 69.5 79.6 81.1
Fixed carbon 15.345+0.526 11.57 15.9 17.5 175
Heatingvalue 18.23 - 134 - -
(KJ/g)

4.1.1.Ultimate analysis

The ultimate analysis is the determination of elemental composition of biomass (carbon,
hydrogen and oxygenpbtained results that the carbon content higher than 50% and their
composition owned leer amount of oxygen. The high proportion of carbon leads to
increase of calorific valve. The corn cob composition of sulphur and nitrogen are very
small amount moreover, indicated using corn cob in thermochemical conversion process
have insignificant praaction of NQ and SOx to pose any pollution threat. According to
previous studies, the nitrogen and sulphur content are 0.43% and 0.2% for corn cob. As
evaluated, the amount of nitrogen and sulphur were very low, so that they were all
neglected in our stued124]. As compared to literature dateorn cob used in this work

can act as good solid fuel and useful towards the products (sokdil,bémd gase§)24].

Sulphur content may also cause the corrosion towards equipment (pyrolysis reactor) by
sulphric acid formed during and after pyrolysis process. From here, the biomass used in
this work can reduce the corrosiseverity impact towards the equipment use and can
reduce the cost for maintances. In most cases, bioma&sssiderably has less sulphur
content than a coal. Meaning that, an increasing of biomass as thermal output makes the
SO, emission decrease proportality. From the literature dataorn cob of biomass
showed the value in the range of the standard agriculture wastes ultimate analysis which is
C (4053), H (4.5), O (3%552), N (0.00.7) and S (0-B) as statd®]. The results of
SEMEDX analysis in the composition of corn cob consists of 51.43% carbon (C) and
42.85% oxygen (O).
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4.2. Characterization of C a O-Al0; catalyst

4.2.1. Thermogravimetric analysis

Ther mal anal ys i-A,0;aCHO, 19 win % lare SO0wt. &«C a0Al 03
catalystsare shown in F g u r e-Al®;, datalyst started to decompose at arourffC40

and completely decomposed at #30Theo-Al,03 TGA analysis suggests that some water
could be desorbed at temperature from 30 td@QQAR5). The decomposition of 1@t. %

C a OAl#3 up to 300°C wasl ower t h a-Al,0st This tcould he retated to
hygroscopic nature of the catalyst. The catalyst maintained its stability within®C300
700°C). Two mass loss steps were observed with different change in mass. The loss of
mass between 40 and 300can be attributed primarily tmoisture content of 1@t. %

C a O-Al £z, while the second decomposition occurred at-80F°C. The pure CaO and
50wt. % C a O-Al#0; catalysts were thermally stable up to T2s shown inigure 41;

there is no significant change or weight loss of sample. The TGA of CaO ant %0

C a OAl#; show high thermal stability with only one stage degradation at elevated
temperature 72Z. Specifically, in case of the Mt.% C a-BI4Og catalysts the GA

curves shows 14% weight loss in the temperature rangs@C, due to desorption of
physisorbed water molecules. A 5% weight loss in the region eBQBT is attributed to

the decomposition of the precursor and removal of chemisorbed water. Frobtdhesd
thermal properties; the synthesized CaOwL(0% and 50wt. % C a O-Al#0; catalystscan

be used as a catalyst during thermal degradation of corn cob and other biomasses.
Generally, t her mal stability of t#eOj;cataly
CaO > 50wt. % C a OAlIgD; > 10wt. % C a OAIgD3> -A),0s. It has been proved that
2-Al,0Ozwas a good support since ashigh surfacaredl126].
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Figure 4.1: Thermal stability of catalyst
4.2.2. Morphology studyo f  C-#I@0; catalyst

The surface fbO;plhwtd angl Y wdef Ca-BI40g catalysts were
studied by SEM analysi#\s illustrated inFi g ur e 4-AlZahas at varg high nen
uniform amorphous structure, which in a good agreement witlplearhigh surface area
and structure. Figure 4.2h shows the surface morphology of calcium oxgdenma
alumna catalysts with various amount of calcium oxide loading into support (composition
of calcium oxide increase with reducing the surface of thelyst®35EMEDX result
showed that the sample have a porous and homogeaggusgates10% cases)The

EDX Result confirmed the presence of A, and remaining impurities NThe EDX
graphs below also confirmed the presence ofAland well dispersed Ca. tigeis also

some remaining C.
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4.2.3. Crystalline structure and phase of catalyst

XRD analysis was performed tbe study of the crystalline structure of samples. Figure

4. 3: shows t hat -ARJang 20wtt% 30wts % and 10 pilaCaO 2

| o ad e-@l0g nTheoXRD pattern of gamma alumisdows the diffraction peaks at
11°,29.7,33.8, 44.12 and64.4£[127). The t wo peak appedandd at
64.4°) are the common peaks ghmmaaluming96], [97]. The intensity of XRD peaks

and the peak width indicat-al0twasftormddaTheg e a mc
peak observed at 11s probably due to the impurities associated with nitrates. It is also
observed that this peak was totally eliminated ghéi calcination temperature. The XRD

patt er n-al,0pdamptedhleaded with 508t. %, 30 wt. %, and 10 wt % CaO are

presented in igure 4.3; all samples were calcined at 700 for 4:30 hr. When the calcium

oxi de was -Al,0;aupeod, the diff @ct i o n -Al.Osaskifed to highey

angle; this was due to diffusion peak of CaO particles into the support structure. Powder
Xray diffraction typi 828K, 39% a7i5s43.2,duShad at 2 d
48.6) confirm the presence ofa®/CaCQ for all catalyst ample loaded witlCad128].
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Speci al |l y, t h%onfipretlekpreserce d CaO.Despife thé fact that most of

metal carbonate precursors were broken down to the corresponding metal lmxides
releasing off carbon dioxide, a very small amount of metal carbonate has been left in the
catalyst. In |line wi t’lndBh57 are probablg dupte shes at
presenceof CaC{d or t he 50 wt % and 30 -AkDXloweae® cat al
this peak was not obser v&ldOs;f orTHhe swtat pc apt ead
29.5’ could also be related to the presence of CAC3D In general, the intensity for 50

wt. % and 30 wt % CaO loading showed that the catalyst was mainly crystalline. Whereas,

the XRD spectrum of the synthesizedni0% C a O-AlgD; shows very low and broad

peaks indicating that the sample was mainly amorphous. The observed peaks were similar

wi t h t hAd,Ozmalcined atorelately higher temperature (> 480). This can be

related to high specific surface area oftbyesized catalyst. It also indicates that 10%t

CaO ar e hi ghl-ApO;durface and ro shdrp orystallme peaks corresponding

to any of the 1@t. % C a OAlg; were observed. It can be concluded from XRD that
calcium oxide is well dispersedds s mal | -AlLQ4. SThediffraction patteon of
peaks at®° 328 47.51a8d. 48.8correspond to calcium carbonate (CajfCB].

Table 4.2 showshe crystalline sizeo f -Al D3, 10 wt. % 30 wt. %and D wt. %Ca O/ 2

Al,O3 catalyst values, 5.27, 22229.25and21450.58 nm respectivelyWith these results

it can be concluded that the XRD peaks are very low and broad pdeh the catady is

smaller crystalline size.
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Figure 4.3: XRD patterns synthetized catalysts

Table 4.2: Percentage dErystallinity and Crystallite size of catalysts

Catalysts Area of Area of all Crystallinity (%) Crystallinity(nm)
crystalline peaks
peaks
2-Al,03 205292 4989 41.14 5.27
10 %Ca Qds39 789.92 1990 39.68 2
30 %Ca Qd;9 1187.4 2760 43.7 12229.25
50 %Ca Q039 1748.6 2891.6 60.47 21450.58

4.2.4. FTIR analysis

FT-l R s p e c +AlkQ4 powderfis shown in Figuré.4. The band at 547 ¢hand 779

cm* are spedically marked out toAlOswh i ¢ h i mAbO@; coatains ectatedral and
tetrahedral structure. This peak is attributed to the symmetric stretching vibrations of the
Al Oi Al bonds[129]. 't is in agr eementaluminatabreporteeé F T F

elsewhere. The sets of bands detected from 3800 to 276@&dmputed to-OH stretching
in which its soure may probably belong to the different chemical compounds. Broad

stretching bend appeared at around 3400 @uealedhe presence of hydroxyl group.
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As shown in Figure.4 the band at 1669¢hwas due the bending vibrationicDH in the

presence of physorbed water. The peaks in the 40000 cnt range (i.e. 547 and 779 ¢m
% has confir med -AlN@haseoframinflid@ as shovin intFiy.et.4.2
The other peaks in the region of 156" and 1316 cit may be due to an impurity from

urea and aluminum nitrate nonahydrate left in the gamma phase
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Figure 4.4:1 R s p e c-AlgOgpawderf o

As shown inFigure4.5: the bands centered at 876 timelongs to the bending vibrations

of the Ali Oi Al bondg§131]. Figure4.5showed that the strong band at 1427afne to the
presence of CaCQwhich is mainly due to €© band fromincompletely decomposed

car bonat -AlQGs iTthe DterSity of this band increases with the amount of catalyst

| 0 ad e dAl.OsnTheobandl in the region of 500 €me. 534 cni and 875cn imputed

to CaO bond would really describe existence of Qa82]. In this region, it was also
observed that the intensity of this strong band increased with a decreased in wave length
for all catalyst loading. This is mainly attributedtivihe presence of CaO in the catalyst
which was proved already by XRD and SEMEDX. The intensity also increased with the
amount of C a/D,0;] Bhe dnaltlbara mentered at 2522 and 1779 was
ascribed by chemical absorption of £GQ0O, CQ?, or HCQs". Heating chemicals at
temperature of 800°C does not guarantee the removal of these compounds as these are

chemically absorbed inside either open or closed pores. The strong and intense band at
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3643cm' corresponds to thei® stretching vibrationmputed to OH groups from calcium
hydroxide.

As shown in Figure4.5 manifold bands from 3800 to 2700 tris ascribed to OH
stretching which has been brought into existence from various sources into the surface of
t he act i vAlOe k. n@alp fram absorbed moisture from the humid
environment and the existed calcium hydroxide formed when CaO getcimmhiwith
moisturgl33]. Ho we v e r -Al,O datalyst€ sh@vedintense and broad bands in the
region of 14001600 cm® which revealed the existence of mono and bicarboji®4k
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Figure 4.5: IR spectrum of a) ¥1% b) 30wt% and c)50 wt%Ca O /AlrO3; powder.

4.3. Thermal decomposition of corn cob m the presenceo f CaOl/
Al,O3

Figure 4.6: shows the @ytic degradation of corn cob withAl,O3, 10wt%, 20wt%, 30

wt%, 40 wt% and 50wt% Ca O | o0 a éAb@; supportwere conducted Thermal

craking of purecorn cob was also conducted for comparison.
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Figure 4.6: (a)flhe normalized madess(%) and (b) DTG (dw/dtjor all sample as

function of temperature

Thermal degradation of biomass gategorized into three stagesch as dehydration
devolatization and carbonizatioiihe first stagein thermal conversion correspado
simple dehydration ani takes placein the temperature rangdé 25-275°C. Figure 4.6(a)
show the moisture and light component content rehdram the corn cob in psence of
2-Al,03(CC1), 10w% C a OAI#; (CC2), 20 wt.% C a OAI#; (CC3), 30 w.% Ca O/ o
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