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The coconut shell (CS) was utilized as biomass feedstock for aromatic-rich
bio-oil production. Commercial activated carbon was modified with 5-20 wt.% of Ni
loading using wet impregnation method and applied in the catalytic pyrolysis of
coconut shell for upgrading bio-oil. The synthesized catalysts were characterized by
N, adsorption-desorption (Brunauer-Emmett-Teller, BET), X-ray diffractometer (XRD)
and X-ray fluorescence (XRF). According to the obtained results, the prepared
catalysts have a surface area and pore size in the range of 470-630 m%/g and 3.92-
6.44 nm, respectively. Fourier transform infrared spectroscopy (FTIR) method was
used to characterize the different functional groups of raw coconut shell and
coconut biochar after pyrolysis. The components of pyrolysis bio-oil were analyzed
by Gas Chromatography = Mass Spectrometry (GC-MS). Under non-catalytic thermal
pyrolysis, the pyrolysis temperature of 400 °C could maximize the bio-oil yield of
49.0%. Phenolic compounds (approx. 58.8%) was obtained as a main component in
the thermal pyrolysis.bio-cil. Bio-char yield could be promoted at lower pyrolysis
temperature of 300 °C while the gas products are promoted at higher temperature of
500 °C.For catalytic upgrading, several reactions including deoxygenation,
decarboxylation, dehydration and polymerization were promoted; however, the bio-
oil yield decreased with increasing Ni loading due to the promotion of secondary
reactions. The catalysts with 10 wt.% Ni loading exhibited the highest hydrocarbon
content of 67.1% which almost all is aromatic hydrocarbon and small amount of
aliphatic hydrocarbon with bio-oil yield of 42.66 %. The aromatic selectivity in the
upgraded bio-oil was in the order of toluene > benzene > xylene >
ethylbenzene. This study provided a potential strategy for aromatic-rich bio-oil

production with low-cost and effective production.
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CHAPTER 1

INTRODUCTION

1.1 Motivation

The rising population nowadays has accompanied the increasing industrial
and commercial activities in this world, leading to high energy demand and the
depletion of fossil fuel. also, the pressure of transportation has affected the
greenhouse effect and environmental degradation [1 ]. This energy problem has
motivated many researchers to look at alternative energy generation solutions that
can meet global energy demand in the long term. Biomass has attracted worldwide
attention as a renewable energy source since it can be converted to bio-oil through
pyrolysis and has some advantages over fossil fuel. Catalytic pyrolysis of biomass is a
promising technique to convert a variety of biomass including sunflower husk, pine
wood, rice husk, sugarcane bagasse, palm- shell, coconut shell, corn cob and others
into many derivative compounds. Catalytic pyrolysis is a thermal degradation process
in a free-oxygen environment in which biomass is combined, heated, and pyrolyzed
at a high temperature of 300-800 °C in the presence of a catalyst which produces
solid, gases, char), liquid (bio-oil) and gas (incondensable gasses) products. The
biomass inert gas will be hydro-oxygenated and catalytically cracked to enhance the
H/C ratio and calorific value in bio-oil, hence improving the combustion performance

and stability of bio-oil.

Thailand has a lot of potential for sustainable agricultural resources. Thailand
has a wide variety of crops that can be used as a source of biomass to produce
clean energy. One of the most crucial qualities is the heating value of the available
bio-oil. Thailand's total coconut planting area is 1,299,799 rai. Nakhon Pathom
province has the highest agricultural productivity of coconuts, it was found that each
year the coconut has very high productivity of 652,084,186 tons in 2020 resulting in

waste agricultural residues produced from coconut milk factory according to a report



from the Office of Agricultural Economics. Catalyst exhibits exceptional activity in the
cracking and deoxygenation processes in bio-oil, leading to an increase in
hydrocarbon vyield and a decrease in oxygenated compounds such as ketone,
aldehyde, acid, phenols, and other compounds, which allows it to be converted into
good-quality (high aromatic hydrocarbon) bio-oil fuel and expensive-value-added
chemicals. Alumina-silica catalyst has been widely utilized widely for bio-oil
upgrading [2]. However, the disadvantages are rapid deactivation, excess acidity,
which increases viscosity and flash point of bio-oil, and pore size limitation, which
prevents large bio-oil components from accessing or dispersing to active sites. As a
result, mesoporous activated carbon is an excellent candidate for addressing this
issue. The structure and phases of activated carbon are very porous that absorbing
metals and metal oxides as a catalyst resulting in the conducive of higher yield of
hydrocarbon, H,, CO gases in pyrolysis product [3]. The transition metals (Ni, Fe, Cu,
Pt, etc.) was doped on activated carbon support to improve catalytic deoxygenation
performance [4]. The use of transition metal catalysts will increase bio-oil production
while additionally affecting chemical compositions. Qiu, B., et al [3] has studied the
effect of different transition metals on the bio-oil obtained from catalytic pyrolysis of
biomass, the results show that the content of carboxylic acid and oxygenated

compounds in bio-oil has decreased and converted into hydrocarbon compounds.

The mentioned issue has encouraged researchers to develop stable, cheap,
and environmentally friendly catalysts and the production of high valued-added bio-
oil from coconut shell wasted from coconut milk plant. In this study, the
impregnation approach was used to synthesize a Ni-doped activated car bon catalyst.
The optimal conditions for biomass catalytic pyrolysis were found at three different
pyrolysis temperatures (300, 400, and 500 °C). The physical and chemical
characteristics of the catalyst were investicated to verify the catalytic results. The
product distributions and chemical compositions of the obtained bio-oil were

investigated after biomass pyrolysis with/without a synthesized catalyst.
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Figure 1 Diagram of catalytic pyrolysis of biomass for producing high-quality liquid

fuels and chemicals using various catalysts.

1.2 The objectives of Research

® To produce aromatic-rich bio-oil via catalytic pyrolysis of coconut shell using

Ni-doped activated carbon catalyst

1.3 Scopes of Research

® The wasted coconut shell collected from coconut milk plant were pyrolyzed
in a fix bed reactor at 400 °C for 2 hr., operating under N, gas flow, using

furnace as a heating source and Ni-doped activated carbon catalyst.

® Varying Ni loading amount of 0, 5, 10, 15, and 20 wt.% on activated carbon.

® The prepared catalysts were analyzed by XRF, XRD, and BET.

1.4 Experimental locations

® Department of Chemical Engineering, Faculty of Engineering and Industrial
Technology, Silpakorn University, Nakhon Pathom 73000, Thailand.
® Chemistry Program, Faculty of Science and Technology, Nakhon Pathom

Rajabhat University, Nakhon Pathom 73000, Thailand.



Chapter 2

Literature Reviews

2.1 Biomass

Biomass is an organic material that can be used to produce energy such as
agricultural waste (rice straw, sugarcane, tree bark, coconut shells, etc.). Therefore,
biomass energy is a type of renewable energy because it is a compound made of
carbon and oxygen and made of carbon dioxide and water as well. Photosynthesis is
the process of creating energy and nutrients in plants. Most of the biomass is solid.
But shape, size and moisture content will differ depending on the type of biomass.
Biomass is composed of cellulose, hemicellulose and lignin, whose structure is
mainly composed of sugars and polymers called polysaccharides.

Cellulose is a polysaccharide fiber that is the main component of plant cell walls
and is the most naturally occurring organic substance. Cellulose is mostly found in
wood. The main chemical property of cellulose is that it is insoluble and inert,
especially in hydrolysis reaction. Hemicellulose co-occurs with cellulose but is an
amorphous form with a different chemical atomic arrangement and low mass. Most
cellulose is formed from a simple sugar molecule called D-glucose. Hemicellulose,
on the other hand, is made up of many different- monosaccharides joined together in
a branch rather than a straight line. Lignin is composed of the aromatic structure of
phenol, propane, connected as aliphatic chain and is amorphous form as
hemicellulose. High lignin biomass flavor coke production and less aromatic yield
While high hemicellulose flavor high non-condensable gases and low coke
production. The biomass with low lignin and high cellulose/hemicellulose favor for
activated carbon production. Many agricultural residues such as pine wood contain
cellulose 48%, hemicellulose 10 %, and lignin 24 %. Rice husks contain cellulose
28%, hemicellulose 26%, and lignin 27%. Eucalyptus contains cellulose 449%,
hemicellulose 24%, and lignin 28%. The major components of biomass are shown in

Fig 2 [5].



Figure 2 The major components of biomass [6].

2.2 Coconut shell

Coconut is an important plant in-Thailand's economy. Coconut is a perennial
plant. Characteristics of feather-like compound leaves. It consists of an outer shell,
coconut fiber and coconut shell. Coconut is- the main agricultural product of Nakhon
Pathom Province as shown in Fig 3. It was found that each year the coconut has very
high productivity resulting in waste agricultural residues produced from coconut milk
factory. One coconut consists of 20% coconut shell, 35% fibers, 25% coconut meat
and 209% coconut oil. Coconut shell contains the highest lignin composition of 29-
54% followed by coconut fiber (lignin 33-53%), leaves (lignin 33-45%), husk (lignin 25-
42%) and frond (lignin 18-21%) [7]. With these properties of coconut and high
coconut wasted residues quantity, coconut has potential to be converted into high-

value product such as bio-oil and reduce wasted coconut in Nakhon Pathom.
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Figure 3 The coconut productivity of Nakhon Pathom.

2.3 Pyrolysis process

Pyrolysis is the breakdown of biomass with heat under an oxygen-free
atmosphere and irreversible reaction. Biomass is decomposed and converted into
products. Initial products have both stable and unstable parts that can decompose
further into the next product. At the end of the reaction or with rapid cooling, the

obtained final products are gases, liquids and solids as shown in Fig 4.



Figure 4. Thermal decomposition process of biomass.

The obtained solid is called charcoal which is ‘mainly composed of carbon
material and some inorganic ash. The liquid condensed at room temperature is
called pyroligneous liquid or pyrolieneous acids or pyrolysis oil. The appearance of
the liquid is brown and black which is like crude oil. The pyrolysis process can be
controlled to produce the most product at any state by controlling various factors
such as heating rate, temperature, reaction time and so-on (Nakorn Tippayawong,
Biomass Conversion Technology, pp. 268-269).

The physicochemical processes that occur during pyrolysis (Ramanathan et al,
2022, [8]) are as follows.

1. The heat source provides heat transfer to the biomass to increase the

temperature inside the biomass.

2. Initial pyrolysis reaction releases volatile vapors and produces charcoal.

3. The flow of hot volatile vapors through the biomass causes heat transfer

between volatile vapors and biomass.



4. Condensation of large-molecule volatile vapors inside the biomass followed
by secondary pyrolysis reaction can convert Initial volatile vapors into crude
oil.

5. In the self-catalyzed secondary reaction along with the primary pyrolysis
cause a competition for the reactants in the reaction.

6. When thermal decomposition has increase, there are co-reactions occurred
such as gas reforming reactions, the conversion of solid molecules into gas
with water, radical aggregation reaction, dehydration which depends on

residence time, temperature, and pressure.

2.4 Type of pyrolysis process

Pyrolysis is a thermochemical mechanism that converts biomass and polymers
into high-energy fuel. Biochar, bio-oil, and gas are produced by heating at medium
temperature of 500-800 °C in a free-oxygen environment. The amount of product

from the pyrolysis process depends on several factors.
2.4.1 Slow pyrolysis

Slow pyrolysis occurs-when the reaction temperature ranges between 400-600
°C with a low heating rate (less than 10°C/minute). The diameter of the feedstock is
more than 2 mm. Slow pyrolysis products are liquid 30-50% and biochar 25-35%.
Slow Pyrolysis can also be classified into two types (carbonization and conventional
pyrolysis) [9]. Carbonization pyrolysis is‘a long-term heating process that takes about
a day to produce charcoal as cooking fuel and the gaseous product released into the
atmosphere. Conventional pyrolysis is a process that takes less than 15-30 minutes
to produce the product in all three states: charcoal, oil, and non-condensable gas.
The slow pyrolysis provides a small amount of oil product [10]. Therefore, most bio-
oil is used as fuel in the combustion process. However, the water-soluble parts of
the bio-oil can be separated by utilizing some chemicals (acetone, ketone, methanol,
formic acid, acetic acid, etc.) that can extract the water-soluble parts from bio-oil [11,

12].



RV, Rubi. et al [13] has studied slow pyrolysis of buri palm to investigate the
effect of pyrolysis temperature and residence time. The buri palm pyrolysis was
performed in a fixed bed reactor with different pyrolysis temperatures of 300, 500
and 700 °C and residence time of 30, 60 and 90 mins. The optimized condition for
the highest biochar content was 300 °C temperature and 90 mins residence time.
While the highest bio-oil content of 46% obtained from 500 °C temperature and 90
mins. It was found that the biochar content increases with the increasing of residence
time but decreases with the increasing of temperature. The HHV of biochar at 300 °C,

30 mins was 16.93 KJ/kg and HHV of biochar at 700 °C, 30 mins was 28 MJ/kg.

S, Modak. et al [14] has studied slow pyrolysis of cooked food waste at
pyrolysis temperature of 300, 400 and 500 °C to produce bio-oil. The chemical
composition of bio-oil  obtained at 300 °C was mainly composed of carbonyl
compounds, furans and Levoglucosan. While bio-oil obtained at 400 °C is composed
of different compounds such as aliphatic compounds, phenolic compounds, alcohol,
acid, and nitrogen compounds. The bio-oil obtained at 500 °C is composed of

aromatic compounds up to 60 %.
2.4.2 Fast pyrolysis

Fast Pyrolysis is bio-oil-producing process, the reaction temperature between
400 - 650 °C with a high heating rate (>1000 °C/secs), less feedstock diameter of <2
mm, short residence time of the vapor in the reactor (< 2 secs) [15]. There are more
than 3,000 types of compounds found in bio-oil.-In fast pyrolysis of biomass, the
obtained product is composed of liquid 60-75%, solid 15-25%, non-condensable gas
10-15%, and water content 10-30% depending on the moisture content contained in
the initial biomass. There are various compounds in bio-oil which obtained by
thermal decomposition of cellulose, hemicellulose, and lignin [16]. Most of the
chemical composition of bio-oil from biomass is shown in Table 1. However, due to
most of the chemical compound in bio-oil is organic compounds, so bio-oil
produced from the fast pyrolysis can be further refined into many fuels and

chemicals [17].
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Table 1 Some chemicals found in bio-oils [18].

Cellulose/Hemicellulose Lignin-derived Common
derived Compound Compound derivatives

Levoglucosan Isoeugenol Char
Hydroxyacetaldehyde Phenol Water
Acetic acid 4-ethyl phenol CO, CO,, CHy, CHg
Acetol 2-ethyl phenol
Furfural p-cresol
Furfuryl alcohol o-cresol
Cellobiose m-cresol

2-methyl-2-cyclopenten-1-one 2,6-dimethoxyphenol

3-methyl-2-cyclopenten-1-one

Fast pyrolysis consists of four important steps: (1) due to fast pyrolysis is high
heating and heat transfer rates, so small size of feedstock is required. (2) The precise
temperature control of the pyrolysis process is 400-500 °C. (3) short residence time of
volatile vapor in reactor should be 2 seconds to avoid secondary reaction of volatile.
(4) volatile vapors must be rapidly cooled and condensed to produce bio-crude oil
(Nakorn Tippayawong, Biomass Conversion Technology, pp. 268-269). The removal of
charcoal and ash must be designed to minimize the charcoal and ash from the
product. To get a free-ash product, the oil production process of fast pyrolysis
requires a fast pyrolysis reactor, biomass drying, grinding, char removal, oil

condensation, and product collection unit, as seen in Fig 5.
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GAS

Char
removal

Quench

BIOMASS Pyrolysis
reactor

Drying Grinding

ESP

CHAR  BIO-OIL
process heat

or export

Gas recycle if needed

Figure 5 Fast pyrolysis process [19].

N, Abdullah. et al [10] has studied fast and slow pyrolysis of banana at
various temperature to produce banana biochar. The fast pyrolysis was carried out in
fluidized bed reactor. While fixed bed reactor was used for slow pyrolysis. The result
shows that the chemical reactions occurred in fast pyrolysis takes place within 2-2.5
secs. At 500 °C the highest biochar content of 40% was found in fast pyrolysis, while
the slow pyrolysis produces the biochar content of 35%. The properties of biochar
derived at 500 °C was studied. The result shows that the moisture content and ash
content of fast pyrolysis is higher than that of slow pyrolysis. The elemental analysis
has shown that slow pyrolysis has higher carbon content, oxygen content, surface

area and heating value.

C, Mendoza-Martinez. et al [20] has studied the oxidative fast pyrolysis of
eucalyptus wood residues in fluidized reactor. The feed rate was 15.06 kg/h. 480 °C
pyrolysis temperature. The product produces gases, bio-oil, and biochar. The gases
produced in this process were used as fluidization air energy. The bio-oil obtained
30% vyield and 21.4 MJ/kg which indicates that the obtained bio-oil has a good

potential for fuel application.
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A, Alcazar-Ruiz. et al [21] has studied fast pyrolysis of olive pomace in a
Pyroprobe pyrolizer to produce bio-phenolic compounds under conditions:
temperature of 500 °C, heating rate of 20 °C/mins and residence time of 15 secs.
Before the pyrolysis process, the feedstock was pretreated by water, acid, and alkali
solutions to avoid inorganic elements produced in phenolic product. The result
shows that the potassium content is removed and guaiacol produced for water
pretreatment. Acid and phenolic compounds have been produced for HCl and HNO;
solution pretreatment. The sodium content increased to 83% for NaOH
pretreatment. The phenolic compound was achieved 36.9% for alkali pretreatment
which includes guaiacol 5.9% and vinyl guaiacol 6.2%. This study has proposed an

effective pathway to produce bio-phenolic compounds from agricultural residues.

2.5 Pyrolysis of Biomass composition

The chemical composition-of biomass is different from that of coal and crude
oil. Due to biomass compose of oxygenated compounds so the product produced
from biomass pyrolysis is different from fossil fuels. Wood and other biomasses are
oxygen-based organic polymer materials such as hemicellulose, cellulose, and lignin.
When these compositions are heated, they are thermally decomposed by different
pathways and produce a variety of products. To understand the pyrolysis process of

biomass Therefore, we must consider the pyrolysis of each major compositions.
2.5.1 Cellulose pyrolysis

The pyrolysis reaction of cellulose is endothermic reaction, and it was found
that when cellulose is heated up to 250 °C there is a decrease in the degree of
polymerization. The pyrolysis process takes place slowly and yields H,0, CO,, CO,
and sludge as products. At temperatures above 250 °C, cellulose begins thermally
decomposing faster and produce crude -oil, gases, and charcoal. Cellulose
decomposition at 240-350 °C produces anhydrocellulose and levoglucosan at 350 °C.
The pyrolysis of cellulose takes place even more rapidly above 500 °C, the released

volatile vapors are thermally decomposed into gas phase. Q, Lu. et al [22] has
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studied the cellulose fast pyrolysis. The study demonstrates the obtained bio-oil
composed of water, anhydrosugar, oxygenated compounds and furan derivatives.
Cellulose pyrolysis favors the formation of levoglucosan. H, Yang et al [23] has
studied catalytic pyrolysis of cellulose for levoglucosenone (LGO) production. The
LGO content has increase then decrease in temperature range of 300-500 °C. the
maximum LGO content of 46.4% achieved at 400 °C the decrease to 2.48 % at 500
°C. the LGO content has increased as the increasing of catalyst and then LGO
decrease at the excess catalyst amount. The optimized condition for LGP production
is 400 °C pyrolysis temperature and 1:1 catalyst: cellulose ratio. S, Hameed. et al [24]
has studied the product distribution of cellulose pyrolysis in fixed bed reactor. At
higher activation energy, the char and tar increase while the gas yield decreases. The
distributed activation energy model presents the tar yield of 82.1 wt.%, gas yield of 8
wt.% and char yield of 9.9 wt.%.

2.5.2 Hemicellulose pyrolysis

Hemicellulose pyrolysis reaction is-an exothermic reaction and composed of
different anhydrous sugars. Hemicellulose has poor polymerization level leading poor
resistance to mechanical and chemical decomposition [6]. Pyrolysis of hemicellulose
occurs at lower temperatures-in the range of 200-260 °C and can occur at wide
temperature range. The obtained products are charcoal and bio-oil which less than
obtain from cellulose. Most of the hemicellulose does not decompose to the
levoglucosan group. The acetic acid produced during the pyrolysis of the biomass
contributes to the reduction of the acetyl group (deacetylation) of hemicellulose. In
case of the slow pyrolysis of wood, Hemicellulose decomposition occurs before 130-
194 °C, but mostly at 180°C. C, Sun. et al [25] has studied the pyrolysis of
hemicellulose, cellulose and lignin from wood residues to produce bio-oil. The result
shows that the coke produced by hemicellulose pyrolysis while the benzene-ring

compounds in the obtained bio-oil was found in cellulose and lignin pyrolysis. The
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study demonstrated that high-quality bio-oil can be achieved by removing

hemicellulose part from the biomass.
2.5.3 Lignin pyrolysis

properties of lignin depend on the method of lignin extraction. Lignin is the
most stable component of biomass and composed of phenolic groups. Lignin is not
carbohydrates like hemicellulose and cellulose. At a wide decomposition
temperature range (160-900 °C), the pyrolysis of lignin is an exothermic reaction.
Below 200°C, the thermal decomposition rate of lignin is very slow. The
decomposition of lignin will be more obvious at temperatures between 280 °C and
500 °C. At the highest decomposition rates occurring at 350-450 °C, the
decomposition of lignin.produces  phenolic’ compounds and more charcoal than
cellulose. At a low heating rate, more than 50% of the lignin char is produced by the
initial mass. HC, Genuino et al [26] has studied the pyrolysis of lignin to insight into
oil yield at various condition: pyrolysis temperature of 250-450 °C, reaction time of
10-50 min, nitrogen gas flow rate 10-30 mL/min. the highest bio-oil yield was 47.1
wt.% at 450 °C temperature and 10 min reaction time. The presence of molten salt
in lignin pyrolysis has effectively supported the formation of aromatic and phenolic
compounds. S, Sangthon. et al [27] has studied the phenolic-rich bio-oil derived from
pyrolysis of palm kernel shell and its isolated lignin in a fixed bed reactor. The bio-oil
yield of isolated lignin pyrolysis-is higher than that of palm kernel shell pyrolysis. and
phenolic production of isolated lignin is more than twice that of palm kernel shell.
The phenolic compounds in lignin derived bio-oil are 78% higher than palm kernel

shell-derived bio-oil.
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2.6 Pyrolysis reactor
2.6.1 Ablative reactor

As shown in Fig 6. A rotating blade (6.35 mm size) is used to press the biomass
onto the heated surface with high pressure and temperature of < 600 °C. The
rotating blades rotate at about 200 rpm with a relative speed of > 1.2 m/s. The
mechanical force from the rotating blade pressed biomass onto the heated surface
cause rapid pyrolysis. The released vapors are carried out by nitrogen gas. Charcoal is
collected by a cyclone. The reactor has a feed rate of 3 kg of biomass per hour and

produces bio-crude oil up to 80% by mass of the initial biomass [28].

Sludge

\ Q Rotating blades

e
Heated surface

Figure 6 Ablative reactor.
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2.6.2 Rotating cone reactor

As shown in Fig 7, A rotating cone pyrolysis reactor is a reactor used in pyrolysis.
It is characterized by the process of decomposing materials using heat and high
temperature. The rotating cone pyrolysis reactor is characterized by a process that
uses the principle of rotation to allow the material to move by gravity. and moves
according to the centrifugal force where the material is decomposed as the reactor

rotates.

NN

Yapour, gas
and asrosol

Cone

Figure 7 Rotating cone reactor [29].

2.6.3 Fluidized bed reactor

As shown in Fig 8, fluidizing gas is used to create a fluid layer and runs through
the distributor plate then lifts the material to become a fluid layer. Fluidizing gas and
hot bed particles transfer heat to biomass, resulting in pyrolysis reaction. Volatile
vapors and charcoal are released to the top and separated in the cyclone and the
condenser to be product [30]. The solid substrate in a fluidized bed reactor is usually
supported by a porous plate called a carrier. The liquid is then forced through the
distributor through the solid material. At lower fluid velocities, solids remain

stationary as the fluid passes through gaps in the material. This is known as a bed
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reactor. As the velocity of the fluid increases, the reactor reaches a stage where the
force of the fluid on the solid is sufficient to balance the weight of the solid. This
step is called incipient fluidization and occurs at the minimum fluidization velocity.
When this minimum speed is exceeded, the contents of the reactor bed begin to
expand and spin around like a turbulent tank or boiler. The reactor is now a fluidized
bed type. Depending on the operating conditions and properties of the solid phase,

various flow systems can be observed in this reactor.

Vapor,
gas, char, and
aerosol

Biomass

feed
Fluidized >Heﬂfed

zone

Fluidizing gas
distributor

‘ Fluidizing
gas

Figure 8 fluidized bed reactor [30].

2.6.4 Circulating fluid bed reactor

The pyrolysis reactor is composed of two parts, The first part is a combustion
chamber located at the bottom for heating the sand grains. The second part is a fluid
layer, and the biomass feeding ports are located at the top, as shown in Fig 9. The
biomass mixed with hot sand undergoes pyrolysis reactions. The hot gases carry
volatile vapors, chars, and sand out of the top and into the cyclone. A vortex of

swirling air in the cyclone separates char and sand out and cycles back to the
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combustion chamber to combust charcoal and sand. Vapors are separated and
condensed to produce bio-oil. This reactor consumes 10 kg of biomass per hour and
yields 61% of bio-oil by mass of the initial biomass. R Suntivarakorn et al [31] has
studied Napier grass pyrolysis in circulating fluidized bed reactor. It was found that
the maximum bio-oil was 32.97 wt.% at bed temperature of 480 °C, superficial
velocity of 7 m/s and feed rate of 60 kg/hr. while the predicted value of bio-oil was
32.97 wt.%. The obtained bio-oil has water content of 48.15 wt.%, heating value of

19.79 MJ/kg, density of 1,274 kg/m and viscosity of 2.32 cSt.

Afterburner Air
Upper hopper )
] _— gas
Air Gate
heater valve
Pinch valve Filiter
unit
Lower
hopper
Screw feeder
Loop exchangers
tart-up b
Natural gas P, umer seal
_— g
Air X Ash drum

Figure 9 Circulating fluids bed reactor [32].
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2.6.5 Entrained flow reactor

As seen in Fig 10. The milled biomass has a particle size of roughly 1.5 mm.
The heat source is generated by the combustion of propane gas and air, which
produces hot gas of 927 °C. This hot gas interacts with and transports the biomass in
the furnace chamber, resulting in fast pyrolysis. This reactor has a feed rate of 57
ke/hr. The maximum bio-oil production is 60%. Entrained flow reactors are used for
fundamental combustion investigations of solid fuels under exactly defined
conditions. They are also used in experimental carbonation of CaO [33] and as an
entrained flow gasifier model for process development [34]. K Maliutina et al [35] has
studied pyrolysis of microalgae (MA) and palm kernel shell (PKS) in entrained-flow
reactor in temperature range of 600-900 °C. it was found that the highest MA-derived
bio-oil was 60.22 wt.% at 800 °C and the highest PKS-derived bio-oil was 73.74 wt.%
at 600 °C. MA-derived bio-oil comprised a high hydrocarbons and nitrogen-containing
compounds, while PKS-derived bio-oil was mostly composed of phenols, esters, and

hydrocarbons.

Heat exchanger

| Fumace

I Pra-heatar

Fluidized bed Experimental zone

Figure 10 Entrained flow reactor [33].
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2.6.6 Vacuum moving bed reactor

Operating under a vacuum reduces the residence time of the pyrolysis vapors,
thereby limiting secondary vapor reactions and increasing the yield of bio-oil [36].
Reactor used in vacuum pyrolysis process with loss of oxygen and carbon. and
changes in various substances in the materials used. The chopped and dried biomass
is fed from above and placed on a support plate within the oven. The biomass will
be pushed along the rail gradually and heated by molten salt at 530°C. The molten
salt will return and receive heat from uncondensed gas combustion, which then
transfers the heat to the furnace as shown in Fig 11. This reactor can produce

roughly 65% bio-oil and 25% charcoal.

FEEDSTOCK TO SCRUBBERS

& VACUUM PUMP
HEATING PYROLYSIS
7o BED PLATES VAPOURS & GASES
[=3
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% g % v%
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TRANSPORT
RESIDUES & AGITATION
TO COOLING UNIT SYSTEM
FLOW OF VERTICAL
MOLTEN SALT PUMP

I SALT HOLDING

N TANK

t

A

Figure 11 The vacuum moving bed reactor [37].

Table 2. summarizes the advantages and disadvantages of each type of
pyrolysis reactor. Choosing the right reactor to obtain the desired product is very
important. However, the appropriate conditions for operating the pyrolysis reactor
must be taken into account in order to reduce production costs and time.

A variety of techniques are available for improving biomass via
thermochemical conversion. Table 3 shows the key differences between these
technologies. This study has reported interesting processes including fast pyrolysis,

slow pyrolysis, and torrefaction as follows.
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2.7 Catalyst

The catalyst used in the pyrolysis process is the catalyst of transition metals
which are prepared in solid form. The components of the catalyst can be divided
into 3 parts according to their functions including active agent, support, and
promoter. In the catalyst industry used mainly metal-based catalysts. This type of
catalyst has advantages: Safe and easy to procure and prepare, Compatible with
many reactors, Metal particles are separated independently. When performed at high
temperature, the metal particles are not combined into large particles, and this type
of catalyst, the support can also be a promoter. Alumina-silica catalyst has been
widely used for bio-oil upgrading but the disadvantage of this catalyst is rapid
deactivation, excess acidity which increase viscosity and flash point of bio-oil, pore
size is limitation which prevent laree component of bio-oil from accessing or
dispersing to active sites. To solve this problem the mesoporous activated carbon
was used in this work. The advantage of activated carbon is highly porous and has
phase that can absorb transition metal for enhancing yield of product. Transition
metal (Ni, Fe, Cu Pt etc.) was doped in activated carbon support to improve catalytic
activity and improve bio-oil yield and chemical composition [45]. And the detailed

development of these catalysts was as follows.

2.7.1 Microporous zeolite

Microporous zeolite catalysts are a type of catalyst that have micropores in
the catalyst structure. Microporous.-molecule sieves such as ZSM-5, HY, USY, H-
ferrierite, H-Mordenite etc. ZSM-5 has uniform pore and pore size, making it
appropriate for shape selectivity catalysis and aromatic and olefin production. ZSM-5
reduces the acid and alcohol content of bio-oil while increasing the ketone content
[3]. S Dong et al [46] has studied ZSM-5 used in catalytic conversion of plastic
pyrolysis oil. The result shows that 1-Octene degrades into smaller olefins, which
undergo further cracking, oligomerization, cyclisation, and hydrogen transfer to
produce benzene, toluene, xylene (BTX), coke, and hydrogen.

The addition of metal on HZSM-5 catalyst shows the different effect on yield

and selectivity of bio-aromatic due to the increase of acid site and transformation of
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Bronsted acid to Lewis acid, which resulting in the reduction of coke and catalyst
deactivation. Tshabalala, T.E et al [47] has studied metal (Ga, Mo, Zn)-modified
HZSM-5 catalyst on aromatization of n-hexane. Zn and Ga-doped H-ZSM-5 catalysts
show high aromatic selectivity. The aromatic yield of Zn and Ga-doped H-ZSM-5
catalysts were 32 %. While the aromatic yield of H-ZSM-5 and Mo-H-ZSM-5 catalysts
were 22 and 18 %. Chaihad, N., et al [48] investigated Cu-doped HZSM-5 catalyst in
fast pyrolysis of sunflower stalks. A 0.5%Cu/HZSM-5 catalyst produced the highest
amount of aromatic hydrocarbon content of 73 % and aromatic selectivity yield up
to 56 % which higher than that of HZSM-5 (26 %). Veses, A., et al [49] has studied the
effect of metal-modified  zeolite catalyst on bio-oil properties. The phenol was
converted by metal-catalyst and get through several reactions (de-carbonylation,
cracking). The side products produced during several reactions are H,0, CO, CO, and
coke. The target product produced in the process is full of aromatic compounds, less
oxygen content, less total acidity, and high heating value. Vichaphund, S., et al [50]
has studied Co, Ni, Mo, Ga and Pd metal-doped HZSM-5 catalysts in pyrolysis of
Jatropa biomass. The -metal-doped HZSM-5 catalysts were prepared by two methods
which are ion-exchange and impregnation method. Ga and Pd-HZSM-5, show the
highest aromatic content of 27 % and aliphatic content of 6 %. While Ni/HZSM-
Simpregnation aNd Ga/HZSM-5ioreqnation Show. aromatic content of 30.6 % and of 39 %,
respectively. So, it can conclude that Ga/HZSM-5 catalyst produced by impregnation
method is the best catalyst with phenol content of 5.6 %, acids content of 3.7 %.

2.7.2 Mesoporous zeolite

Metal and metal oxide in mesoporous zeolite has widely considered as an
advanced catalyst because of their high-temperature thermal reaction, good
photoelectric performance, and high effective conversion of CO, to CHg [51].
Karnjanakom, S., et al [52] studied Mg-based A-MCM-41 catalyst in fast pyrolysis of
cellulose, lignin, and sunflower stalks. The result shows that the pore volume and
pore size decrease with the increasing of Mg concentration. The acidity also

decreases with the increasing of Mg loading amount. There are no found dominant



27

peaks of Mg particle on XRD pattern in any percent loading amount of Mg. This
indicates that Mg particle is well dispersed on support. The chemical composition
and aromatic selectivity result has shown that the bio-oil is greatly improved when
Mg-doped A-MCM-41 catalyst applied in pyrolysis of all feedstocks. a 1 wt.% Mg/Al-
MCM-41 catalyst present 5 times reuse of spent catalyst. Zhao, M., et al [53]
investigate Ni-MCM-41 catalysts in the cellulose pyrolysis for product gas distribution
and H, production. The catalyst particle (Ni) is spread throughout the support of
MCM-41, which has a high mesoporous structure. MCM-41 with 5% Ni loading had a
consistent distribution of Ni particles that were the same size as the pores in the
support. However, at higher Ni loadings, it exhibits a non-uniform particle distribution
and a wide particle size range. The distribution of Ni particles on MCM-41 supports
has a substantial impact on the catalyst's activity for increasing gas production. The
maximum H, selectivity, H, yield, and total gas production are obtained in 5

wt.9%Ni/MCM-41.

2.7.3 Metal oxide catalyst

Metal oxide catalysts are a type of catalyst that contain metal oxides. They
are used in many industrial processes such as the production of sulfuric acid, nitric
acid, and ammonia. Metal oxide catalysts are also used in the production of
biodiesel and biofuel because of high dispersion, good adsorption, and excellent
properties in biomass pyrolysis. Main-metal oxide catalysts were MgO, Al,Os, SIiO,,
ZnO, NiO etc. E.F. Illiopoulou [54] investicated the metal oxide catalysts in the
catalytic pyrolysis of olive mill wastes. Fe and Mn oxide catalysts, based on alumina,
silica and magnesia supports are among metal oxide catalysts. Fe,0O; and MnO
catalysts exhibit an effective catalysis for retaining organic yield and improving bio-oil

quality.

Alumina and silica oxide catalyst are important candidate catalyst due to its
high thermal stability and surface area [55] and they exhibit exceptional catalytic
performance for acid catalysis. The use of AlLO; and SiO, has some disadvantages
due to high gas and tar production. Zheng, Y. et al [56] investigated the

combination of two oxide (Mo,N and Al,Os) catalyst in fast pyrolysis of lignin for
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aromatic hydrocarbon production. The result shows that there are high non-
condensable gases produced in the absence of catalyst. The non-condensable gases
produced less when MoOs/Al,O; and Mo,N/AL,O; catalysts applied. The pore
volume, size, and surface area of AlL,O; decreased with Mo,N and MoOj; loading. The
aromatic selectivity shows that Mo,N/ALO; catalyst produces benzene 45 % and

toluene 15 %, while MoOs/Al,05 catalyst produces benzene 5 % and toluene 3 %.

The addition of transition metal on acidic metal oxides improved the
thermal stability of the catalyst and increased the number of chemisorbed oxygen
and Lewis’s acid sites on the surface of the catalyst [57]. Karnjanakom, S., et al [58]
has studied metal (Zn, Ce and Ni)-doped alumina catalyst in fast pyrolysis of
sunflower stalk for upgrading bio-oil- quality. The result shows that the surface area,
pore volume and pore size decrease with the increasing of metal loading on Al,Os-
0.5. 2.5%Ni-AlL,0s-0.5 present the lowest coke decomposition of 5.37%. The XRD
pattern has confirmed the presence of metal oxide on Al,05-0.5 support. The bio-oil
yield decreases with the increasing of the catalyst content used in pyrolysis process.
The 2.5%Ni-Al,05-0.5 catalyst shows the ‘best catalytic performance with high
aromatic hydrocarbon content of 92% and aromatic selectivity. The activity

performance of spent catalyst was recovered at 650 °C of calcination for 30 minutes.

2.7.4 Carbon-based catalyst

The metal carbon-based catalyst prepared by metal supported on activated
carbon shows highly porous structure and phase of metals and metals oxides. The
metal-based carbon catalyst is conductive to obtain higher yield of hydrocarbon and
H, and CO gases in pyrolysis product [3]. Maneechakr, P., et al [4] investigated Cu, Ni,
or Fe-doped carbon catalyst in palm kernel cake pyrolysis. Waste palm kernel cake
used as a biomass feedstock to produce bio-oil fuel and catalysts/supports. The
physiochemistry properties of prepared catalyst shown that the surface area, pore
volume and pore size decrease with the increasing of Metal loading amount this

indicate that the activated carbon surface and pore were occupied by metal
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particles. The crystallite size of metal loading on activated carbon was increasing with
the metal loading amount. The acidity of prepared catalyst increases with increasing
of Metal loading amount. The XRD result shows the dominant peaks of metal on
activated carbon. XRD pattern of Ni-doped catalyst has shown the Ni particle around
45, 53 and 78 cml. For other metal Cu and Fe show their peak at different
wavenumber. The chemical composition of obtained upgraded bio-oil has shown
catalytic performance. The result shows that there is aromatic hydrocarbon increase
dramatically after using metal-activated carbon catalyst. This indicates that some
oxygenated compound in non-upgraded bio-oil has converted into aromatic
hydrocarbon. 15% loading amount snow that highest aromatic content of all metal
(Cu, Ni, Fe). Where the 15% Ni loading has the highest aromatic content compared to

Cu and Fe metal.

Activated carbon be synthesized from many resource. Yuan, C., et al [59]
has synthesized activated carbon catalyst from seaweed and used the synthesized
catalyst in the catalytic pyrolysis of wasted clay oil for biofuel production. The
seaweed derived activated  carbon were prepared by  activation at different
temperature 600, 700 and 800 °C. The result shows that at 800 °C activation
temperature present surface area and average pore size of 1227.74 m?/g and 3.79
nm, respectively. The Cu metal was then loaded on a seaweed derived activated
carbon with Cu concentration of 5, 10, 15, 20 wt.%. The XRD result shows the peaks
of Cu component on seaweed derived activated carbon support at 44, 52 and 74 cm”
!, The highest heating value (48402 kJ/kg) of biofuel was found in specific condition
where biomass: catalyst ratio of 10:1, 15% of Cu loading amount on activated carbon
support derived at activation temperature 800 °C. at this specific condition has
produced liquid yield of 76.31 9%, gases yield of 20.26% and solid yield of 3.43 9%,
aromatic hydrocarbon content of 46 % and chain hydrocarbon content of 45 %. The
hydrogen content in gas products is reduced due to hydrogenation reaction. Di Stasi,
C., et al [60] synthesized an activated biochar from wheat straw and the activated
biochar was doped by Ni and Co metal to investigated the steam reforming of slow
pyrolysis oil. The wheat straw-derived biochar shows the potential support catalyst.

For the steam reforming of acetic acid, a 10% Ni demonstrated efficient acetic acid
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conversion and resistance to deactivation. The addition of a second metal (cobalt 7
wt.%) greatly enhanced catalytic activity and stability. For steam reforming, an
activated biochar-supported Ni-Co catalyst was evaluated. The presence of sugar in
derived compounds quickly deactivated the bimetallic catalyst, according to the
results. In ideal operating conditions, it appears possible to achieve a total carbon
conversion of 65% and a hydrogen selectivity of 55%. It concludes that activated
biochar can improve the pyrolysis oil. The bimetallic Ni-Co catalyst performs the best
in acetic acid reforming. Heavy organic molecules have the potential to damage the
catalyst's active sites. The steam reforming of pyrolysis oil demonstrated a carbon

conversion of 65%. In the first 850 minutes, the catalyst is not deactivated.

Additionally, activated carbon can also be used as a microwave susceptor in
microwave-assisted pyrolysis by using microwave energy as heat energy. The
microwave susceptor improves the heating rate, and the heating rate improves the
liquid, gas and solid yields {61, 62]. The usage of activated carbon susceptor has
improved the yields of bio-o0il, biochar, and syngas due to the improvement of heat
transfer and residence time which-provide fast pyrolysis. Omoriyekomwan, J.E., et al
[63] studied activated carbon (AC) as microwave susceptor in microwave pyrolysis of
palm kernel shell for the production of phenol-rich bio-oil. The selectivity of phenol
rose dramatically in catalytic microwave pyrolysis. When using AC and a pyrolysis
temperature of 500 °C_under microwave pyrolysis conditions, the result showed a
total phenolic concentration of 71.24% and the highest phenol concentration in bio-
oil of 64.58%. The enhanced phenol yields were attributed to AC boosting
demethylation, decarboxylation, and dehydration processes. The functional groups
of OH, C-H, C=0, and C-O reduced during pyrolysis, according to Fourier transform
infrared spectroscopy (FTIR) data. Lam, S.S., et al [64] has studied activated carbon
susceptor in microwave assisted pyrolysis of wasted palm oil.  The pyrolysis
temperature was performed in the range of 350-550 °C. It was found that the lowest
bio-oil obtained at 350 °C and the highest bio-oil yield of 70% obtained at 450 °C.
There are many chemical compounds produced such as alkane, alkene, cycloalkane,
carboxylic acid, ketone, aldehyde, and other compounds. Most of the compounds

produced in bio-oil were alkane and alkene. The comparative study has studied the
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heating value of bio-oil obtained from microwave pyrolysis and biodiesel from
transesterification and diesel from transport grade. The heating value of bio-oil from
microwave pyrolysis is 46 MJ/kg, the heating value of biodiesel from
transesterification is 37-43 MJ/kg and heating value of diesel (transport-grade) is 45
MJ/ke.
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Chapter 3

Theory

3.1 Pyrolysis behavior of lignocellulose biomass

Lignocellulosic biomass is composed of 40-60% cellulose which is made up
of glucose monomer. The long-chain cellulose polymers require 166-250 kJ/mol of
activation energy to breakdown glycosidic bonds in cellulose. The decomposition of
cellulose mainly occurs in a temperature range of 315-400 °C. At lower temperature
<300 °C, the cellulose will breakdown and produce non-volatile oligosaccharides. At
a higher temperature range of 300-400 °C, the cellulose more produces monomeric
sugar such as levoglucosenone which is the major composition in bio-oil and many
reactions occur in this temperature range such as ring-opening polymerization,
dehydration, carbonylation. At higher temperature > 450 °C, the production of
furfural-based compounds (furfural and 5-hydromethylfurrfural) is observed due to
the secondary decomposition of monomeric sugars. The secondary decomposition of
monomeric sugars -and furfural-based. compounds produce low-molecular weight
compounds including hydroxyacetaldehyde (HHA) as the final product as shown in

Fig 12 [6].
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Figure 12 Pyrolysis behavior of cellulose [6].

Lignin is composed of different oxygen-containing functional groups such as
carboxyl, carbonyl, hydroxyl and methoxyl groups. The higher content of methoxyl
groups in lignin results in the lower production of char. At higher temperature 200-
300 °C, the depolymerization of intermedia produce aromatic alcohols then converts
them into methoxylphenol. The temperature continues increasing up to 350-500 °C,
the alkylphenol and phenol are found in the decomposition of methoxylphenol via
demethylation and demethoxylation reactions. Finally, temperature above 500 °C,
the secondary decomposition of methoxylphenol produces aliphatic and methanol

compounds as shown in Fig 13 [6].
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Figure 13 Pyrolysis behavior of lignin [6].

3.2 Pyrolysis process model

The pyrolysis process is modelled via the small and zero-dimensional
biomass particle size without considering temperature change vs. distance or
resistance from porous media. This study is primarily interested in kinetic chemical
models that are simple and suited for initial evaluation, such as the single-particle
model. Other processes and mechanisms (heat transfer and mass transfer) will be
studied further, as well as equations for the conservation of mass and energy in each
state of substance, and comprehensive equations of chemical reactions are studied.

This study considers the flow of fluid around biomass particles, therefore the
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equation of fluid from computational fluid dynamics models is considered as follows

(Nakorn Tippayawong, Biomass Conversion Technology, pp. 268-269).

3.2.1 Kinetic chemical model
The thermal decomposition of biomass model divided into 3 types as
follows.
(i)  One-step global models show that biomass pyrolysis yields volatiles (gases)
and biochar which is solid material, and the decomposition of biomass also
yields bio-oil during pyrolysis process. This model consider pyrolysis process

as one-step 1°' order reaction as follows:

Biomass (s) [—— Volatiles (g) +Bio-oil (I)+Charcoal (s)
By
da A 4
30T KD () (1)

Where Ol is the extent of conversion
flal) is the differential reaction model

dol/dt is'the instantaneous rate of reaction

k(T) is the rate constant expressed by eq.

_Ea
k(T) =A exp(ﬁ) (2)

where A is the pre-exponential factor (1/5s)
Ea is the activation energy (kJ/mol)
R is the universal gas constant (8.314 J/K.mol)
T is absolute temperature (K)

SO

da -E,
Frin A exp(ﬁ) f(a) (3)
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The extent of conversion can be expressed by Eq (4)
m, —

a=0 U (4)

m, — Mg
where m, is the initial mass

m; is the instantaneous mass

my is the final mass after pyrolysis

(i)  One-step multi-reaction models consider pyrolysis as multiple first-order

reactions occurring simultaneously in one step as follows.

Volatiles (g)
Biomass (s) Bio-ail (1)

Charcoal (s)

By

dmi

—E;
O ARy (ﬁ 5)

(iii) Two-step semi-global models considers pyrolysis process as a two-step first-
order reaction followed by the products from the first step decomposed

into the final product as follows.

Gas;
Biomass (s) <
Charcoal,;

Gas,+ Charcoal, — Gas,+ Charcoal,

By

- —kymp' — k,mj? (6)

(7)



_ nl n3..n3
= kymy~ — kymgymgy

n
g

_ n2 3. n3
= Kymy,® — Kgmgymgy

— n3...n3
= Kzmgymgy

— 3,..n3
TR 8 kzmgymey

37

(8)

©)

(10)

Where my Mgi, Mgy, Mcy, M, IS biomass mass, gas,, gas,, and charcoal, charcoal,,

respectively.
K is rate constant of 1°-3 reaction
n is order of 1°-3 reaction

O is conversion ratio of gas to charcoal

3.2.2 Single-particle model

Single-particle model studied the physical phenomena inside single bimass

particle by considering biomass as porous cylindrical material and equations involving

convection momentum, diffusion momentum and production of vapor, gas, water

and energy as follows:
Gas pressure equation:
aP, P,aT

ot T TV

P, K
I_vP,) =

T U Mmix

Vapor partial equation:

oP, P,,aT_l_V P, . R s
ot T ot V(T Ue) =gy Sevar
Equation of continuity solid:
0p; __g

ﬁ pyro

(Sevap - Spyro)

(11)

(12)

(13)



Equation of continuity vapor:

as

Pw ay = _Sevap

Energy equation:

) .
& [(pgcng(l - S) + prprS + pscps)T] + V(pgcng(l - S)ugT)
= Vkmix(VT) + Sevaphevap + Spyrohpyro

Darcy equation for velocity vector of gas:

¢ VP
”mix}'(l Y S) g

¥ 1Y

ug=

Evaporation equation of water:

M,
Sevap = ayay (P = Py) m

Where K is resistance to viscosity (p)
R is the universal gas constant
M is the molar mass of mixture (air, gas and vapor)
M, is molar mass of vapor
Y is porosity.
G, is specific heat
S is water saturation
Kmix is thermal conductive capacity of mixture
h is enthalpy
Hmix IS Viscosity of mixture

ay, Ay IS vapor and water coefficients

Kinetic chemical model equation of biomass pyrolysis:

Spyro = Z kirni

Where i is biomass component such as lignin, cellulose, and hemicellulose.
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(14)

(15)

(16)

(17)

(18)



3.2.3 Computational fluid dynamic model
This model considers the interaction between biomass
surrounding gaseous fluid regardless of physical phenomena such

evaporation. The conservative equation and transport as follow:

ayp _

Tf +V- (pfu) = Sevap + Spyro
d(1—-y)p
Ts = _Sevap vy Spyro

2 0 A _
a(ypfu) +V:-(pjuu) = -VP+V-7— Kuu

d L
3 (vprepsT + (1 = ¥)pscypsT) + V- u(psc,yT + P)
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particles and

as water and

(19)

(20)

(21)

(22)

== V : (keffVT + (T y ﬁ)) + Sevaphevap + Spyrohpyro

and
kerr = vkr + (1 — y)ks

(23)
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Chapter 4
Methodology
4.1 Chemical
Chemical Formula Grade Manufacture
Activated carbon - Commercial TTK science CO..LTD.
hexahydrate nickel NiSO, 6H,0 AR TTK science CO..LTD.

sulphate

4.2 Instruments
1) Mortar
2) Blending machine
3) Sieve size 2-5 mm
4) Oven
5) Stainless tray
6) Beaker 250 ml
7) Glass rod

8) Magnetic stirrer

9) Desiccator

10) Two-neck round bottom flasks

11) Condenser

12) Ice bath

13) Rubber pipe
14) Analytical balance 4 digit

4.3 Feedstock preparation and characterization

The coconut shells were gathered from the coconut milk factory in Muang

district, Nakhon Pathom province, and then grinded using a mortar into small pieces

before being cleaned with normal tap water and DI water. To eliminate moisture and

other volatile contaminants, the cleaned coconut shells were dried in an oven at

105 °C for 24 hours. It was then crushed using a blender and sieved to particle sizes

less than 250 um. Flow chart 1 shows the feedstock preparation technique.

Proximate analysis of the coconut shell was analyzed according to ASTM D-271-

48 standard to determine ash content, volatile matter, and fixed carbon. Elemental

analysis was obtained by ThermoScitific CHNS elemental analyzer with combustion
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technique. Oxygen content was calculated by the difference from the total

compositions.

Flow chart 1. Procedure of feedstock Preparation.

1. Waste coconut shells were collected from coconut milk plant in Nakhon

Pathom:.

2. Coconut shells were washed and cleaned.

3. Coconut shells were dried in oven at 80 °C overnight to remove moisture.

v
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4. Dried coconut shell was crushed in blending machine to get smaller size.

5. Crushed coconuts were sieved to get proper size in range of 2-5 mm.

6. The feedstock was kept in desiccator for experiment.

4.4, Catalyst preparation and characterization

Commercial activated carbon (AC) with hexahydrate nickel sulphate (NiSO46H,0).
The impregnation approach was used to produce Ni-doped activated carbon
catalysts with varying nickel loading amount of 0, 5, 10, 15, and 20 wt.% by using

nickel sulphate hexahydrate as a precursor. The detailed preparation process of the
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catalyst on AC was described as follows. Firstly, NiSO46H,0 was dissolved and stirred
in deionized water until a homogeneous solution was achieved. The AC was then
impregnated with nickel sulphate solution and stirred at room temperature for 4
hours.; secondly, the excessive water was dried in the oven at 80 °C overnight to
remove internal moisture of the catalysts; at last, the dried Ni-doping AC catalyst was
pyrolyzed under N, atmosphere pressures to target temperature 400 °C with 30-
minute holding time. These synthesized catalysts were then stored in a desiccator
until required for further experiment. Flow chart 2 shows the procedure of catalyst

preparation.

Flow chart 2. Procedure of catalyst preparation.

1. Prepare Activated carbon 95 wt.% Nickel 5 wt.%

DI water Nickel 5 wt.%

e

2. Ni was dissolved with DI water until homogeneous.
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3. Adding activated carbon 95 wt.% into liquid Nickel 5 wt.%.

and_ stirrer for 4 hrs.

4. The synthesized catalyst was kept in desecrator for next

experiment and measurement.

The synthesized catalysts were characterized by a BELSORP-mini Il instrument
(BEL Japan, Inc.) to support the catalytic activity. The N, sorption isotherm was
examined to determine the surface area (BET technique) and pore volume/pore size

(BJH method) of catalysts.

The XRD pattern of catalysts was obtained using Shimadzu Diffractometer XRD-
6100 to verify the structural information of catalysts using X-ray operated at 40 kV
accelerating voltage and 30 mA beam current with CuKa as radian source. Other
settings were set to 2 (degree) in the range of 10° to 80° in 0.02° steps for 1s
integration time per step as counting rate and 5°/min as speed. The obtained XRD

data were plotted by using Origin Pro to obtain XRD pattern.
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The concentration of Nickel (Ni) element presented in prepared catalyst were
determined and identified by using a MiniPal 4 X-ray fluorescence (XRF) spectrometer
with a non-destructive analytical technique. XRF can detect elements ranging from
Beryllium (BE) to Uranium (U) and beyond at trace levels and up to 100%. The XRF
spectrometer detects the various component wavelengths of a sample's

fluorescence emission when exposed to X-rays.

4.5. Experimental procedure

As shown in Fig 14, the catalytic pyrolysis of coconut shell was performed on
a fix-bed reactor, operating at 300, 400 and 500 °C for 2 hr. with heating rate 12.33
°C/min under free-oxygen environment. 100 ¢ of coconut shell and 10 ¢ of the
catalyst were separately packed with quartz wool in the reactor. During the
operation, N, was used as a carrier gas with a gas flow rate 170 mL/min and
connected at the bottom (inlet) of the reactor. Prior to the experiment, the reactor
was purged with N, gas flow for approximately 5 minutes to remove the internal
oxygen. The outlet of the reactor was connected to two condenser set-ups and both
two condenser set-ups were connected to coolant. The bio-oil product was
condensed in round bottom flasks in the ice bath. The gas product was released into
the water bath and atmosphere. After the completion of the operation, the obtained
biochar in the reactor was allowed to cool and then weighted to determine the

product yield by using equation (24) and (25).

Weightfeedstock = Weightbio—oil + Weightchar + Weightgas (24)

weight of each phase

Product yield = x 100 (25)

weight of total product
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1.  Nitrogen gas flow

2. Heating controller

3. Furnace — Quart wool
4.  Reactor =

5. Condenser1 | ——— Catalyst
6. Condenser 2

7. icebathy D ~——— Quart wool
8. Ice bath 2

9. Gas outlet ~__— Coconut shell
10. Coolant —

Condition:

Heating rate

Gas flow rate
Temperature

Time Reactor

Figure 14 The experiment setup of catalytic pyrolysis of coconut shell.

4.6. Analysis of bio-oil and biochar

Thermo Scientific TSQ 9000  Triple Quadrupole GC-MS/MS  equipment
equipped with a TG-5SILMS column (30 m x 0.25 m x 0.25 mm) was used to
characterize the bio-oil compositions. As a carrier gas, helium (He) with a purity of
99.99% was used. The GC injection temperature was set to 290 °C for bio-oil
vaporization and the He gas flow rate was set to 1 mlL/min. The temperature of the
GC oven was set at-40 °C for 1 minute, then raised to 300 °C for 10 minutes at a rate
of 6 °C/min. The temperature of the mass spectrometer's ion sauce and transfer line
was 200 °C. The GCMS spectra of each component in the bio-oil were compared to
the mass spectral data from the National Institute of Standards and Technology

(NIST).

The raw coconut shell and coconut biochar were analyzed by Fourier transform
infrared (FT-IR) spectrometry using a Thermo ABS Nicolet IS5 FTIR Spectrometer with
the attenuated total reflectance (ATR) technique in the wavenumber measurement
range between 4000 and 500 cm™ to confirm the transmittance spectrum of the
sample and the existence of functional groups on raw coconut shell and biochar

after catalytic pyrolysis.
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Chapter 5

Results and Discussion

5.1 Characterization of Feedstock

The proximate and ultimate analysis of coconut shell (feed stock) used in this
study, compared with other studies are shown in Table 4. It can be seen that most
obtained values are varied due to differences in location, climate, and handling and
storage [65]. The moisture content of coconut shell in this work shows the lowest
moisture content of 2.90 wt.%, while the volatile contents are nearly similar for all
samples in the range of 72.93-85.36 wt.%. It is important to note that higher volatile
content in biomass results in a higher quantity of bio-oil-and syngas. The ash content
of coconut shell in this work was 1.80 wt.% which is lower than that of some other
coconut shells (> 3.00 wt.%). For the ultimate analysis, it was found that the carbon
content of the coconut shell used in this study was low, while the oxygen content
was relatively high (high O/C). This may lead to the higher formation of gas-phase

volatiles.
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5.2 Characterization of Catalyst

Surface characteristics of the catalysts were investicated with a N, adsorption-
desorption technique, and the obtained result is shown in Table 5. As indicated, pure
carbon with no Ni doping had a greater surface area (630 m?%/g) than Ni-doped
activated carbon with doping concentrations ranging from 5 to 20% (582-470 m?%/g).
The surface area and pore volume of the activated carbon support reduced
dramatically as Ni loading increased, demonstrating that the surface area and pore
structure of the support were impacted by Ni loading quantities and partly covered
and occupied by the dispersed nickel species. Nickel molecules have a diameter of
0.250 nm. Because the average pore diameter of pure carbon is 3.8037 nm, nickel
molecules can quickly ‘enter the pores of activated carbon, reducing surface area,

pore volume, and pore size.

Table 5 Physicochemical properties of the synthesized catalysts.

Pore volume

Surface area Pore size
(cm?®/9)
Catalyst (m?/g) (nm)
meso micro total
Pure carbon 630 0.3340 0.3315 0.5989 6.44
ACNi5% 582 0.2161 0.3871 0.5052 5.00
ACNi10% 554 0.1860 0.3749 0.4705 4.80
ACNi15% 536 0.1559 0.3445 0.4392 3.92
ACNi20% 470 0.1258 0.2552 0.3982 3.25

XRD characterization was performed to confirm the crystal structure of
samples, as the result shown in Fig.5. Ni modification of activated carbon did not
alter the activated carbon crystalline structure. As seen in Figure, the dominant peaks
at 20 of 29.4, 43.94, 64.26, and 77.42 belong to activated carbon. The pattern is
indexed to a rhombohedral R; space group, whereas the peaks at 26 of 44.5 (111), 52
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(200), and 76.5 (220) correspond to Ni species [70, 71]. However, no notable peaks
relating to Ni species were observed for any percentage of Ni doping, implying that Ni
species in activated carbon were unable to be detected by XRD due to good
dispersion on the high surface area of activated carbon support. This is in accordance
with some literature, which has not found the metal species in support such

activated carbon and HZSM-5 on XRD result [48, 52, 72] .

: 3
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Figure 15 The XRD pattern of obtained Ni-doping activated carbon catalysts.

An XRF measurement was employed for determination of the Ni composition
in the prepared catalysts, as the result shown in Table 6. The Ni concentrations were
0.0046, 5.87, 10.71, 15.33, and 21.61 wt.% in pure activated carbon, ACNi5, ACNi10%,
ACNi1 0, and ACNi2 0 % , respectively. The slightly higher Ni concentration in the
prepared catalysts, which is more than the actual loading quantity, is due to
heterogeneity error. The change in composition of the catalysts after the
impregnation, for example water reduction, may be another reason for the higher Ni

concentration.
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Table 6 The concentration of Nickel element in prepared Ni-doped activated carbon

catalyst (wt.%) obtained from XRF measurement.

Elemental Catalysts (wt.%)
compositions Pure AC ACNi5% ACNi10% ACNi15%  ACNi20%
Ni 0.046 5.87 10.71 15.33 21.61

5.3 Thermal pyrolysis

Thermal pyrolysis (no catalyst) of coconut shells was conducted at 300, 400 and
500 °C. The product yields from the pyrolysis are shown in Figure 16. It was found
that the bio-oil yield and char yield at 300 °C was 38 and 42 wt.% respectively.
Biochar yield at 300 °C was high due to the raw coconut shell wasn’t completely
pyrolyzed and the biochar has brown color of incomplete burnt biochar leading to
less obtained bio-oil and gas yields. The bio-oil yield at 400 °C was 49 wt.% and char
yield increased from 42 wt.% (at 300 °C) to 32 wt.% (at 400 °C), indicating the
coconut shell was completely pyrolyzed at 400 °C resulting to the increasing of bio-
oil yield and there was no brown color of coconut appear. in the biochar. At 500 °C,
the bio-oil yield decreased to 36 wt.% and g¢as yield was 35 wt.%. This is probably
due to the secondary decomposition, turning condensable vapor into non-
condensable product (gases). At 500°C, the char yield slightly decreased to 29 wt.%,
indicating that at 400 °C can achieve a complete pyrolyzed temperature. It can be
concluded that 400 °C is the optimum pyrolysis temperature in this work with the
highest bio-oil yields and less biochar and gas yields.
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Figure 16 Thermal pyrolysis of coconut shells at 300, 400 and 500 °C.

5.4 Catalytic pyrolysis

Catalytic pyrolysis was conducted at the optimum temperature (400 °C) with 0-
20 wt.% Ni-doped catalyst, as the result shown in Figure 17. With increasing Ni
loading amount, the bio-oil yield decreased significantly from 49 wt.% to 37 wt.%.
This suggests that the synthesized catalysts were quite successful in the bio-oil
upgrading process, for enhancing the catalytic reactions which lead to the change of
product distribution. However, the char yield is constant at 32 wt.% while the coke
increases up to 12 wt.%. This suggests that a 10, 15 and 20 wt.% Ni overloads might
increase metal sintering and coke deposition on the catalyst during the heat reaction
process. The hydrocarbon molecule is then cracked into coke, increasing the carbon
decomposition which can be assume coke according to other research [4] while the

gas yield is almost constant at roughly 20 wt.%.
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Figure 17 Mass balance of product yields obtained from pyrolysis/deoxygenation of

coconut shell over 0-20%Ni-activated carbon catalyst at 400 °C.

The bio-oil production from the coconut of this study has been compared with
the previous similar studies-as shown in Table 7. The results shows that the coconut
shell has the highest oil yield compared to other part of coconut such as coconut
husk and pulp due to. the coconut shell has higher lignin composition than
hemicellulose and cellulose composition which leads to decomposition of lignin and
produce high oil yield. In addition, it can be concluded that the optimized pyrolysis
temperature for coconut shell should be in the range of 400-950 °C. Nevertheless,
there are other factors that should be considered such as heating rate, gas flow rate,

biomass  pretreatment, type  of reactor, catalyst and so  on.
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Figure 18 The chemical compositions of bio-oil obtained from

pyrolysis/deoxygenation of coconut shell over 0-20%Ni-activated carbon catalyst.

The chemical composition of the obtained bio-oil with and without the
catalysts was analyzed with a GC-MS technique. The detected compounds had been
classified into 8 groups. as shown .in- Figure 18. In general, biomass comprising
hemicellulose, cellulose, and lignin is pyrolyzed to produce a range of oxygenated
molecules such as anhydro-sugar, carbonyl compounds, furans, phenol, and pyrans.
These oxygenated molecules can be transformed into rich aromatic hydrocarbons,
resulting in hydrocarbon conversion via some catalytic reactions (decarboxylation,
dehydration, oligomerization, isomerization, dihydroxylation, and dehydrogenation).

In the absence of a Ni-doped catalyst, the total hydrocarbon content was
6.85 wt.%, the high phenol content was 58.82 wt.%, and acid and sugar were
produced in the bio-oil. The total hydrocarbon content in the improved bio-oil
increased considerably after utilizing a Ni-doped catalyst, notably aromatic
hydrocarbon, since the high oxygenated components in the upgraded bio-oil were

transformed into aromatic hydrocarbon. The total maximum hydrocarbon content of
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67.06 wt.% in the upgraded bio-oil was obtained from 10% Ni-doped catalyst. Sugars
in the upgraded bio-oils significantly decreased due to the transformation of furan
compounds into aromatic hydrocarbons, while the observed reduction of acid was
caused by the decarboxylation. It can also be seen that the total hydrocarbon
content increases dramatically with Ni loading of 5-10 wt.%, especially aromatic
hydrocarbons, from 5.62 to 63.26 wt.%. However, it conversely decreased when Ni
loading increases by 15-20 wt.%, indicating that the appropriate Ni loading amount in
this study should be 10% Ni-doped catalyst. It has been known that the mesoporous
catalyst with pore sizes ranging from 2 to 5 nm exhibits high aromatic hydrocarbon
selectivity. In this study, the 10% Ni-doped catalyst with suitable pore size 3.92 nm
can provide sufficient mass transfer for reactant and product and the reactions within
the pores, resulting in the conversion of oxygenated compounds with large molecule
sizes into smaller hydrocarbons, and the synthesized Ni-doped catalyst has a high
surface area (470-630 m?/g), resulting in'an increase in active sites and a decrease in
mass transfer resistance. Overloading Ni by 15-20% can lower total hydrocarbon
content by inducing secondary processes in which hydrocarbon molecules break

down into gases, coke, and other products over the extended residence time.
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Figure 19 Aromatic selectivity of bio-oil obtained from pyrolysis/deoxygenation of

coconut shell over 0-20%Ni-activated carbon catalyst.

Considering the aromatic hydrocarbon selectivity, the aromatic compounds
were then classified into five types: benzene, toluene, xylene, ethylbenzene, and
others as seen in Figure 19. The order of aromatic selectivity in the upgraded bio-oil
was all the same with toluene > benzene > xylene > ethylbenzene. However, the
amount of each compound varied among the catalysts, depending on various
reactions, which favor generation of influenced including monocyclic aromatic
hydrocarbons (MAHSs). It should be noted that there were no reactions that can
convert MAHs into polycyclic aromatic hydrocarbons (PAHs) such as naphthalene,
pyrene, and indene, as seen that no PAHs like aromatization, polymerization, and
oligomerization, had been observed.

The ability to promote aromatic selectivity of the catalysts used in this study
and those of the others are compared in Table 8, along with their pyrolysis
condition. This research shows that Ni doping carbon-based catalyst greatly improved

phenol rich bio-oil into the higher yield and selectivity of aromatic hydrocarbons
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under condition: temperature 400 °C, heating rate 12.33 °C/min and gas flow rate 170
mL/min. The bio-oil yield was steadily decreased with the increasing of Ni doping on
activated carbon catalyst. But it shows that activated carbon catalyst doping with
different amounts of Ni achieved aromatic yield up to 50-63% from 6%. Comparing
with other studies, it exhibits that the catalysts used here provide the moderate

aromatic selectivity, but have more benefit with the lower pyrolyzed temperature at

400 °C.
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5.5 Characterization of Biochar

The FTIR spectra of raw coconut and coconut biochar after pyrolysis at 400 °C
was shown in Figure 20. The FTIR spectra of both samples reveal the existence of
different functional groups with either disappearance, reduction, or broadening of the
peaks after pyrolysis. The O-H stretching vibration of hydroxyl groups was ascribed to
the stretched broad band detected at 3340.59 cm™. The aliphatic C-H stretching of
the CH, CH,, and CH; groups caused the peak at 2905.72 cm-1. For the peaks at
1733.80 and 1235.18 cm™, the C=C aromatic ring was observed. Peaks at 1160.46,
1032.21, and 769.46 cm™ were ascribed to Si-O stretching and bending, confirming
silica present. C-O carboxyl groups and C-H stretching alkane or alkyl groups were
ascribed to certain prominent measurable peaks at 1596.29 and 1371.62 cm™. After
the catalytic pyrolysis, it was found that all the functional groups that originally
existed in coconut shells had completely disappeared. A comparison table of

wavenumber and functional group of each coconut char is shown in Table 9 [59, 60].
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temperature, 400 °C.
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Chapter 6

Conclusions

5.1 Conclusion

The wet impregnation method was used to prepare a Ni-doped activated
carbon catalyst with Ni loading amount of 5, 10, 15 and 20 wt.%. The coconut shell
(CS) is used as biomass feedstock in catalytic pyrolysis for bio-oil production. The
proximate analysis shows that the collected coconut shell has high volatile matter
which relates to high bio-oil yield and less moisture and ash content compared to
other coconut shells from different locations. The physicochemical properties of the
prepared catalysts were analyzed. The surface area and pore size of prepared
catalysts were in the range of 470-630° m?/¢ and 3.92-6.44 nm, respectively and
decreased with the increasing of Ni loading amount. The XRD pattern showed Ni
species unable to be detected by XRD due to good dispersion on the high surface
area of activated carbon. The XRF shows the slight difference in the measured XRF
value and actual value of Ni-composition in prepared catalysts due to heterogeneity
error and the change in composition of catalyst after impregnation. Under non-
catalytic pyrolysis, the highest bio-oil yield was obtained at 400 °C. Under catalytic
pyrolysis and pyrolysis temperature of 400 °C, the bio-oil yield decreased significantly
with the increasing of Ni loading (Wt.%) in prepared catalyst. The maximum total
hydrocarbon vyield of 67.06% and aromatic hydrocarbon vyield of 63.26% were
obtained by 10wt.%Ni-doped carbon catalyst. The bio-oil vyield decreased
significantly with the increasing of Ni loading amount due to the promoting of
secondary reaction and deactivation of catalyst, resulting in an increase in coke yield.
Catalysts with a Ni loading of 10% demonstrated the highest performance in terms of
catalytic activity and selectivity for upgrading bio-oil. the aromatic selectivity was
toluene > benzene > xylene > ethylbenzene. The FTIR result showed the existence,

disappearance, and reduction of functional groups in raw CS and CS biochar. This
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work proposed an acceptable technique for producing high-quality/yield bio-oil fuel

at a cheap cost from waste biomass pyrolysis.

5.2 Suggestion

The pyrolysis of biomass to produce bio-oils is still in the early stages. This
process makes it simple to produce liquid fuels with high bio-oil yields and cheap
production costs. Bio-oil is low-grade liquid fuel as compared to petroleum fuel.
Complications in multiphase structures, high oxygen, water, solids, and ash
concentrations, low heating values, high viscosity and surface tension, chemical and
thermal instability, low pH values, and poor igniting and combustion capabilities are
poor characteristics of bio-oil. Despite their poor fuel features, bio-oils have several
attractive properties. They are typically more lubricious, less poisonous, and more
biodegradable than petroleum fuels. In this work need to further study more about
fuel properties of bio-oil as-mentioned above to consider the obtained bio-oil in this
work to use as fuel. The biochar from coconut shell can be further studied on
filtration and purification. Biochar is used as carbon sorbent and for mercury
adsorption. The extraction of phenol from coconut shell bio-oil. Although there is
many research and development on biomass pyrolysis in the recent year involving
theoretical analysis, laboratory = experiment, and commercial innovative
development. But there are still some interesting challenges for more further

research as follows:

® The application of various biomass and different pyrolysis reactor
systems and scaling- up.

B Study on chemical mechanism to improve the reaction efficiency and
disadvantage and advantages of various catalyst preparation methods.

® Research on catalytic biomass pyrolysis and the usage of gas produced
from combustion as heating source.

B Study on multi-temperature step pyrolysis due to different temperatures

are required to decompose the major biomass component such as
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cellulose, hemicellulose and lignin so that the different products can be
obtained separately.

Develop standards according to fuel properties for bio-oil and biochar.
Study on catalytic steam reforming to improve the pyrolysis process
regarding the conversion of bio-oil into more valuable products such as
high-quality chemicals and transportation fuel including gasoline, diesel,
and jet fuel.

Innovate a computer model that studies chemical reactions, kinetics,
biomass particles, and reactor processes (flow, mass, and heat transfer)
to find the optimum condition of system.

Study technical and economic aspects of industrial work.



Appendix

1. Calculation of product yield from mass balance equation

Weightfeedstock = Weightbio—oil + Weightchar + Weightgas

Silpakorim®University

Figure 1 Thermo Scientific TSQ 9000 Triple Quadrupole GC-MS/MS system

Figure 2 XRD-6100 X-Ray Diffractometer from Shimadzu
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Figure 3 MiniPal 4 X-ray fluorescence (XRF) spectrometer

BEL

Figure 4 BELSORP-mini Il instrument (BEL Japan, Inc.).
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Figure 5 Thermo ABS Nicolet IS5 FTIR Spectrometer
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