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Z
In this study” S ‘0e liquid phase pyrolysis of Giant
Leucaena wood ir N H“H.,g lvent. Firstly experiment was
conducted in an 2 i isndition; reaction temperature of
350°C, initial press: #f "l sace time of 2 hr, biomass of 10 g

\ . italyst types, 10% by mass of
W\ imum catalyst type. The liquid
products were char e el - \\Walysis and Karl Fischer titration.
The result from CHN| 10/A1,03 was the optimum catalyst

to produce bio-oil with l_o i : tent, 10.02 % and the oil yield was 4.30

e ".

%wt therefor¢™Ni fying the influence of other
‘. -

parameters an 'y: Y} broduction. The influence of
temperatures (25|} 300,52 nce tiflls (30 minutes, 1, 2, 4 hours),
initial pressures of bygogen (5, 10, 2vo bar), catalyst dosages (1, 5, 10, 20%wt)

and mﬁnﬂuﬁ falz'vm ﬁﬁsﬂe&lﬁ] ﬁsi‘ound that the reaction

temperatur§) is the most influencing parameter for oil yield and oxygen content

¢ /s
VA RERTRE? e (1M1 -
:ﬂ ﬁt ﬂgc 1 oil yTel “d oxygen content to

the saturation point. The residence time of 2 hr and 10%wt of catalyst gave the
lowest oxygen content and the highest oil yield. Initial pressure of nitrogen showed
higher oil yield and lower oxygen content than hydrogen as reaction gas.
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CHAPTERII
INTRODUCTION

1.1 Statement of problem
Due to the depletion of non-renewable resources, such as fossil fuels and
opulation,

increasing of energy consiicy economic developments and

environmental concerns _os ission. Biomass is viewed as one of
alternative renewable rem 3 whgh « / nmentally friendly and sustainable in
nature. It has neglices '
emission of S@ NO
of structural constit! : z 3

extractives which ce 4f¢ a X , ' thermochemical and biochemical

processes. Biochemic L8 & % slow processes and yield single or

gen and ash, which give lower
il fuel [1]. Biomass is consisted

nd lignin) and minor amounts of

specific products but N YA e 2%s “are rapid and yield multiple and
complex products, ad#u: ‘ ite®. employed to improve the product

quality, which can be * ‘aticn, pyrolysis and liquefaction. For

liquefaction, biomass can mall molecules in presence of solvent

with or without dg=: =>/stable and reactive, and can

)

repolymerize into F ' . should be noticed that in

comparison with fos ‘ "I fuels, biomass much less &

low heating v elrgjea M Ei% iﬁﬂﬁ: ﬁ %ass, one overall objective is
to remove dxyg 40-60 wkygen and
conventional fuel and oils typicallg’have only wgder 1 % .

Q WM ’atﬂ %’%}JDN%’(} ';} w&’r}al Bdefaction is mainly

aimed & obtaining bio-oil by conversion of giant leucaena wood, fast growing

~'bon and more oxygen and has a

leguminous tree in decane as solvent at moderate temperature and hydrogen pressure
in the presence of ZSM-5, Ni/Mo and P84 as catalyst to reduce the amount of
oxygen by deoxygenation reaction and moisture which cause low heating value of
bio-oil and to increase depolymerization to gain more oil yield.



1.2 Objective
1. To study bio-oil production from liquid phase pyrolysis of giant
Leucaena wood.
2. To study the factors that affect to the quality of bio-oil production from
liquid phase pyrolysis of giant Leucaena wood.
3. To find optimum condition for bio-oil production from liquid phase

The research 1oL . S aS follows:
1. |
2. - process of bio-oil production
from leucaena wood to find the
optimur,
° w -
e Cate -J r‘i": QEE
. Catalyst T
/l-‘ -~ _..-'-,_ ‘H’
| y-l : I"d
3. Charaj|} rizau '

¥

o ClghLanalysis

AU B@%ﬂ%@%ﬁlﬁﬁﬁwv (GCS)

e Gas chromapgraphy (GC)

QWWWWN%TJVIEJWB



CHAPTER 11
THEORY AND LITERATURE REVIEWS

2.1 Chemical structure and basic components of biomass
Biomass is a organic matte ‘i gt can be defined as hydrocarbon material which

mainly consists of carbon, / and nitrogen in a mixture of structural

: __/!‘ cellulose(GH100s)x and

™ these wood constituents depend

constituents of
lignin[CoH1003(OCHg)g »

on species, Hardwocrz 9 of cellulose, hemicelluloses and

extractives than soft W2 higher proportion of lignin [4].

Understanding of the NOor organic components in biomass

are very important # 2 for producing derived fuels and

chemicals [4].

G '
Cellulose is 2 #ar Jwaiais ccharide, with general formula
(CeH100s)n. Cellulose is | re‘

anhydroglucose held 100Z T 7%

oManic polymer, consisting of units of
giant straight-chain  molecule. These

anhydroglucose ('} Spidic linkages. Due to this

linkage, cellobios& %

..I
-

Y ) cellulose chains [5].

¥

_AUEINENINgN

Cellobiose unit

Figure 2.1 Chemical structure of cellulose [4].



The second major chemical species in wood are the hemicelluloses. They are
amorphous polysaccharides, such as xylans, galactoglucomannans, arabinogalactans,
glucans and galactans. The hemicelluloses, unlike cellulose, not only contain glucose
units, but they are also composed of a number of different pentose and hexose
monosaccharides. Hemicelluloses tend to be much shorter in length than cellulose,
and the molecular structure is slightly branched. Unlike cellulose, hemicelluloses
consist of different monosaccharide units. In addition, the polymer chains of

hemicelluloses have short bragis

so  3(1.4) -

e

- Aylose _,5».1-- Glucose -

.,I -
1
o iv

Figur .2 Chemical stsucture of hemicelluloses [6].

ﬂﬂﬂ’J'ﬂﬂWﬁWEﬂﬂ‘i

Lignin a highly branchegkaromatic pgxmers The c@mlcal formula of lignin
= AR BT 3 BHIAVAA TH I Y8 robmer b o
hydroxyRl phenyl propane units. Lignin is a completely different polymeric material,
being highly crosslinked and having phenolic structures as the monomeric base.
Lignin is a large, crosslinked macromolecule. It is relatively hydrophobic and
aromatic in nature. The molecule consists of various types of substructures, which
appear to repeat in a random manner. Lignin is a macromolecule, which consists of
alkyl phenols and has a complex three dimensional structure. Lignin is covalently
linked with xylans in the case of hardwoods and with galactoglucomannans in



softwoods. Pyrolysis of lignin during combustion, yields a range of products, of
which the most characteristic ones are methoxy phenols. The most important
components in lignin are guaiacol and syringol and their derivatives.

Figure 2.3 Chemical structurs=®of lignin [6].

22 nuaeinfld dANLNINYINT

The fluctuatlon in the pite of fossiyfuels in the gyorld market and the
problerWra aba ﬂﬁw MI% r]ﬁf“t&'a}@ﬂes and Environment
had thel policy of providing alternative energy sources and interest in planting fast-
growing tree as renewable energy

Leucaena leucocephala (Lam.) de Wit. is one of the most productive and
versatile multi-purpose tree legumes suitable for tropical conditions and fast-growing
tree, it take 5-6 years to be able to cut down this tree to use. The genus has its origin
in Central America and Mexico where it has been used as a source of edible pods,

forage for domestic animals, poles for construction, firewood and shade in permanent



plantations. Leucaena has always primarily been used as high quality forage for
ruminants, but it has also been valued for fuelwood, charcoal, timber and pulpwood.
Leucaena is one of the few trees from which wood is used for both the industrial and
non industrial purposes. Wood of leucaena is generally described as being strong,
light in weight, easy to work and able to give attractive finish. These qualities make

leucaena wood suitable to a wide range of uses, ranging from the traditional small
scale use by farmers and small holders to the more recent utilization by large scale

industries for pulp and enerc:. &\ L. leucocephala has porous wood structure,

ok ‘ﬁholocellulose, cellulose and low lignin

content with xylan typ — e, & n_‘ suitable raw material in pulp and

se, lignin and minor amount of

extractives which car o % 0%y thermochemical or biochemical
processes. The prim #&  _ el biochemical and thermochemical
conversion is that bioch ghice== : generally slow processes which vyield
single or specific products — _' anol or methane. On the other hand,

thermochemical prgcess gultiale and often complex products.

Additionally, catal‘ £ ] he product quality. Figure 2.4

shows of possible a.... j e 'y and products from biomass

resources. . ‘a v »
qumwmw enNq

Types ¢f Biomass Coursion

N8 Y

CLLMEN

Direct Thermochemical ||Electrochemical Indirect Physical Biochemical

Combustion Conversion Conversion Liguefaction Extraction Conversion
Gasificati Direct Pyrolvsi Fischer-T h Anagrobic Biodiesel Ethanol
asffication Liguefaction yrolysis Ischer-Tropsc Digestion Conversions Synthesis

Figure 2.4 Types of biomass conversion processes [7].



2.3.1 Thermochemical processesfor production of bio-ail

The thermochemical conversion processes have two basic approaches. The
first is the gasification of biomass and its conversion to hydrocarbons. The second
approach is to liquefy biomass directly by high-temperature pyrolysis and high-
pressure liquefaction.

2.3.1.1 Pyrolysis process
\ § 2l process that converts organic materials

é fuels with high fuel-to-feed ratios,

_d

' fo==sme. conversion and the method most

cuidcing non-renewable fossil fuel

Pyrolysis is the !
into usable fuels. Pyrols _-;
making it the most efs
capable of competiiig
resources. Biomass™is 4 : St uxygen, or partially combusted in a
limited oxygen sup#y, ¥ J ' g *.;.1 gas mixture, an oil-like liquid

- 7 @ d rapid quenching produce the
nse before further reactions break
down higher molecule g JLAdE a0 g cous products. High reaction rates
minimize char formation g _ dit s, no char is formed. At higher fast

pyrolysis temperatures, the rm————=="5 gas.

23] V - I_;"‘
Conve rl of #ras i e pyrolysis which occurs under
.I.H

a slow heating rate. |h.Ls condition permlts the production of solid, liquid, and gaseous
pyrolysis pr of biomass is associated
with high cﬁ(g gﬂﬂmﬁnﬂqn? 775 K) and gas at high
temp re ﬁ( sh pyrolysis at high
BOY 01N kT b1V wisY (IR

2.3.1.1.2 Fast pyrolysis

Fast pyrolysis is a process in which a material, such as biomass, is
rapidly heated to high temperatures in the absence of air. If the aim is the production
of mainly liquid or gaseous products a fast pyrolysis is recommended. In recent years
fast pyrolysis process for biomass has attracted a great deal of attention for

maximizing liquid yields. Fast pyrolysis processes produce 60-75 wt.% of liquid bio-



oil, 15-25 wt.% of solid char, and 10-20 wt.% of noncondensable gases, depending
on the feedstock used. If the purpose were to maximize the yield of liquid products
resulting from biomass pyrolysis, a low temperature, high heating rate, short gas
residence time process would be required. If the purpose were to maximize the yield
of fuel gas resulting from biomass pyrolysis, a high temperature, low heating rate,
long gas residence time process would be preferred. There are four essential features
of a fast pyrolysis process (1) very high heating and heat transfer rates are used, which

eved, (2) a carefully controlled pyrolysis

#775 K range, (3) short vapor residence

converted to liquefied products

ure and chemical changes. The
feedstock of liquefactic g bkl in the liquefaction process, biomass
is decomposed into sma' = o < Wl molecules are unstable and reactive,

(Yabdias < 2
and can repolymerize into G — 5 with a wide range of molecular weight
distribution. Liqu FActiaais Fila s Mad Airectly or indirectly. Direct
liquefaction invol ars and oils and condensable
7 wieffise of catalysts to convert non-
condensable, gaseous‘products of pyrolysis or gachation into liquid products. Alkali

salts, such by i ‘ o i e, can act as catalysts for the
hydrolysis oﬂlﬂgﬁ MOzmoﬂ:jlnﬂ gments. The degradation of
biomass af . aﬂi‘ i 1 ,.]b Ny olymerization and
deoxj/anﬁm ﬁﬁéﬂuﬁo msﬁ t ﬁﬁnt oﬁtﬁ) residue increases in

proportion to the lignin content. Lignin is a macromolecule consisting of alkyl

organic vapors. Ind Il CL
W

phenols, and has a complex three-dimensional structure. It is generally accepted that
free phenoxyl radicals are formed by thermal decomposition of lignin above 500 K
and that the radicals have a random tendency to form a solid residue through
condensation or repolymerization. The changes during liquefaction process involve all
kinds of processes such as solvolysis, depolymerization, decarboxylation,

hydrogenolysis, and hydrogenation. Solvolysis results in micellar-like substructures of



the biomass. The depolymerization of biomass leads to smaller molecules. It also
leads to new molecular rearrangements through dehydration and decarboxylation.
When hydrogen is present, hydrogenolysis and hydrogenation of functional groups,

such as hydroxyl groups, carboxyl groups, and keto groups also occur [5].

2.3.2 Thermal decomposition of cellulose, hemicelluloses and lignin
Previous study [8] showed the behavior of thermajraation of main

components in biomass. Froa ! 2.5 hemicellulose started its decomposition

easily with the weight los éZZO—Glﬁ got the maximum mass
loss rate at 268 and t StilM00 ==mmmmmidue left even af@0QCellulose
pyrolysis was focuseu o’ ' ‘ aiige 31%540ih the maximum
weight loss rate 2.657\» ; A\ N | temperature was higher than

% low solid residue 6.5 %@.%/

left. Among the thre A — st difficult one to decompose. Its

T emperature range from ambient to

90C¢°C. Cellulose and h _- - : “Yvolatile products on heating due to

W

readily cleaved to lower mol€ 'ﬁ
L b . .

pyrolysis tempera We g : - leasa. of the volatiles thus forming a

the thermal cleavage of gnin forms mainly char since it is not

agments. The progressive increase in the

solid residue that | y = IE"“ starting material. Cellulose

us Jilower molecular weight [5].

i¥

ﬂUEJ’J'VIEWI?WEJ’]ﬂ‘i
ammnmummmaﬂ

and hemicelluloses T ! N



— hemicellulose | 3-0 .
--------- cellulose . o
e lignin |25 2
120 2
| 2
. |18 8
iy ] @
140 =
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| 0.0

! E
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2.3.3 Characteristics ot
. oo . . - -"‘1‘ f"“/ .
Bio-oil is lis ol"?s. It also has other names,
pyrolysis oil and y : ,,5"“ of oxygenated compounds

containing carbonyl} ! aroes 1ou il derived from depolymerization

¥

and fragmentation of gellulose hemlcelluloses and lignin. The main drawbacks of
bio-oil is co cﬂ ﬁ%ifymﬂ? oxygen atoms and water
contents that @yﬂ”a\eatmg vaule. Bio-oll [9] has a content of water as high as
15-3 r ﬁ ﬁzj and the product of
dehymlﬁdﬁﬂﬁm ﬁm na‘:tu ence of water lowers

the heating value and flame temperature, but on the other hand, water reduces the
viscosity and enhances the fluidity, which is good for the atomization and combustion
of bio-oil in the engine. The oxygen content of bio-oil is usually 35-40 % depend on
the type of biomass and the severity of pyrolytic proce3des high oxygen content

leads to the lower energy density than the conventional fuel by 50% and immiscibility

with hydrocarbon fuels also. Bio-oil also has higher viscosity than petroleum derived
hydrocarbon oil. The viscosity of bio-oil depends on nature of the feedstock,
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temperature of pyrolysis process, thermal degradation degree and catalytic cracking,
water content of the bio-oil and pyrolysis process used [4].

Table 2.1 The properties of bio-oil from biomass pyrolysis compared to
petroleum heavy fuel oil [9].

Physical property Heavy fuel oll
Moisture content (wt%) 0.1
pH -
Specific gravity : 0.94
Element compositicz
(Wt%) ’
C 85
H 11
O 1.0
N 0.3
Ash 0.1
HHV (MJ/kQ) / 40
Viscosity (at 50°C) (CP 180
Solid (wt%) | 1
Distillation residue (wt% 1
okl
wd
The % (= Mmixture containing carbon,

hydrogen and oxygen, is composed of acids, alcohols, aldehydes, esters, ketones,

ts:rizr:e aﬁﬁﬁlﬁﬁﬁzﬂmgwsﬂﬂﬁﬁled phenols and extractible
9 AINTUNMIINAY
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Table 2.2 Chemical composition of pyrolysis liquid [4].

Major components Mass %
Water 20-30
Lignin fragment: insoluble pyrolytic lignin 15-30
Aldehydes: formaldehyde, acetaldehyde, 10-20
hydroxacetaldehyde, gly3» &
methylglyoxal s
Carboxylic acids: formic a2 10-15
butyric, pelsm
hexanoic
Carbohydrates: cello” g AN 5-10
Phenols: phenol, cres; 2-5
Furfurals _ . 1-4
Alcohols: methanol, et L 2-5
Ketones: acetol (1-h# o 1-5
cyclopentanao
2.3.4 Catalytic upg
The delet& i_ - =~lue, high viscosity, thermal

A

instability and corrc‘ Ve tmreplace of fossil fuel. Table 2.3

compares some of L,o-oil with those of conventiori transport fuels. Bio-oil contains
some heavy j ‘ﬁw m wth gasoline and diesel which
comprise of @Qtﬂgh rﬁ it rél ﬂammn chain lengths of 5-10
and 12-20, respectively. The H/€ ratio in_biexoil is in the fhge 1.2-1.4 and this is
coserop WA 041 3 SV QT VAL & v, o5, e
conseqﬁence of high level of oxygen is bio-oil is not sufficiently stable and is also
corrosive and immiscible with petrofuels [56]. Bio-oils can be upgraded into a liquid
transportation fuel by different routes. Hydrodeoxygenation with typical hydrotreating
catalysts, typically sulfided CoMo or NiMo supported on alumina. Zeolite upgrading
or forming emulsions with the diesel fuel. Alternatively, bio-oils and chars can be

converted into K or syngas by steam-reforming. The purposes of using catalysts are
to enhance the cracking reactions of the heavy molecules in pyrolysis products
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resulting in the production of lighter and less viscous bio-oil, reduce the formation of
carboxylic acids making bio-oil less corrosive, and enhance the formation of more
valuable products like hydrocarbon that can increase the heating value of the bio-oil

[4].

Table 2.3 Some features of bio-oil, gasoline and diesel [10].

4 Gasoline Diesel
Carbon chain _/zlg‘branched 12-20 linear
length —romatics alkanes
H/C ratio 2
O/C ratio 0
234.1

A\ MRO) eliminates oxygen in the
form of water howev | " ' W this elimination, catalysts and
psists of a family of reactions such as
hydrogenation, cracking wiﬁ - Cracking and hydrogenation are the
rate determininh step. 3T

Y ) catalysts

Bio- 0|I Serocary —‘ » | Gasoline

300-40tC

ﬂﬁﬁ\mﬂmwmm
Qmm%mmmaﬂ

Figure 2.6 Scheme of bio-oil upgrading via hydrodeoxygenation [10].

Most hydrodeoxygenation of bio-oils has focused on sulfided
CoMo/Al,O3 and NiMo/ALbOs catalysts, which are used for hydrotreating industrial
feedstocks. These catalysts have shown to be active in the upgrading of bio-oils.
Hydrodeoxygenation of bio-oils involves treating bio-oils at moderate temperatures
(575-875 K) with high-pressure,Hn the presence of heterogeneous catalysts to
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remove the oxygen in form of GGnd HO and form saturated C—C bonds. The
energy content of the fuel is significantly increased, and the stability of the fuel
increases during hydrodeoxygenation. Gutierrez et al. [11] studied
hydrodeoxygenation of guaiacol in a batch system using commercial alumina
supported CoMo and NiMo catalysts under a total pressure of 8.0 MPa in the
temperature range from 475 to 625 K. The results of the study showed that the
conversion of guaiacol and the amount of hydrodeoxygenation products were higher

on the NiMo than on the
(475-575 K). Thus, the
temperature range.

y ) /st at the lowest temperatures tested

2.3.4.2°Ci -

Anoth#¥ - J/ R0 of  bio-oil catalytic cracking.
Catalytic cracking endsolid acid catalysts such as
’ “¥ot required added hydrogen and
oxygen is eliminated i g § o (% @As compare to hydrotreating,
cracking gives a higher = o ue oroduct because of higher aromatic
content. However, the yieldSS— = '_ "0 the amount of coke formed is relatively
high. The yields oktainasl® LRV B0 209 of the theoretical maximum.
The liquid produ uct obtained by hydrotreating
demands further ref -ul e = diffiel hydrocarbons [10]. Zeolites are

often used as catalyst to |mprove the gloduct from biomass pyrolysis. The zeolites
contain a suli properties necessary for the
cracking of @uﬂ?wmg)ﬁﬂll 0 genates formed from the
biom

aﬁ wlﬁ)mgmummlmﬂlabﬂn performed in the

presence of H-ZSM-5 catalyst obtaining an increase of the aromatic fraction in the
bio-oil. The acid sites of the catalyst promote a series of dehydration,
decarbonylation, decarboxylation, isomerization and dehydrogenation reactions,
converting the oxygenated products generated in the pyrolysis process into more
stable aromatic compounds, mainly naphthalene, ethylbenzene and xylenes. The
shape selectivity and the acid properties of the catalysts are crucial parameters in the
choice of the fast pyrolysis catalysts. For example silicalite and ZSM-5 had the same
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pore structure but different acid sites and the aromatic yield changed from about
26 wt% to below 10 wt.% passing from ZSM-5 to silicalite catalyzed reaction. Indeed
the use of zeolite Beta, Y and silica—alumina lead to the production of large amounts
of coke as the main product. High heating rates and catalyst to feed ratios are needed
to ensure that pyrolized biomass compounds enter the pores of the ZSM-5 catalyst
and that thermal decomposition is avoided. As a consequence, product selectivity was
a function of the active site and pore structure of the catalyst [12].

~0ipounds existing in liquid products
obtained from biomiasc g AN Samical conversion processes generally
: Do fragmentations with increase in
temperature. When gfc | . - : rger than the activation energies
‘ lymerization occurs. This increases
both concentration of f J: &S ‘ of repolymerization of fragmented
species. The competitic JF a &/Si ragmentation and repolymerization
reactions defines the role of == = '. Jepolymerization of biomass is a dominant
reaction during in': I PV ’ esization becomes active at later
stages that leads ;,—\:" 'mperature usually yields higher
amounts of bio oil.

'| g S *7 pJfiduction of oil yield also depends

on biomass types. Infklence of temperature on the yield of bio-oil initially increase
when increa hen increase in temperature
actually inh ﬂVOmmmwmnﬁ ture is not usually suitable
for prgﬁu ﬁ‘ ﬁ iquid oil yield. The
reason Mﬁiﬁfmﬁﬂﬁ ﬂoﬁﬁf ’zjhatlon of gas and
recomblnatlon of free radical reaction that lead to char formation [13]. Liu et al. [14]
summarized the results of oil yield with water, ethanol and acetone as liquefaction
solvent at various temperature shown in figure 2.7. It was observed that oil yield
increased with increasing temperature up to a certain value and decreased thereafter

due to the formation of solid by cyclization, condensation and re-polymerization of
liquid products and formation of gases from degradation of the liquid products.
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Figure 2.7 Effect o o saoversion rate as a function of

nost interesttegiperature that
and 775 K. TablesBaws pyrolysis
gmperatures, the rather large molecules

produce maximum oil y fld ’-":'&

f!F'

reactions at different tempgie izt
present in the ligUF s a——— ‘:'c' to produce smaller molecules
which enrich the ga =5 and high residence times favor

the productlon of Chu Whl|e the higher temperatur and short residence times lead to

"W‘iﬂfﬁ"ﬁ 9 amsw Tulib)
ammnimum'mmau
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Table 2.4 Pyrolysis reactions at different temperatures [4]

Condition Process Products
Below 575 K Free radical formation, Formation of carbonyl and
elimination of water and carboxyl, evolution of CO
depolymerization and CQ and mainly a

charred residue

Between 575 and 725 K \ glycosidic Mixture of levoglucosan,
R\ ' anhydrides and

oligosaccharides in the

form of a tar fraction

Above 725 K - D§ ' Formation of carbonyl
/ (Wission compounds such as
acetaldehyde, glyoxal and

. ' acrolein

Above 775 K y J PR se™™ A mixture of all above
I ol ; products

Condensatiort <4 4 A highly reactive char

theesidue containing trapped
free radicals

2.3.5.2 Effect c¥752+ 2

Predsis ¢4 Jor liquefactions process. This

single phase quu £ #2 enthalpy inputs required for

| | .
phase change of sivents. By tnaniannng presdde above the critical pressure of

medium, the rate of h§a=elysis and bi@ass dissolution can be controlled that may
enhance favﬂad g&%ﬂ%@%ﬂaﬂcgy for production of liquid
fuels or for ga%,I yield. Pressure glso increasg solvent denii}y. High-density medium
penet@eﬁﬂ:@l@ ﬂﬁﬁcﬁ%@@%ﬂﬂ@%’s which results in
enhancld decomposition and extraction. Catalytic runs actually decreased the amount
of oil with increase in pressure, which can be attributed to blocking of catalyst active
sites by high-density solvenRyrolysis of biomass depends on breakage of C-C
linkages. When pressure is increased will increase in local solvent density that
causes cage effect for these bonds. This cage effect inhibits C—C bonds breakage,
which ends up in low fragmentations. Thus, variation of pressure in supercritical
liquefaction may not play an important role for overall liquid oil yields.
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2.3.5.3 Effect of hydrogen gas.

Hydrogen gas has the same role to hydrogen donor solvent that
stabilizes the fragmented products of liquefaction by inhibition the condensation,
cyclization, or repolymerization of free radicals, and reduce char formation.
Equations (1) and ( Zhow the concept for stabilization of aromatic radicalg(af

lignin by hydrogen gas to useful liquid oil products.

(2)

Wity of CO andstabilized

more of fragmenter v £ I . . obably biomass radicals show
more affinity of towar " ; B\ :\'x ,asily. Less amount liquid oils in

N2 environment is ma’ g % 3 ity comparatively. This discussion
shows that reactive gas ; , —— n an inert gasgsstor mixture of

CO/H; gases is recommendas = 'J gases. Usage CO as reducing gas may be

. ) LT\
ignored due to its. 23 LY

How| V. iy | ble to use in thermal

conversion because -_-l f I a [Tdrogen rich gas that can be other
W

¥

options to replace pure‘hydrogen in thermal conversion processes such as liquefaction
r-9

or pyrolysisﬂti{?gs? {ﬂgnﬁfn g?!];nrjrogen donor solvents.
Hydrogen dongyr SOIVEnts are't re favorable option to hydrogenate the biomass
fragmengt lyan t‘ qﬁ ﬁ( so act as hydrogen
vorety Bl S AU LAV ET I 8
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20 -

Yield liquid oil (wt. %)

10 -

2.3.5.4 Effect da

Thesso o ———————J/died in many research. For

)

longer residence Ui ' u to obtain more light oil yield

and also produce rre gas yiela obtain high Ilq J oil yield, it is necessary to
inhibit the d (zlﬁ ighter pﬁ:ﬂﬂ by~addition of reducing agents like
tetraline, hyd@ﬁ ﬁilﬂ%t il ﬂﬁﬁaﬁ-‘ and products. In general, oil
yield reaches a maximum befo#e decreasing, for very Ionyre5|dence times due to

e R AT WAV T FEeonersion mres

contlnuausly until the saturation point.

2.3.5.5 Effect of heating rate.

Slow heating rates usually lead to the formation of char residue due to
secondary reactions. Secondary reactions become also dominant at very high heating
rates which results in high gas yields as in case of supercritical liquefaction.
Moreover, liquid oil yield is not very sensitive to large variations in high heating
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rates. Suitable heating rates can lead extensive fragmentation and minimal secondary
reactions. On such bases, moderate heating rates may be enough to overcome heat
transfer limitations and to produce high liquid oil amounts.

24 Literaturereview

In 2009 , Yip et al. [16] investigated the liquefaction of bamboo in various
) and ethylene carbonate with different

: 'J//ﬁmes that used for this process were 2,
-d

E=mmms—10Se parameters. The process was

solvents including phenol, =t
liquid ratios (2:1, 3:1, 5:1;
6, 10, 14 and 18 hCwme

—ER
catalyzed by hydroW hy

reaction time was IrciF g#

weaction yield increased when the
Saaluier increase in the reaction time to
18 hours might rese®in e £ fis Lo Che liquefaction yield. Phenol was
/ v d ratio of 10:1, while the highest
yield of using ethylen #5! '&7 i “ | ate as a solvent were only 69% and
80%, respectively. Wh §& §F AR % ent the liquefaction yield increased
slightly with increasing i: gfne ‘ == < % ethylene carbonate was used as a
solvent the liquefaction yield S == = '_ *Vious differences among the liquid ratio of
2:1-5:1 but it |ncre?§e ' ' :1-And the optimal liquid ratio for
EG is 5:1. From ;, f he solid residues and the raw
bamboo showed th ul cene £S5 ajf} lignin were almost decomposed

J.U

when using phenol as‘solvent The geI permeation chromatography (GPC) results of
the liquid pr@ﬁﬂoﬁm nmqt] |ght of bamboo decreased
significantly t I/ r liquetactio e gas chromatography and
mass gbf% éﬁ' g point products of
Ilqueflﬁma/mﬁmm wmmt ﬂnt used. All of the
components found by GC-MS could be divided into aromatic and non-aromatic
compounds. Despite the different solvents used, several components with the same
compositions were obtained, including benzoic acid methyl ester (RT = 7.366),
1,4Benzenedicarboxylic acid, dimethyl ester (RT = 13.27) and 1,3-
Benzenedicarboxylic acid, dimethyl ester (RT = 13.426). These results indicated that

resemblances in the liquefaction mechanism exist among the liquefaction processes

although different kinds of chemicals were used as solvents.
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In 2003 , Zhong et al. [17] studied on the liquefaction of four commonly used
woody materials, Cunninghamia lanceolata, Fraxinus mandshurica, Pinus massoniana
Lamb. and Populus tomentosa Carr in the reaction temperature range of 553.15-
633.15 K. Both non-catalytic and catalytic liquefaction were performed. The non-
catalytic liquefaction results showed that the yield of heavy oil decreased with
increasing lignin content, while the yield of residue showed the opposite tendency.

For the four woody materials /hivghest heavy oil yield of about 31% was

-~ D vé&mperature of 573.15 K. The catalytic
liquefaction results Sh o BCHCol==mmm reduce the residue yield, while

its effect on the heavy™u ' uependent, and generally, the effect
became weaker witii 0 S Lc present work again showed that a
catalyst was neces#\ ‘ g N A W a low residue yield, and with

K2CQO; as a catalyst 4 4 4 . asligh as 30% and the residue vyield

In 2008, Liu et al g4 = TlW\ t effect on the pinewood liquefaction

process. The solvents that uSs ,criment were water, acetone and ethanol in

N P TI0Y o o
the conditions of tgmps maLT S itial pressure 1 MPa, reaction time

20 min, biomass ;, 5% | ce tested solvents, acetone had
the best effect on '| o e o le .-' >d temperature and the highest

conversion were 74, 40? 69.4% and 75. 9% with ethanol water and acetone as solvent,
respectlvelyﬂ yﬂﬁﬂﬁrﬂqcﬁ ﬁd‘]/ﬁ?ss may due to the polarity
constant val erc ained in solvent with higher
polari a &TB K, 673 K and 673
K for %'J ﬁpﬁaﬁiﬂfﬁj ﬁﬁofiv ﬁm he oil yield increased
with mcreasmg temperature up to a certain value and decreased for all the tested
solvents due to the formation of solid by cyclization, condensation and
repolymerization of the liquid products and formation of gases from degradation of
the liquid products. From GC-MS analysis, the most constituted compounds in all
three different solvents were phenol derivatives hydrocarbon and solvent type

markedly affected the product distribution. The liquefaction process that used water as

solvent had the shortest product distribution rang with only 44 compounds identified
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in the oil product. For acetone and ethanol as solvents in liquefaction process showed
long product distributions that were the methyl- or ethyl-ester compounds due to

esterification reaction for ethanol solvent.

In 2006 , Wang et al. [18] investigated direct liquefaction of sawdust under
syngas with and without catalyst. The experiment of sawdust liquefaction was tested
at 306C, 1 wt% Mo catalyst, initial gas pressure of 2.0 MPa and reaction time of 30

min. The effect of different % §paration methods including mechanical
mixing, impregnation g SSEs / fent with or without solvents on

liquefaction were COnmmm— e ¥m|==mss. catalyst with ultrasonic treatment
showed the highest yicit » -0, preasphaltene and asphaltene in all
with or without solveiirg . %ioi of the catalyst. Hydrogen-donor
solvent played an #c ieid®tion. From this research tetralin
and toluene were ! #£0 & ) - u showed that tetralin as a kind of
hydrogen donor solve g , 2 ' L O effect on conversion and product
distribution than toluer §:  aek il - nen donor solvent by its hydrogen
donor and hydrogen t ality ) improve the hydrogenation and
hydrocracking reactions witfse—— '. " polycondensation while hydrogen gas

displayed less actipn N zeaction and enhancing catalyst

ability. Gaseous ;, ..‘7'3 ant functions in the presence of

aiejal decomposition, hydrogenation

solvent. Higher tem Il races
1 i¥

and hydrocracking reastions.
r-3

B NN INEOD L
a0 M TV b

:
quuefac‘t‘ion yield was limited by the acidity of reactant media and the formation of a
coke-like residue. When using recycled solvolytic oil instead of fresh ethylene—glycol,
the conversion into liquid was also reduced and the viscosity of the solution strongly
increased. For the upgrading step NiMo provided a higher hydrogenating activity and
higher deoxygenation than CoMo which gave more light fraction and less heavy

fraction than CoMo catalyst. The initial pressure of hydrogen affected to the

increasing of oil yield and removal of oxygen. When the initial hydrogen pressure
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increased from 3 to 9 MPa the light fraction increased from 11.3 to 26.2% and also
the gas fraction rose due to the cracking and depolymerisation of long chain
molecules in the heavy fraction led to the formation of gases and light products.
Increasing the ratio tetralin/solvolysis oil from 0.5 to 3 resulted in a regular increase
in the light fraction and a regular decrease in both the heavy and gas fractions because
tetralin, good hydrogen donor solvent, transfered radical hydrogen to degrade wood
and obtained desired product and also stabilized the free radicals to prevent

condensation into heavy mgA§ § n the results showed that the process
condition of initial prese .L//J NiMo as a catalyst and reaction

| ir ==—————n 2% of oxygen content.

In 2002 , Ydu [ ‘ e pyrolysis characteristics of three
main components#® ¢ RN lignin) of biomass by using
thermogravimetric 4 4 ;. 3 ' % scanning calorimetry (DSC)

‘ "% gaseous products from biomass
pyrolysis in TGA were i I ‘"N Fourier transform infrared (FTIR)

spectroscopy. In therm 3 oy W/sis of hemicellulose and cellulose

occurred quickly, with the™s
220 - 318C and thgt o
to decompose, ;,
900°C and the gen l tea™

of hemicellulose mainly happened at
Wsuvear, lignin was more difficult

:" temperature range from 160 to
ey I gh (40 wt.%). The main gaseous

products from pyrolyzn}g the three components Were similar, including CO, CH,

and some o by the primary pyrolysis,
while seconﬂ gmnﬂﬁ?ﬂﬂQﬁjeleasing of CO and CH
Hemi ﬁi m i yed higher CH
releasﬁ% r’ﬁv ﬁﬂqj ﬂm eﬂjpt El released out at low

temperatures about 200—4@0and 300-45W from hemicellulose and cellulose,

respectively. Nevertheless, almost no organic compound was detected from lignin
pyrolysis. The difference might be due to the inherent variance among the chemical
structure of the three components, such as hemicellulose appeared more C=0

contained organic compounds, while higher contents of OH and C-O were found with

cellulose and more methoxyl groups with lignin.
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In 2009 , Fisk et al. [21] studied the liquid phase upgrading of bio-oil over a
series of supported Pt catalysts. Pi{Al showed the highest activity for
deoxygenation, the oxygen content of the bio-oil decreasing from an initial value of
41.4 wt% to 2.8 wt% after upgrading. The gas composition was constant for different
catalysts, C@being the most abundant product and CO was lower due to high water-
gas shift activity of Pt catalyst. GC-MS analysis of the oil showed it to be highly
aromatic, the major components corresponding to alkyl-substituted benzenes and

4 ,0aseous product with lower yields of H

é)l‘ Pt catalyzed bio-oil deoxygenation
_J

l=——m————cnates were converted through two

cyclohexanes. COwas forme
and G—Cs hydrocarbons. -

were proposed N thiSwmes

8

main pathways, reforn:: s> @@l produce KH The second

pahway involving C= _ enation to produce alkanes with
H,0O as the coprod#€t i' ¢ g AR pcllel process, aromatics undergo

C-0 cleavage or hy,#% . L% Rn&and cyclohexanes.

In 2010 , Misko' g [ ;‘ ~ yrolysis Malaysian refuse derived
fuels (RDF) in continuc ,r: "" retor at 450 °C in the presence and
absence of catalyst. It was _ff = yrolysis of RDF produced higher gas and

A o+,

pyrolytic oil yields«in thali = ==~ B Tha. highest amount of gases was

found by the use f;l; = \:" hest oil yields in the presence

of Y-zeolite (17.8% || Gas ,.,qr(‘ 2n and hydrocarbons. NiMo
catalyst and Co—-Mo satalyst had increased both the yields of CO anda@D
=3

promoted thﬂcﬁﬂﬂlﬁm ?f"w/mina;oncentrations of aromatics,
branched andgnon-branched” cOmpound e also affected with the presence of
cataly__ . ighest, | r‘ SEm ) ﬁ izaki q.j;a'lﬁ in carbon frame and
aromdﬁqﬁhﬁtﬂwﬁwﬁiﬁiﬁwg m ﬂnd ZSM-5. Phenol,
benzene 1,3-diol and methyl-phenol content of pyrolytic oil obtained by non-catalytic
pyrolysis could be decreased with 39.4%, 36.9% and 26.9% over CoMo catalyst,
respectively. Sulphur, nitrogen and chlorine were found as contaminants in pyrolytic
oils. The contaminant concentrations could be reduced by using catalysts, especially
with NiMo catalyst and CoMo catalyst. Catalysts influenced the concentration of

impurities both in the case of char and heavy oil, and especially the level of sulphur,

nitrogen and chlorine could be reduced in heavy oils while catalysts were used. The
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Results have shown that catalysts only slightly affected the composition and yields of
products, but it was a very important result that the catalysts mainly the CoMo and
NiMo catalysts have showed activity in Cl, N and S, as contaminants level decreased.
Furthermore those catalysts could shift the oxygen containing hydrocarbons to oxygen

free hydrocarbons.

In 2010 , Chen et al. [23] investigated the co-deoxy-liquefaction of biomass
f different temperatures (35CHGEMd

¢ ﬁM-S. Result showed that the product

yields from 350 to 50w — ré&idec == 20 min the oil yield varied from

and vegetable oil under tha A\

12.41%to 18.89% ariu '“ i raximum of 18.89% at the reaction

products. The yielc, o 4 ks -_, L O vield without catalyst but the
o8 : L\ Nhigher than that of no catalyst. It
was found that at h 2 = AN\ e increased the gaseous product
especially CQ@ and gas JFdre '!, p 10 the breaking of long chain
compounds to small molecui v = ®The formation of large quantities,of CO
oG C-MS results showémhthat

i¥ Jsel-like products, while high

was advantageoussfor zs
temperature was ;

temperature caused Tjorce
W

¥
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CHAPTER 111
EXPERIMENTAL

3.1 Materials
All Chemicals used in this experiment were listed in table 3.1.

ﬂals and sources

Source

Decane (CH{(CH,)sCm
Hydrogen gas (99.5

igma-Alorich
Praxair
Nitrogen gas (99.94 Praxair
Standard synthesis
1%H, and 1% CQbse
Zeolite (commerciai
NiMo/ Al ;03 (commel
PYAI,O3 (1 wt% of Pt) * Sigma-Alorich
Carbon disulfide (C§ MERCK

Giant leucaena Wi nd Technology Institute
| vl : L

M3O0C Scientific
arch and Technology Institute

Lclearch and Technology Institute

¥

3.2 Instruments and & uipments

AN Neng
qwmﬁﬁﬁﬂﬁ'ﬁmmmaa

Pressure gate
e pressure controller
¢ Rotary evaporator
e Ultrasonic bath
e Hot plate
e Oven

e Magnetic stirrer
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e Pipette 5 and 10 mL

e Thermometer

e Beaker 50, 100 and 250 mL
e Dropper

e Spoon

e Dessicator

e Aluminium foil

3.3 Liquid-phase pyr o' s a ocedure.

1. Giant leucaet ) / ‘. iaterial. It was sieved to less than
75 um and then drie #ur A .2 12 A" =fore use.
iaP) ¥ giant leucaena wood were tested,

given in Table 3.2.

3. The reaction was carzZZkdii < /] 8l stainless steel autoclave with stirrer
44<)5ure of 10 MPa.

A rical furnace to the desired

and the autoclavelads
4. The autoclads :

temperature the ex ...I imental appaiawas was showldin Fig. 3.1.

Pressure
meter

Thermal meter

Autoclave

Temperature
controller

Figure 3.1. The outline of experimental apparatus.
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5. In each test, the reactor was filled up with 10 g of dried giant leucaena wood,
409 of decane as solvent( the ratio of biomass to solventis 1 : 4 ) in the presence of
Zeolite (ZSM-5), NiMo/ALO3; and Pt/A}Os.
6. The air inside the autoclave was purged by hydrogen gas for three times, then
pressure in the autoclave was held with hydrogen gas to avoid solvent vaporization.
7. After the autoclave was heated to the reaction temperature, the reaction was

Moisture
Volatile
Ash _
Fixed carbon #

Z20xITO

..I
!

9. The sﬁwz}% ﬁ%q?fwﬁ@ ¢ was cooled down o oo

temperature, $ffown in Fig 3.2.

1WﬁQﬂJ?tﬁeﬁWﬁ ﬁrwﬂmfﬁfﬂnd then the autoclave

was op
11.The solid and liquid products were separated by vacuum filtration then the
solid product or residue was dried at £00for 12 hours to calculate the conversion.
12.The liquid products including oil and decane were separated by rotary

evaporator under vacuum at &D.
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biomass gas;H
Par Reactor

(T=350 C, P=10-20 bar)
slvent —» <«—— catalyst

> GC analysis

Dry (110C,12h) rotary evaporation

— solvent

Bio - oil

<

¥

ﬂumwﬂmwa;acnvgm
ARAN Tl IR

Flgure3 2. The diagram for separation of liquid phase pyrolysis products.

3.3.1 The influence of the parameters on the liquid-phase pyrolysis
process.
The effect of the parameters on the oil yield and oxygen content was

investigated listed as follows:
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1. The effect of reaction temperature (260 300C, 350C and
400°C).

2. The effect of catalysts (ZSM-5, Pt/&; and NiMo/ALOs3).

3. The effect of catalysts dosage (1 wt%, 5 wt%, 10wt% and 20 wt%).

4. The effect of reaction time (30 minutes, 1 hour, 2 hours and
4 hours).

5. The effect of hydrogen pressure (5 bar, 10 bar, 20 bar and 30 bar).

3.4 Product analysis.
3.4.1 Gas chromates

: as! ape—ﬂ (GC-MS)

Bio-oill was analyz<ct S 'Series instrument. The GC column
was 30 m x 0.25 miii ¥ N carrier gas. The column oven was
programmed with s#r g , \ Tittes with heat rate 26/min
to 230°C and hold ft v .k N ime of 2 minutes, full scan mass
spectra were acquire’ " ; AR tification of the peaks was based

4 e National Institute of Standards and

Technology (NIST) librar
3.4.2 CHN analysis
The elemental 5omg ' pileneH) and nitrogen (N) of wood

.‘:"‘" O CHN-2000 Analyzer,

and the error of the T U 7 T composition of O estimated by

sample along witl ;

the assumption that on}y the elements C H,0 and N are contained in wood.

Zliiiﬂﬂmﬂﬂ NANEID T e
ol AR 3 AT TR
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Table 3.3 The optimum condition of gas chromatography.

Carrier gas He 99.999%
Column Unibeads C packed
Injector temperature 120°C
Column temperature Temperature program
50°C 3min

180°C (20°C/min)

180°C 8min
Detector tenjm— — 200°C

O al conduct detector (TCD)

—,

Mettler Tolecufve 4 5 oS it titrator V20 was used in this

experiment to measu iy 3 R\ Wil product. It can determine from

AULINENINYINT
IR TN ININY



CHAPTER IV

RESULTSAND DISCUSSION

4.1 The effect of catalyst typeson theyield and oxygen content.
The effect of various catalysts on oil yield and oxygen content was
investigated at reaction temperature of %®Q0initial hydrogen pressure of 10 bar,

residence time of 2 hours and Jg\ gatalyst to compare the effect of each type of

catalyst and also two aj gres of catalysts were tested to work

together to obtain the mmm—" O yie“:a lowest oxygen content. The best

result of catalyst type™r: w0 vary other parameters (reaction
temperature, reside™®e ey pressure of hydroged)the
optimum condition Wizld and low oxygen content.

Table 4.1 Bio-oil and ° S Wk [I8Nid phase pyrolysis with different

Non- ‘ y NiMo/ ZSM-5
catalyst 3 AlLO; "
Catalyst + Nittol
types PUALO; | AlO,
+
Pt/Al,Oq
Char ﬂl‘i% 38.30% | 41.90%
0851 +0.52 +1.12
Bio-0j ) : & 5.00% 4.40%
_O‘a 1X +D! . Rl22 | 015
Conditi ﬂ 3 1@t of Batalydt/Bondsd, residence time 2 hours.

From table 4.1, there were insignificant differences on oil yields with different
type of catalyst used. The oil yield ranged from 3.90 wt% in the non-catalytic
condition to 5.30 wt% in the presence of P#2J as catalyst. The lack of oil yield is
thought to be partially due to loss in the oil separation from decane solvent during the
evaporation. Biomass feedstock also affected to oil yield because major biomass
components such as lignin, hemicelluloses and cellulose behaved differently to
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thermal degradation. In general, presence of high cellulose and hemicelluloses
contents in biomass yielded more bio-oil. Table 4.2 showed oil and char yield
obtained from different type of biomass, Giant Leucaena, sawdust, rice straw and
algae. Algae showed the highest oil yield that might be due to higher cellulose and

hemicelluloses contents than Giant Leucaena, rice straw and sawdust, respectively.

Table 4.2 Bio-oil and char yields obtained from liquid phase pyrolysis with different

a nf hjomass.

Biomasstypes | Giant: Rice straw Sawdust
Bio-ail 5.9+0.28 4.9+0.22
Char 41.3+1.28 43.8 £ 0.97

Condition ; temperature of 1 e \ N residence time of 2 hours and 10 wt% of

2 had significant effect on oxygen
content. Non-catalytic o) W5t oxygen content of 18.40 wt%,

whereas catalytic condi c!ﬁ
10.02wt%. Based on literaisiak

NiMo/Al 203 whichie 4449 catalyst was more active in

hydrodeoxygenati £ nd FOUAI

ga¥e the lowest oxygen content of

22], [4], [19], it was summarized that

iF |

Table4 3 The Wﬂer content in hig-oil and decane after evaporation.

Catalyst Non ZSM5 NiMo/§ PUALO;  ZaM-5+ ZSM-5 @ Nillo/  ZSM5
typ |2 203 NiMo/

Al 2,03 Al 203 +

Pt/AI,O3

Bio-ail 0.0741 0.0531 0.0424 0.0542 0.0571 0.0317 0.0623 0.0695

+0.008 +0.013 +0.007 £0.014 +0.021 +0.014 + 0.009 +0.012

Decane 0.4821 0.4311 0.6084 0.5561 0.5361 0.5724 0.4182 0.6731
+0.016 +0.085 +£0.086 +0.081 +0.102 +0.093 +0.124 +0.071

Condition : temperature 35C, hydrogen pressure 10 bar, 10 w%t of catalyst/biomass, residence time 2 hours.
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20 4
18- {
X 16 |
=8 g
§ 12 : S S
§ 10 ] %
c 81
]
2 67
5 4-
2 4
0 ; ; ; ;
Nocatalyst ~ ZSM-5 ZSM5 + ZSM5+  NMO/A203+  ZSM5 +
‘Mo/ARO3  PYAI203 PUAI203  NiMo/AI203 +
PUAI203
Condition : temperature 35C. — i /% of catalyst/biomass, residence time 2 hours.
Figure 4.1 The g / N rom various catalysts.
In this rese y 3 r i e " product was measured by Karl

. { Wxer in oil and part of water was
converted by water g-#fs £ <4 rl “W\:ted water and carbon monoxide to
hydrogen and carbon r' N P ! 2%:m to be the best catalyst to get

lowest water content il ¢ l

Figure 4.2 showed %

A 7]

Pielus that produced from liquid-phase
pyrolysis were CO. CQas == he most abundant product in the
contrast the form', ..i 2r-gas shift activity of catalysts
= ited 21D The amount of

CO and CQ coulooe refered to decomposm. of oxygenate molecules via

decarboxylati tﬁi rﬁf result from CHN analysis
of oxygen c%ﬁgj ?jﬂﬂ ﬂﬂﬁﬂience of NiMOAANd
ZSM-5. Bot catalyst ave the%il with the#swest oxyger@ontent, 10.02 wt% and
RO o

A 10 R HBNSIALIAR L i 42 ao

showed that when used both of NiMoi®s and ZSM-5 together, the gas vyield
reached to the highest amount compared to other conditions.

used in this researc= i«

Water gas shift reaction 8+ CO —H,; + CO, (4.1)
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Condition : temperature 35C, hvd

ﬂwt of catalyst/biomass, residence time 2 hours.

Figure4.2 Thegas™ iq . A Iysis with various catalysts.

All of the corg Id be divided into aromatic and

non-aromatic compc wacspite the different catalysts used,
several components ! s \ “ere obtained, including 2-methoxy-
4-propyl-phenol ; A b\ yohnthalate (RT = 11.030),

1,2-benzenedicarbo: (R A\ .axadecanoic acid (RT = 13.407).
These results indice \ \ ‘:' 2s in the liquid-phase pyrolysis

mechanism.

<

ﬂumwﬂmwmm
QWWﬁﬂﬂﬁmNWW’JVIEﬂﬂB
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Non-catalyst

. AU

RIANNTATARTINGIAY

Condition : temperature 35C, hydrogen pressure 10 bar, 10 %wt of catalyst/biomass, residence time 2 hours.

20

Figure 4.3 The GC-MS results of oil product from liquid-phase pyrolysis in the
presence of various catalysts.

Figure 4.3 showed GC-MS results of the oil products from liquid-phase
pyrolysis in the presence of NiMo/AD;, ZSM-5 and Pt/AIO;. NiMo/Al,O3 showed
less peaks of phenol and phenolic derivatives than ZSM-5 ang®4iith more
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straight chain products consisting of nonanal (RT = 6.542), tridecane (RT = 7.567),
decanal (RT = 7.608), and heneicosane (RT = 13.892). Comparing non-catalytic
process to catalytic process, GC-MS results indicated that liquid-phase pyrolysis
without catalysts exhibited less product distribution and more oxygenated compounds
than catalytic liquid-phase pyrolysis mainly consisting of diethyl phthalate (RT =
11.033), 1,2-benzenedicarboxylic acid (RT = 13.025) and 9-Octadecenoic acid (RT =
13.408) .

4.2 The effect of reaction temig 41 and oxygen content.

The influence of 1 I’ ﬁimpounds existing in liquid product
obtained from liquid- oly. eucaena wood was examined in
| Ssanosition of the oil products. The
experiment was perfor 4 2 as of 250, 300, 350 46dmQbe

70 ~
60
50

40 |

Yield (wt%)

30

20

10 - ‘a ol

"300 350 00 450

amaimmﬂm%maa

Condition : hydrogen pressure 10 bar, 10 %wt of NiMo@y, residence time 2 hours.

Figure 4.4 The bio-oil and char yields obtained from liquid-phase pyrolysis with

different reaction temperatures.

Influence of temperature in the yield is shown in the figure 4.4. The oil yield
increased from 2.10 wt% to 8.60 wt% when the temperature increased from 250 to
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400°C in the contrast, the char yield decreased from 56.40 wt% to 34.80 wt%. It could
be explained by the higher reaction temperature, the easier in decomposition of
biomass. When the temperature is larger than the activation energies for bond
breaking, the extensive depolymerization occured. This increases both concentration
of free radicals and probability of repolymerization of fragmented species. At low
reaction temperature, 2%D, depolymerization occured with very low rate so the
result showed high char yield, because biomass was not decomposed result in less oil

yield compared to higher reaction tegperature. The reaction temperature also effect to

gas yield, higher reaction tegs 2ased the gas yield which is consisted of
COy, CO and Ch This hicsss }gue to the secondary decomposition
from light oil to gaseol™ "s t".,at Ptive at high temperature which lead

Gas yield (wt%)

200 _ TV 400 450

i¥ |

Condition : hydrogeHressure 10 bar, 18‘%)\/\/t of NiMe@, residence time 2 hours.

core PR ELANIIINEINT e
RN INTHTIN N Y

The influence of temperature to oxygen content was shown in figure 4.6.
Oxygen content decreased from 21.24 wt% to 8.50 wt% as temperature increased
from 250 to 408C due to high temperature also facilitated the removal of oxygen by
both of deoxygenation and catalytic cracking reactions. These could be confirmed by
GC-MS results in figure 4.7. Reaction temperature of@%ind 308C showed less
products due to incomplete decomposition and the major products of 2-methoxy-4-(1-
propenyl)-phenol (RT = 9.858), 2,6-dimethoxy-4-(2-propenyl)-phenol (RT = 11.475),
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heneicosane (RT = 12.492), 5-tert-butyl-1,2,3-benzenetriol (RT = 10.492) and
1-(2,6-dihydroxy-4-methoxyphenyl)-1-butanone (RT = 12.350), which are
oxygenated compounds. All of these peaks that appeared at reaction temperature of
250°C and 308C almost completely disappeared at reaction temperature &€ 360
gaseous products and new compounds which were less oxygenated and complex
compounds such as nonanal (RT = 6.542), tridecane (RT = 7.567), decanal (RT =
7.608), and heneicosane (RT = 13.892). GC-MS result ofc48Bowed the major
peaks of long chain hydrocarbon sych as dodecane (RT = 7.558), tridecane (RT =
7.558), 2-methyl-5-propyl-nces #800), 3-methyl-undecane (RT = 7.858)
and heptadecane (RT =.¢ }s less phenol derivatives due to thermal
: nated compounds.

cracking to yield smalle’

N
o
!

Juny
[é)]
!

10 ~

Oxygen content (wt%)

200 X : | 400 450

Condition : hy :I gen presSts woul NiMg ” residence time 2 hours.

Figure4.ﬂrﬁg;?g %tﬂﬂ%ﬂrﬂﬂ]mreaction temperature.
PAATUAMINYAE
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250C

300C

350C

KLACIUE

sl

Retention time (min)

Condition : hydrogen pressure 10 bar, 10 %wt of NiMo@y, residence time 2 hours.

Figure4.7 The GC-MS results of oil product from liquid-phase pyrolysis in the
presence of various reaction temperatures.
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4.3 The effect of residencetime on theyield and oxygen content.

The influence of residence time on the compounds existing in liquid product
obtained from liquid-phase pyrolysis of Giant leucaena wood was examined. The
experiment was performed at residence time of 30 minutes, 1 hour, 2 hours and 4
hours in the presence of NiMo/&s; (10 wt%) as a catalyst, reaction temperature of
350°C and initial hydrogen pressure of 10 bar.

50 -
45 - T S
40 - !
35 -
30 -
25 -
20 -
15 -
10 -
5

Yield (wt%)

0+—F——,

4.5

Figure 4.8 The yield foffiaae - 2
T 7

olysis with different resident time.

The results shows

maximum point a.['
time. At the residens | - | ld was the lowest only 1.5 wt%

compared to the rebldence time of 1 hour whicfi reached the highest olil yield of
5.2 Wi% . ﬁ Wt% to 38.20 wt% when
increasing tm Mﬂmﬁﬁm Il , respectively, resulting from
the dego itio rﬁ figure 4.9, gas yield
(CO Wﬁ ﬁﬂﬁmﬁﬁiﬁﬁgjﬁ rﬂ time. The longer

residence time gave more chance for the secondary reaction that could convert heavy

gace time will increase oil yield to the

.‘:'J. oil yield with longer resident

intermediates to liquids, gases, or residues products.
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1.8
1.6
1.4 4
1.2 +

0.8
0.6
0.4 4
0.2 4 —

Gas yield (wt%)
[

R
]

=l Ne gl

15 2 25 3 35 4 4.5
Residence time (hour)

‘H4 —a—CO2

Condition : hydroges . . % NiMo@y, temperature 35C.

Figure4.9 The gasime - | o~ vith different residence time.

Figure 4.10 sk ' ! L s different residence time. Oxygen
content decreased wh ' 5e time to the minimum point of 2

hours and then s oxygen content. The oxygen
10.02 wt% and 10.07 wt% with

increasing in residenc, ¢l .M hours, respectively. It is clear that

content decreased f

liquid-phase pyrolysis w A A ropriate residence time to obtain low
oxygen content products.

18 -
16
14
12

o ﬂ“ﬂ? ,
ARIAINTUNNINYIA Y

o
I

Oxygen content (wt%)

0

0 3 3.5 4 4.5

Residence time (hour)

Condition : hydrogen pressure 10 bar, 10 %wt of NiMe@y, temperature 35C.

Figure 4.10 The oxygen content of bio-oil from different residence time.

The compositions of oil products with different resident times were analyzed
by GC-MS shown in figure 4.11. For GC-MS results of liquid-phase pyrolysis with
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different residence time showed some components with the same compositions
including ethyloleate (RT = 14.933), octadecanoic acid, methyl ester (RT = 14.675),
9-octadcanoic acid, methyl ester (RT = 14.558), hexadecanoic acid, ethyl ester (RT =
13.850), dibutyl phthalate (RT = 13.650), 1,2-benzenedicarboxylic acid,
bis(2-methylpropyl) ester (RT = 13.025), isopropyl myristate (RT = 12.725),
3,8-dimethylundecane (RT = 12.550), and diethyl phthalate (RT = 11.025). It was
obvious that GC-MS results of residence time at 30 minutes and 1 hour showed
popyl-phenol (RT = 9.142) and 4-ethyl-2-
2 disappeared by cracking reaction at

/ 2 time of 2 hours gave new compounds
é g P

v /.608) that were decomposed and

significantly peak of 2-methoxy-

methoxy-phenol (RT = 8.3k
residence time at 2 and
of tridecane (RT = 7.2
disappeared with the rg resulting in less product distribution

due to longer residenc 4# n s of gaseous products.

e
[}

AULINENINYINT
PAATUAMINYAE
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30 minutes

T

2 4 6 8 10 12 14 16 18 20

Retention time (min)

Condition : hydrogen pressure 10 bar, 10 %wt of NiMo@y, temperature 35C.

Figure 4.11 The GC-MS results of oil product from liquid-phase pyrolysis in the
presence of various residence times.
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4.4 The effect of initial pressure of hydrogen on theyield and oxygen content.

The influence of initial pressure of hydrogen on the compounds existing in
liquid product obtained from liquid-phase pyrolysis of Giant leucaena wood was
examined in relation to the yield, oxygen content and composition of the oil products
with four different initial pressures of 5, 10, 20 and 30 bar in the presence of
NiMo/Al ;O3 (10 wt%) as a catalyst, reaction temperature ofG%hd residence time
of 2 hours.

45 - — ' /
40 - - ' :

35 4 .
30 +
25 4
20 4
15 -
10 +

Yield (wt%)

25 30 35

Condition : residence -?: T f NiMojBk, temperature 35€C.

k

Figure4.12 The‘ |ifferent initial pressures of

J i
Figure 4.12 shp\ﬁgd that mcreage in initial pressure of hydrogen showed

insignificant ﬂ ‘”1%] ﬁ}%rﬂc‘ﬁﬁ Wﬁ"ﬁ ‘@essures of hydrogen of 5,

10, 20, 30 bafllgave 5.40 wt%, 4 30 wi%, 4. 40 wt% and 3. 90 wit% for oil yield and
43.60 jm respectlvely The oil
yield ﬂﬁﬂﬁmﬁmﬁl sS thariniti wess 5 bar although higher
initial pressure was applied which could be attributed to blocking of catalyst active
sites by increasing solvent density [13] and normally using hydrogen gas or other
reducing gases were to stabilize the free radicals to inhibit repolymerization. In this
case, high pressure of 30 bar inhibited the free radicals to form oil product by
stabilizing free radicals while it was not decomposed completely and it was still

complexes molecules that may cause more char yield. Figure 4.14 showed that initial

pressure at 5 bar had the highest gaseous products. The oxygen content also showed
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that the initial pressures of 5, 10, 20 and 30 bar exhibited 10.67 wt%, 10.02 wt%,
10.50 wt% and 10.85 wt% of oxygen, respectively.

18 -
16 -

[N
N
I

Oxygen content (wt%)
[
o

=
N
I

o N M OO
T R B

25 30 35

Condition : re= o ' . , temperature 35C.

Figure4.13 Th 7[5 NN "Wliifferent initial pressures.

1.5

Gas yield (wt%)

o
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|

ﬂﬂﬂ’mm‘}@%mﬂ‘i

00 —+—Cra _u—coz|
q mmnw HAINBANY:

Figure4.14 The gayyields of liquid-phase pyrolysis with different initial pressures of
hydrogen.
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Condition : residence time 2 hours, 10 %wt of NiMo/B%, temperature 35C.

Figure 4.15 The GC-MS results of oil product from liquid-phase pyrolysis in the
presence of various initial pressures of hydrogen.
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According to GC-MS analysis results in figure 4.15, the compounds which
obtained from different initial pressures almost had the same compositions. The major
compounds for all tests were 4-ethyl-2-methoxy-phenol (RT = 8.325), 2,6-dimethyl-
1,4-benzenediol (RT = 9.008), 2-methoxy-4-propyl-phenol (RT = 9.142), 2,3,5-
trimethyl-1,4-benzenediol (RT = 9.683), 2,5-dimethyl-1,4benzenedicarboxaldehyde
(RT =9.917), 2,3-dimethyl-1H-indole (RT = 10.200), 6-methyl-5-(1-methylethyl)-5-
hepten-3-yn-2-ol (RT = 10.350), 5-methoxy-2,3,4-trimethyl-phenol (RT = 10.408),
T = 10.492), diethyl phthalate (RT = 11.033),
3-methyl-4-propyl-2,4-hexads 44 (RT = 11.158), 2,5-dimethyl-3-
phenylfuran (RT = 11.7-W&GSS é .d methyl ester (RT = 13.408), 1,2-
benzenedicarboxylic a : oc | e<ﬁ 13.650), hexadecanoic acid, ethyl

1,2,3-trimethoxy-5-methyl-benzen

The influenc ', EXelE 3 \o \' ounds existing in liquid product

N . .
. "Micaena wood was examined in

relation to the yield, o fc i TGS S A, 1 ol sition of the oil products with four
different amount of catal gfs === = wt% with initial pressure of hydrogen

of 10 bar, reaction temperatl = ’J idence time of 2 hours.

..
A
50 - :

451 i :.H
40 |
35 4

o F’TUEJ’J'VIW]?WEﬂﬂ‘i

20

gmmnmumawmaﬂ

0

Yield (wt%)

*

m41>

10 15 20
Catalyst dosage (Wt%)

—e— Bio-0il —a— Char

Condition : residence time 2 hours, initial pressure 10 bar, temperatut€.350

Figure 4.16 The yields of liquid-phase pyrolysis with different amount of catalysts.
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Increasing the catalyst dosage resulted in a increment of oil yield from 2.80
wt% with NiMo/Al,O3 1 wt% to 4.90 wt% with NiMo/AlO3; 20 wt%. It was also
obsrved that increasing in catalyst dosage affected to decrease of char yield
especially at NiMo/AlO; 20 wt% char yield showed significant decreasing because
large amount of catalyst dosage caused more depolymerization reaction to decompose
complex molecules of biomass and form oily compounds. Figure 4.17 showed the gas
yield obtained from liquid-phase pyrolysis with different catalyst dosages indicating

that the increase in catalyst dosace,resulted in higher gas yield. According to the

information above, it can g that more catalyst dosage promoted

depolymerization process | ad gaseous products

0.8

0.6

Gas yield (Yowt)

0.4 4

021 +———" ﬁ( =

n HL—I

15 20

¥

Condition : reS|dence time 2 hours, |n|t|al pressure 10 bar, temperatu?€.350

F.guw?}u;t.za mmm BJ’Jmﬁmm
a HABIDIDLUAAI NG AN e 1002 v

with catalyst dosage 10 wt% and seem to be constant with more catalyst dosage. More
catalyst dosage could promote both of cracking and hydrodeoxygenation by
increasing gas yield of GOCO and water
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Figure 4.18 The==&x romdifferent catalyst dosages.

The compos! . w'yzed by GC-MS (figure 4.19)
indicating thatthe incre | \n effect on the composition of oil
product. There werc s " % Same composition in this case such
as 2-methoxy-4-pro#yl- ; A%08thyl phthalate (RT = 11.033),
hexadecanoic acid, : A L. 8), heneicosane (RT = 13.892),
9-octadecanoic acid, md y .2¥5) and ethyl 9-hexadecenoate (RT =
14.933). In the case of 1wk ,u owed more oxygenated compounds and

complex MOlecu oA £, Jicohol (RT = 9.825), 3-(3-
v 3 ‘ 2,3-dihydro-2-(4-hydroxy-3-
methoxyphenyl)-5-(& |ydroxy-1 propenyl)- /-methc -3 benzofuranmethanol (RT =
10.017), nyl)ethy@ldmino]methyl]-1,4-benzenediol (RT =
10.075), mﬁ ﬁ g ﬂ ﬁﬁﬂ = 10.400) and 1,2,3-
trlmethoxy-5- thyl-benzene (R} = 10. 483) hich dlsapp ed with more catalyst

o AR TP EU QA VR A omoa

methylphenyl)-2-p y
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1%wt

20%wt

- Auiinemdnstnall |

ammnmwmmwau

Condition : residence time 2 hours, initial pressure 10 bar, temperatut€.350

Figure 4.19 The GC-MS results of oil product from liquid-phase pyrolysis in the
presence of various catalyst dosages.
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4.6 The effect of reaction gas on theyield and oxygen content.

The influence of reaction gas (hydrogen and nitrogen) on the compounds
existing in liquid product obtained from liquid-phase pyrolysis of Giant leucaena
wood was examined in relation to the yield, oxygen content and composition of the
oil products with the condition of NiMo/AD3; 10 wt% and initial pressure of gas at
10 ba, reaction temperature of 3¥Dand residence time of 2 hours.

se pyrolysis with different reaction gases.

Table 4.4 The yields of liquid-nh

Nitrogen
Product
Bio-oil 8.00 +0.78
Char 41.60+1.12
Condition : residence t ##: ° _ s ‘e l=ratute 36D %wt of NiMo/ALO;.

According to tabueP r_ 2 vith i Rtrégen was 8 wt% which was higher
than that with hydrogen on @ ‘e role of reaction gases was generally to
stabilize the fragmentgg's £ "' mohase_ pyrolysis by inhibition the

condensation, cy§ ; ' 2e radicals to reduce the char
formation [13]. In =S Ve v effective for stabilizing the

fragmented producta'and the pyrolysis of biomass normally produced hydrogen via
water gas shj | ‘.j) f iiger inhibited the formation of
the oil produﬂﬁﬂ' tiﬂm ﬂlﬂﬁﬁtﬁfham nitrogen an inert gas
could not terminate the free radi€al resulting4high oil ieldComparing to literature

rewevﬂ f] Qﬂg]tﬁfmcu hff ﬁﬂﬁyﬂ corncob showed the

same result that corncob pyrolysis underalinosphere gave a yield of oil fraction

more than H atmosphere because more vapors were converted into non-condensable
gases especially GOn the case of Hatmosphere [25].
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Condition : residence time 2 hc , lar, temperatut€ 380 %wt of NiMo/ALOs.
Figure 4.20 The gasyi . . w5 with different reducing gases
In figure 4.24 product in gas yield for both

nitrogen and hydror sydrogen was produced in small
amount, 0.0012 wt%.

4.20 showed that usin

N0 nitrogen as reaction gas. Figure
nost had the same amount of gas

yield. The influence of-.e‘ ondiA

-
it was found that nltrog n %
AJ

/gen content was also investigated and
.00 wt% of oxygen content which was

slightly lower than hydr' o 0
The compL ‘;-‘ :d by GC-MS indicating that

"- pyrolysis with nitrogen had the

ygen content.

some compounds (sdU

same composition & hydrogen such as nonanalRT = 6.838)yl-2-methoxy-

phenol (RT 5 nﬂrﬁiﬁrﬁﬂﬁmﬂﬁmimz) diethyl phthalate (
11.033),tetra acid (RT =12.958), 1,2-
benzenedlcarbox ic acid % 43 Ogﬁ Hemadecanoic aclfand methyl ester (RT =

13 4089 AN1INEINE
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Hydrogen

Nitrogen

16 18 20

Condition : residence tir h ._-; P, " Wperatut€ 36D %wt of NiMo/ALOs.
b il \ \
Figure4.21 The GC- #< 2173 odty " liquid-phase pyrolysis in the

tion gases .
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CHAPTER YV
CONCLUSION AND RECOMMENDATION

5.1 Conclusion

The results have shown that there were insignificant differences on oil yields
with different types of catalysts and NiMoA&); usedas a catalyst showed the lowest
oxygen content and moderate cil pjeld which were 10.02 wt% and 4.30 %wt,

respectively. The major pz ffected on yield, oxygen content and
compositions of bio-oil s n / ure, residence time, catalyst dosage,

type of reaction gaseb‘ — v . nperature was the most influencing
parameter for quuiM ' sanversion. Increase in temperature
affected to increase . Wy rease in oxygen content because
increase in temperatur, erniations and high temperature also
facilitated removal # # \ xy®enation and catalyst cracking.
Reaction temperatur: ‘ | yield of 8.60 %wt, as well as
the lowest oxygen con: 'S analysis showed that all of peaks
that appeared at reac g _ >and 300C almost completely
disappeared at reaction tem _«5" ———===_ahich showed the major peaks of long
chain hydrocarbo/™ : ¢S5l to the oil yield and oxygen
content. Considel .;‘:fd ce time of 2 hour showed the
lowest oxygen contef } (LU-0ZS WETin cyfllyst dosage resulted in a increase
of oil yield from 2.80 O/gv\Lwnh NlMo/Ai(agjof 1 wt% to 4.90 wt% with NiMo/AlO;

of 20 wt%. ﬂa‘uﬂ:ﬁg %(ﬂtw @Wﬁlﬁﬂ@e and long residence time

promoted dep@lymerization process to y|eId more liquid product Increase in initial
press nd char yield. The
initial ﬁdmh:fﬁ iﬂmgmdjmmﬁﬂ ntent of 10.02 wt%.
The effect of reaction gases showed that nitrogen was a better reaction gas than
hydrogen because hydrogen is very effective in stabilizing the free radical and
fragmented products to inhibit the formation of the oil products In conclusion, the

optimum condition was reaction temperature of °@)010 wt% of NiMo/AbOs;,
residence time of 2 hours and reaction gas of nitrogen.
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5.2 Recommendation

The future research, study of the chemical structure, major organic
components formation, the effect of the amount of Ni, Mo an®Abn yield and
oxygen content and catalytic mechanism for producing low oxygen content with
higher oil yield are very important.

AULINENINYINT
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Appendix A

Calculation of CO,, CO, CH, yields from liquid phase pyrolysis of Giant
leucaena wood.
From PV = nRT

P = pressure (atm), V = volume (L), n =ol@ (mol), R = constant and

T =temperature (K)

Weight of biomass N 2049

hours

10 wt% Nih@/Al

v ' 10 bar

Final pressure after coc P "r 4 15.5 bar

e 5.5 bar

0.0820513 atm L /mol K
45 ml

Residence time
Catalyst
Initial pressure

The different pressure
R (constant)

Free volume of reactor fg

AL ANERI NN
ARFINTUIAINYTRY

Area of gaseous product

CHs CO COo

15675 14778 81426
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From PV = nRT
P = pressure (atm), V = volume (L), n = mole (mol), R = constant and
T = temperature (K)

n=PV/RT

Therefore,

Mole of CH, = [5.5 x (((15675 / 7693) x 45) / 100)] / [0.08206 x 298]
=5.06/24.45
=0.21 mmo|

Mole of CO, = [5.5 X« ﬁ/ 100)] / [0.08206 x 298]

Mole of CO e 77/ B 7%9)] /[0.08206 x 298]

Therefore, calculation ¢ \’\ * the weight of biomass 10 g and
Mwof CH, =16
Mwof CO, =44

Mw of CO =28

). -

v Y]

% yield of CH,
= 336 %

% yield of Cﬂ uﬂ?mgwgq 79
" SR N &Y
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Appendix B

Table B-1 Calculation of %yield from liquid phase pyrolysis with biomass 10 g and

decane ( solvent) =40 g

Weight Solid Liquid
(9) and products Decane Bio-oil Solid %yield | %vyield
liquid (bio-oil + (after (after product | of bio- | of char
Condition \mixture | decane) | evaporation) | evaporation) oil
Temperatur e 350°C, hydrogen pressure 4@, 10 wt% of catalyst/biomass, residence time 2
Non- 44.7 5.05 3.9 50.%5
catalyst
ZSM-5 43.6 4,75 4 47.5
NiMo/ 44.36 4.23 4.3 42.8
A|203
Pt/Al,O3 44.16 4.44 5.3 444
ZSM-5 + 46.29 4.52 4.5 45.p
NiM o/ '
A|203
ZSM-5 44.46 4.19 4.7 41.9
+ Pt/Al,03
NiMo/ 45.8 3.83 5 38.3
Al,O3
+ Pt/Al,O3
ZSM-5
+ 45.42 2184 f:?; 4.19 4.4 41.9
NiM o/ =
Al;O3 ' E} -:',: =*f-
n .
Pt/A|203 - -
y:.‘ ]
Vary temperatures (“C ! e 70 mNIM o/ Al,O3, residencetime 2
3 Hioul O, ¥
250°C = 25.930J] 021 | 564 21  56.4
300°C ﬁaﬂ E . 072D '§ 454 2.9 451
350°C . 2779 88 0.48 4.23 4.3 42.8
400°C 31.15 | 28 22 0.86 3 48 8.6 34.8
@Mﬂﬂ"ﬁﬂ 'mﬁm@% VR
05h 43.75 26.04 23.6 0.15 4.45 1.5 445
1lh 45.56 27.27 25.1 0.52 4.54 5.2 45.4
2h 44.36 27.79 25.8 0.43 4.23 4.3 42.8
4h 46.05 28.73 27.13 0.41 3.82 4.1 38.2
Vary initial pressures of hydrogen (bar), temperature 350°C, residence time 2 h, 10 wt% of
NiM o/ A|203.
5 bar 45.28 29.94 27.41 0.54 4.36 5.4 43.6
10 bar 44.36 27.79 25.8 0.43 4.23 4.3 42.3
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Weight Solid Liquid
(9) and products Decane Bio-oil Solid %yield | %vyield
liquid (bio-ail + (after (after product | of bio- | of char
Condition ~\mixture | decane) | evaporation) | evaporation) oil
20 bar 45.14 27.43 25.25 0.44 4.0 4.4 40
30 bar 45.82 26.97 25.08 0.39 4.65 3.9 46.5

Vary catalyst dosages (% wt), initial pressure of hydrogen 10 bar, temperature 350°C, residence

time2 h.
1 %wt 44.94 28.63 0.28 4.1 2.8 41
5 % wt 44,12 28.61 0.43 4.11 4.3 41.
10 % wt 44.36 27.79 0.43 4.23 4.3 42.
20 % wt 45.55 0.49 3.54 4.9 35.

Vary reaction gases (% Vi

Nitrogen

Hydrogen

it Ur e 350°C, residencetime2h,

4.16

41.6

4.23

4.3

42.

AULINENINYINT
IR TN ININY
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Table B-2 Major compounds in bio-oil using different catalysts.

Catalyst
Compound names Retention
time Non- ZSM-5 NiMo/ | Pt/ Al,O5
catalyst Al,O4
2-amino-1-phenyl-1-propano| 2.108 0.69
cyclobutanol 2.317 0.31
hydroxyurea 3.675 0.19
cyclobutanol
phenol 0.29 4.58
hydroxyurea =
2-methyl-phenol " 0.14
3-methyl-phencs 0.31
4-methyl-pheras iy 0.29 0.13
2-methoxy-phe; \ e 0.18
nonanal Y ~ 0.25 0.96
2-amino-N-ethylpro g% g
2-methylaminometh
0.39
2-methoxy-4-methy#pt \ ' 0.16
2-amino-N-ethylprope ‘ ol \ L
1,2-benzenedio =3 A 0.85
tridecane o 0.14 0.66
decanal e 2.08 0.38
2-ethoxy-4-methylp : 27
3-methyl-1,2-b = - 0.72
4-ethyl-2-methc .33 0.56 0.84
4-methyl-1,2-ben e i 1.07
2-ethoxy-prop®e 8.792 0.35
4-ethyl-1,3- benzentdﬁl 8.908 g 0.60
2,5-dimethylgd efady )é 0.85
5-meth
2 methoxy—4- 1.76
4- 24 1.84
4-et 1|Io 0.35
5-isoptiopyl-3,3- dlmethyl 2-
methylene-2,3-dihydrofuran 9.817 0.36
4-ethyl-2-methoxy-phenol 9.817 0.58
dimethylamine 9.958 0.12
4-propyl-1,3benzenediol 10.067 1.51
4-ethyl-1,2-dimethoxy-benzery  10.408 0.37
Undecanoic acid 10.767 0.77
2-cyano-acetamide 10.842 0.25
Diethyl phthalate 11.033 4.76 0.82 4.31 3.29
3-hydroxy-.alpha.- 11.150 0.19
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Catalyst

Compound names Retention
time Non-

catalyst

ZSM-5

NiM of
Al,O3

Pt/ Al.O3

[(methylamino)methyl]-
benzenemethanol

3,4-diethyl -2,4-hexadienedio
acid,dimethyl ester

0.17

0.68

1,4-bis(methoxymethyl)-
2,3,5,6-tetramethyl-benzeneg

0.47

15-methyl-hexadecanoic acid s
methyl ester - \

0.41

0.38

2-cyano-acetamida. s
2,5-dimethyl-3-phen s
Tetradecanoic 3
1,4-butanedic!
1,2-dimethyl-cyclop
hexadecar ##
2,5-dimethyl-3-hex-,
2,6,11-trimethyld ##c
Hexyl octyl ethe
2-hydroxy-benzoic
ethylhexyl ester
2-propenamide

0.28

0.25

0.21

0.48

0.43

0.16

0.28

0.37

0.30

- 0.26

9-octadecenamide

3.02

Methyl 3,6-anhydro-
glucopyranaside
Isopropyl mie:

2-amino-4 7

L A0)05

0.28

‘d

methylpropana 'I
Pentadecanoies AC|d 12.958

J) '0.11

0.45

(1-methylethyl)-cyclopepiane  12.992 ,

0.36

" bezmeibbsbisar T 1410 N

n%s

1 2_benzene arboxyllc ac (3 025 236

1.55

1.02

21

‘q_pentadecane "13.042

) o™ ﬂfﬂ ~

0.18

0.37

Hexadecanoic acid, methyl
ester

2.62

3.49

2.65

Oleic acid 13.492

0.39

3-methyl-heneicosane 13.525 0.25

1,2-benzenedicarboxylic acid
butyl octyl ester

3.12

6.43

3.55

decylamide 13.700

0.27

Hexanedioic acid, bis(2-
ethylhexyl)ester

2.63
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oxiranylmethyl ester

Catalyst
Compound names Retention
tlme Non- ZSM-5 NiMo/ | Pt/ A|203
catalyst Al,O;
1,3-dioxolane 13.758 0.26
Hexadecanoic acid, ethyl esty 13.850 1.87 1.66 1.43
heneicosane 13.892 0.42 1.47 0.24
1-bromo-8- 14.017 0.17
tetrahydropyranyloxyoctane
Octadecanoic acid, methyl
, 0.18
ester .
Heneicosyl-cyclopentanis 0.26
5-methyl-1-hepteng "™ 0.32
9-octadecanoic acid, 0.83 128 0.74
ester
7-octadecenoic acic 0.42
0.74
15-methyl-Hexadeq “u
methyl ester 4 0.29 0.44
Ethyl 2-aminoethard
1,54-dibromotetrapent: 1.34
Octadecanoic acid, z - 0.37
hydroxyethoxy)ethyl e -ﬁ?l e '
1-hydroxy-
cyclopropanecarboxyli
(2,6-di-t-bug4
methylpheny§ 7
Ethyl 9-hexadec .Ic 0.46 0.57 0.38
hexadecanar<fie 1.12
tetradecylamldh 15.000Q, , 0.25
N, N-dingestheyljupeiar™y ¢ : DM o) =
2-0x0-hexa . . 11l d 0.71
ester
¢ =
/ _ |
_ ngjlm&é d
2-gmino-1-propanol 15.95 0.28 | e
1,2-benzenedicarboxylic acid
mono(2-ethylhexyl) ester 15.992 3.86
9-octadecenamide 16.375 1.24 3.25
tetradecanamide 16.608 1.25
Glyoxylic acid 16.708 0.10
Hexanedioic acid, bis(2- | ;¢ 745 3321 | 143 | 039
ethylhexyl) ester
2-methyl-2-propenoic acid, 17.792 0.10
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Catalyst
Compound names Retention
tlme Non- ZSM-5 NiMo/ | Pt/ A|203
catalyst Al,O;
1,2-benzenedicaboxylic acid| 18.475 0.27 0.96
diisooctyl ester

Table B-3 Major compounds in bio-oil using different reaction temperature.

Compound name< ™

Temperature

2. 250°C | 300°C | 350°C | 400°C

4-methyl-pFg 0.13
0.96
0.39
0.66 | 0.21
2.08
0.23
3-methyluncCc & Fo 4 0.22
5-methyltetrad #fc # 1E1 0.33
4-methyldodeca A 0.67
2.4,6-trimethyl-ph o 0.10
4-ethyl-2-methoxy- phe" 0.36 | 0.56
tridecsjpe 0.41
5-butyliss= 0.37
3,5-dimethjd 0.25
2,6-dimethox{ipherics 0.30
5- methyltetrauecane ) 0.76
2-methoxy-4-prop§i4henol Q42 | 0.54 | 0.82
1,2- benz %ﬁq E' A a
et decane aJ 0.36

N e | 0.29
. a—H 0.64

2-metfloxy-4- (1 propenyl) phenol

propanone

2,5-dimethyltridecane 0.81
1,2-benzd¢ned|carboxyllc acid, 10.200 0.30
iethyl ester
nonadecane 10.275 0.67
heptadecane 10.333 0.41
5-tert-butyl-1,2,3-benzenetriol 10.492 1.45 | 0.62
8-hexylpentadecane 10.517 0.45
1-(4-hydroxy-3-methoxyphenyl)-2 10.525 0.16
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Temperature
Compound names Retention
time 250°C | 300°C | 350°C | 400°C
7-methylpentadecane 10.658 0.80
Undecanoic acid 10.767 0.77
Diethyl phthalate 11.033 143 | 431 | 0.76
heneicosane 11.100 0.73
3,4-diethyl -2,4-hexadienedioic
acid,dimethyl ester 11.150 0.78
8-heptyl-pentadecane. \ 0.48
hexadecane % ' 1.01
2,6-dimethoxy-4-(2-projpae e 1.85
Methyl tetradeCommmsss & === 0.44
heneicos: ' 0.47
-di 4-(2
2,6-dimethoxy-4-( 76
2-pheny|-4-h'y<jrr. 3 e
Tridecanoic acid 20N W W50
o\ 0.79
3-ethyl-5-(2-ethylbu#f)- 24 %\ ™ .68
y ab\\ 1.05
2,5-dimethy|-3-phen; 15¢ 0.25
Tetradecanoic afid HEaE-< -, 8™ | 0.68 0.48
1-(2,6-dihydroxy-4-methoxyn&= T 0.37
1-butagon
heneic = 7 ]
1-dod 0.13
1,2-dimethyl-cyihpes 0.16
hexadec#e 12.550 0.15 0.56
2,6,11-trimethyldgdacane 42558 0.37
He Jiethén 9N | N S2F% I"']ﬂia' 0.30
2-hydro e alidf 1-LJ i
ethylfexyl e 0.09
- C g ‘ u
asmoa JNEED N | .7%‘%% &!ﬂ 0.28 | 0.33
-methylnonadecane 12.842 0.39
1,2-benzenedicarboxylic acid,
bis(2-methylpropyl) ester 12.942 515
Pentadecanoic acid 12.958 0.45
(1-methylethyl)-cyclopentane 12.992 0.36
1,2-benzenedicarboxylic acid, bis(} 13.017 0.95 0.91
methylpropyl)ester
1,2-benzenedicarboxylic acid 13.025 1.55
12-methyl-Tetradecanoic acid 13.158 1.21
octacosane 13.192 2.37
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Temperature
Compound names Retention
time 250°C | 300°C | 350°C | 400°C
pentadecane 13.242 0.37
Methyl 11,14-octadecadiynoate 13.300 0.58
2,2,5,5-tetramethyl-4-(p-
fluorophenyl)-3-imidazoline-3-oxide 13.333 0.13
tetratricontane 13.367 0.28
Hexadecanoic acid, methyl este“ 819 | 1.81 | 349 | 161
2-butyl-1-octanol \ 0.90
1-methoxy-13-methyl- hm« SO . s 0.34
Dibutyl phthalais Ss&Es 8.69 | 2.62 2.44
1,2-benzenedicarboxy= sutys ‘
octyl estsm 6.43
Hexadecanoic aci 151 | 1.66 | 0.98
icosar, 1.47
tetrahydropyrany!s 0.17
Hexadecanoic aci
8-hexyl-8-pentyl'#£ _ ]
Heneicosyl-cyclo LA e ol 0.26
1- cyclohexyletna . V 0.11
Methyl trans-4- ( - 0.23
nonylcyclopentyl)butan )
5-methyl-1:hepig 0.32
9-octadecanoic 1.42 | 1.28 | 0.65
7-octadecenoic &4 _ 0.38 0.20
3,3-dimethyl-4-di Il hyics - 7 0.27
phenyl-2-b=fanol
Octadecanoic acid, ghgthyl ester]  $4.675 0.84 | 0.37 0.20
~
- met“ﬁfmm ‘WH NTWENNTD | 0w
olc¥d Idehyde 14.733 0
ig=aci Q3 -
hyyNo-Hel ch L4 & . ’V 3 || 0.57 | 0.31
9 Ethyl oleate 14.975 0.38
1,7-dimethyl-1,7-octanediol 14.992 0.21
hexadecanamide 15.000 1.12
Octadecanoic acid, ethyl ester 15.100 0.20
squalene 15.275 3.88
1,2-benzenedicarboxylic acid,
mono(2-ethylhexyl)ester 15.308 1.57
3-(4-me_thoxyphenyl)-z-propen0|c 16.033 034 | 0.93
acid, 2-ethylhexyl ester
3,5,24-trimethyltetracontane 16.092 0.32
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Temperature
Compound names Retention
time 250°C | 300°C | 350°C | 400°C
9-octadecenamide 16.375 0.18 | 3.25
tetradecanamide 16.608 1.25
Hexanedioic acid, bis(2-ethylhexyl 16.742 143
ester
6-[7-nitrobenzofurazan-4-yljamino
Morphinan-4,5-epoxy-3,6-di-ol .18'467 0.71
1,2-benzenedicaboxylic ag
diisooctyl ester ' 0.551 0.96

Table B-4 Maig ifferent residence time.

Residencetime

Compound na,
lhr 2hr 4 hr
2,4-dimethyl#0 0.23
4-methylocta 0.10
4-methyl-phefic 0.13
nonanal | 0.96
hexanal 0.39
2-methoxy-4-methyl.gt 0.23
3,4-dimethyl-2is4 0.16
carboxal "
tridecair = 0.66
decan AI .0 2.08 | 0.18
1,5,5-trimethyl-6- nye‘m/lene- 0.40
,.53-.- & an o1 P
2 DI6R @ 0.92 | 0.56 | 0.60
2- methox .
y Ipha -2- propenyl‘ . y 0.37
' W
i | EJ a_Eu 0.11

q hexanedlone

2,6-dimethoxy-phenol 8.975 0.10
3-(2,4-dihydroxybenzoylhydrazono 8.983 0.10
N-mesitylbutyramide
2-methoxy-4-propyl-phenol 9.142 0.57 | 1.20 | 0.82 | 0.32
2,4,6-trimethyl-1,3- 9.708 0.49
benzenedimethanol
1,2,3-trimethoxybenzene 9.825 0.26
Hexyl 4-hydroxy-3- 9.825 0.17
methoxybenzoate

Benzeneacetic acid, 3-tetradecyles 9.858 0.58
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Residencetime

Compound names Retention
time 30 lhr 2hr 4 hr
min
2,3,4,5-tetramethylbenzaldehyde 9.908 0.23
2,3-dimethyl-1H-indole 10.200 0.10
1-bromo-dodecane 10.033 0.34
2-isopropylphenyl-thiourea 10.150 0.19
2,3-dimethyl-1H-indole 10.200 0.27
Pentamethylbenzoic acid 10.242 0.63
2,3,4,4a,5,6,7,8-octahydro 2. 0.29
hydroxy-[.alpha./.beta.]- 20N}/
é 0.37 | 0.31
1- (4 hydroxy-3 methr - »0.10
5-methoxy-6,7-dime 0.59
0.17
0.12
0.29
0.10 0.77
1,2-dimethyl-4-meth 0.32
1.61 | 1.31 | 431 | 2.26
4-(4-methoxyphenyl)-3-I, - 0.45
3,4-diethyl -2,4-hexadienees 0.46 | 0.39
acid dlmethyl estepdz At
5,8-dimethyl-1,2(. 0.28
naph
1-(decyIOXy = - O 0.22
2-ethyl-2-propyl-H4! anoic acid, 0.51
methyl este
A/} i . ] 0.0 g
T Il i) 1B 40.13 0.32
1-(decyloxyl)decane ¢ | 12.15€w o/ 0.40
2% h | 1 'T{E[] 0.25
th decaho id? YR N D =70 [' =7 0.48
- Octyl formate 12.500 0.13
1,2-dimethyl-cyclopentane 12.508 0.16
3,8-dimethylundecane 12.550 0.17 | 0.14 0.29
2,6,11-trimethyldodecane 12.558 0.37
Hexyl octyl ether 12.592 0.30
Isopropyl myristate 12.733 0.14 | 0.16 | 0.28 | 0.37
n-decanoic acid 12.950 0.10
Pentadecanoic acid 12.958 0.45
(1-methylethyl)-cyclopentane 12.992 0.36
1,2-benzenedicarboxylic acid, bis({  13.017 0.73 | 1.25
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Residence time
Compound names Retention
time 30 lhr 2hr 4 hr
min
methylpropyl)ester
1,2-benzenedicarboxylic acid, bis({  13.025 155 | 0.99
methylpropyl) ester
12-methyl-Tetradecanoic acid 13.158 1.21
2,6,10-trimethyl-dodecane 13.233 0.16
pentadecane 13.242 0.37
Hexadecanoic acid, methyl og. 1.77 | 225 | 3.49 | 255
2,7-dimethyl-1-octanas s 0.15
Dibutyl phthalatewss 1.72
1,2-benzenedicarbox: 6.43 | 2.56
Tetrahydro-2,2 dlmp*‘
Hexadecanoic ac 1.04 | 1.66 | 1.58
1.47
0.17
tetrahydropyran\
0.26
0.32
9-octadecenoic acid, methy 099 | 1.28 | 1.24
7-octadecenoic aC|d atl e’-,-"f’-?f_ 0.39 0.49
Octadecanoic g 0.20 0.36
15-methyl-Hex V‘ 0.44
methyl €= -
(82)-14-methyl-8-1L Kadecer e : 1]
Ethyl oleat 4,933 0.40 | 0.48 | 0.57 | 2.15
he i | X 2T 1.12
2,3,5,8- ldgc _ : D1
9-hexadecendi} acid, octadecyl es) ~ 15.142 3.94
sy
q . - ’ 3.25
~ tetradecanamide 16.608 1.25
Hexanedioic acid, bis(2-ethylhexyl 16.742 1.43
ester
squalene 17.750 0.52
1,2-benzenedicarboxylic acid, 18.467 0.29
diisooctyl ester
1,2-benzenedicaboxylic acid, 18.475 0.96
diisooctyl ester
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Table B-5 Major compounds in bio-oil using different pressure of hydrogen gas.

Hydrogen pressure

Compound names Retention
time S5bar | 10bar | 20bar | 30 bar
4-methyl-phenol 6.242 0.13
nonanal 6.542 0.96
hexanal 7.267 0.39
2-methoxy-4-methyl-phenol 7.467 0.47 0.37
tridecane \ 0.66
decanal : 2.08
3-methyl-4-(2,6,6-trim e 0.21
cyclohexen-1-yl)-2-F
2-ethoxybenzenem~ 0{24
Trimethyl(2-metn: 0.60
propenylidene)-«
4-ethyl-2-methc % w164 056 182 091
2,3a-dimethylhexaliiydr u.b2
4-methoxybenzyl(5- U.46
2-methoxy-.alpha.-2 0.93
4-ethyl-1,2-dimethoxy gnz==-—~ 0.55
2,3-dihydro-1H-inden-5%%— — 0.44 0.29
4-hydroxy-4-phenylcyclohsc s/ = 00 0.43
2,5-dimethy(- . 40
2-methoxybe .83 0.55 0.b8
2-methoxy-4-preyy ™ P 168 082 139 105
4-(3-hydroxy-1-114 penyl)-2= CouUd 1.03| 1.15
methoxy-phepol i
1-(2-methylplenyl) B0 Gl o 49
2,3,5-trim I e . 0.p3
3-ethyl-1,2,4 §itetramethylbenzen 9.708 ) 0lo6 091
4-ethyl-2-methoxy-phenol € |  9.8€8 o/ 0.73
m@; i Y S ERR &) 1
q2.5-dimethylF1,4- ¥ ¥F ¥ d.017 71" ¥ ™S 032 049
benzenedicarboxaldehyde
5-hydroxy-3-methyl-1-indanone 9.958 0.51
2-tert-butyl-4-methoxyphenol 10.017 049 0.75
2-methoxy-4-propyl-phenol 10.025 0.89
4-propyl-1,3-benzenediol 10.075 0.83 0.39
2,3-dimethyl-1H-indole 10.150 0.58 0.88
2,3-dimethyl-1H-indole 10.200 0.72 0.40 0.57
2-amino-1-(3- 10.250 0.50| 0.99
methoxyphenyl)ethanol
5-hydroxy-8,8-dimethyl- 10.250 1.67
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Hydrogen pressure

Compound names Retention
time S5bar | 10bar | 20bar | 30 bar
3,3a,4,5,6,7,8,8b-
octahydroindeno[1,2-b]furan-2-one
6,7-dimethoxy-1-styryl-1,2,3,4- 10.350 0.83 1.38
tetrahydro-isoquinoline
2,6,6-trimethyl-1-cyclohexene-1- 10.358 0.81
acetaldehyde ‘
4-ethyl-1,2-dimethoxybenzeny 1.20 1,08
2,4,6-trimethyl-1,3- 0.67
benzenedimethams.
5-tert-butyl-1,2,3-ber™ 1.13 0.60 0/85
3-hydroxycarbe? 0.34
2-methoxy-4-propv!-2 1.31 0.62
3 0.62
0.19
(4-tert-butylphenyijar 0.23
-2- .69 0.91
0.77
1,2-dimethyl-4-meth: ##
cyclopenten
Diethyl phtha 093] 431 159 1.1y
1-(4-methylphenyl)-1,3-I, . 141 0/80
3,4-diethyl -2,4- hexadlene - o) 0.84 0.66, 0.87
acid dlmethyl estesdebe
5,8-dimethyl-1,2;.
naph ‘-’—’“‘
2-(2-methoxy-1-1i2 0.71
trimethylbe | ene :
5,8-dimethyl-1,2,3,4- t‘etrahydro -1 0.76
napht o! o~
getlyl-4, .12 0.50
tnmethy@heny ethanol
2,4-dimethyl-1-heptanol € 11.467 o/ 052 132
- A 1)42 095 A)
2,5:dimethYI¥B pehylfftan™ ¥ 1175 =0.84 051 0.82
2,6-dimethoxy-4-(2-propenyl)- 11.842 0.98 0.35
phenol
15-methyl-hexadecanoic acid, 12.008 0.54, 1.70
methyl ester
8-methyl-8-heptadecanol 12.150 0.98 1.78
2,5-dimethyl-3-phenylfuran 12.158 0.25
Tetradecanoic acid 12.258 0.48 0.49
1-(4-hydroxy-3-methoxyphenyl)- 12.383 1.10
cyclopentane-1-carbonitrile
1,2-dimethyl-cyclopentane 12.508 0.16
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Hydrogen pressure

Compound names Retention
time S5bar | 10bar | 20bar | 30 bar
hexadecane 12.550 1.39
2,6,11-trimethyldodecane 12.558 0.37
Hexyl octyl ether 12.592 0.30
2-hydroxy-benzoic acid, 2- 12.617 1.07
ethylhexyl ester
Isopropyl myristate 12.725 0.28| 0.24/ 1.34
Pentadecanoic acid 0.45
(1-methylethyl)-cyclopess 0.36
1,2-benzenedicarboxylic S 1.59
1,2 benzenedicarbox“ 1.55| 0.65
12-methyl-Tetra= 1.p1
0.37
Hexadecanoic aci 200 349 193 4.13
1,2-benzenedicarbc £.06/ 643 1.81 3.3Y
Hexadecanoic aci# 0/67 166 0.75 [1.72
heneicosan 1.47 0.72
1-bromo-8 0.17
tetrahydropyranylox #Ctg===
Methyl heptacosanoat ‘% 0.56
Heneicosyl-cyclopentdz-4 0.26
5- methyl-¢ A\ £ 0.32
9-octadecenoic [+% iy 052 128 0.86 .46
7-octadecenoic ac— g = 0,58 Q.70 1.28
Octadecanoic acitdmethyl esier] 14.675| 4 1]05
15-methyl- Hexadec‘;\nmc acid, %683 0.43| 0.44 0.33
Qrﬁ Q/ e
I P33 4 0.57| 0.29] 0.8¢9
hexaflecanamide -~ 15.000 1.12
eneicosane_ 5. _ v 0.37
SI%}M ijle . AN ‘
q tettadeCdnamide ~ 16. -
Hexanedioic acid, bis(2-ethylhexyl 16.742 1.43
ester
1,2-benzenedicaboxylic acid, 18.475 0.96

diisooctyl ester
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Table B-6 Major compounds in bio-oil using different catalyst dosages.

Catalyst dosage
Compound names Retention
time 1%wt | 5%wt | 10%wt | 20%wt
4-methyl-phenol 6.242 0.13
nonanal 6.542 0.96
hexanal 7.267 0.39
tridecane 7.567 0.66
decanal o) 'y 2.08
4-ethyl-2-methoxy-phes 0.55 0.56
2-methoxy-4-propyl-Cwss 095 | 055 | 0.82 0.34
' 0.44
2,3,4,5-tetramethyl-h= 0.68
0.31
3-(3-methylphenyl)-~
methoxyphenyl)-5
0.21
4-propyl-1,3-ben: 0.28

2124 fF sgzes
hydroxyphenyl)ethyllamino]nits—
1,4-benzenediol F=b2/s

i

3-ethyl-1,2,4,5-te[ 1"y5 0.35
5-methoxy-2,3,41+% 0.25
6-hydroxy-4,4,5,6°5"

chroman ;I e

1,4dimethoxy-2,3-dimethylbenzen 0.40

1,2,3-trimethg, -Renzer
3-methyl- %@ k. ofhif 0.40
cyclohexengl)-2-pentenoic acid

2-(2-penten-4-yl)-4-methyl-pherfol  10.700&% (YR 0.18

RS 5 4R EN
g UrideCanbictati - 1076 b V077
1,2,3,4-tetrahydro-5-nitro- 10.867 0.43
naphthalene
Diethyl phthalate 11.033 | 244 | 1.06 | 4.31 1.49
4-(4-methoxyphenyl)-3-buten-2-on| 11.100 0.56
3,4-diethyl -2,4-hexadienedioic 11.150 | 1.02 | 0.34
acid,dimethyl ester
6-methoxy-1-methyl-8-nitro-1,2- | 11.208 | 0.39 0.38
dihydroquinoline
3,4-dichloro-.alpha.-methyl- 11.308 | 0.18
benzenemethanol
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1,4,7,10,13,16,19,22%—
octaoxacyclotetracosa-2 282/t 24

Catalyst dosage
Compound names Retention
time 1%wt | 5%wt | 10%wt | 20%wt
5,8-dimethyl-1,2,3,4-tetrahydro-1{ 11.383 0.28 0.33
naphthol
1-tert-butyl-3-(3-methoxyphenyl)-| 11.525 0.24
bicyclopentan
1-cyclopropyl-1-dodecanone 11.725 | 0.43
2,5-dimethyl-3-phenylfuran '11.733 0.46
10-methyl-Heptadecanoic asidg 81} 1.08 0.40
methyl ester A\
5-nitrothiophene-2-carbOws 0.53
n-tetradecany| <™=
= 0.25 0.58
0.28 | 0.48
1.05 | 0.16
2,6,11-trimethyid 0.37
Hexyl octyl 0.30
3,5,24-trimethyltetr g 0.43
Isopropyl myri#a 1.76 | 0.28
26-t-butyl-2,3,14,15-( ¥ 0.95

Pentadeq+ 0.45
(1-methylethyl j,;'-_ 0.36
1,2-benzenedicariT 0.72
methylprop: ;| ster
1,2-benzenedicarbgxylic acid 1.55 0.72
12-methy Galig AC ~ 3| 1.21
pdfitabidcade 4 V1) ¥ 11342 ﬂ]%:;g 0.37
Hexadecangit acid, methyl ester] 13.408 | 447 | 2.78 | 3.49 | 2.34
1-methoxy-13-methyl-hexadecdh¢ 13.508&h 0.5RS
tyl | 4 . 4
1,2-bergzéneditarboXylic' alid? Buty ¥ 13'65 ' 3R ™6.43 | 280
octyl ester
Hexadecanoic acid, ethyl ester | 13.850 | 2.37 | 1.53 | 1.66
heneicosane 13.892 | 051 | 0.78 | 1.47 0.64
1-bromo-8- 14.017 0.17 0.52
tetrahydropyranyloxyoctane
Octadecanoic acid, methyl ester] 14.050 | 0.29 | 0.32 0.39
Heneicosyl-cyclopentane 14.325 0.26 0.60
5-methyl-1-heptene 14.442 0.32
1,4-eicosadiene 14.483 0.58
9-octadecanoic acid, methyl este| 14.525 | 1.97 | 1.55 | 1.28 1.31
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Catalyst dosage
Compound names Retention
time 1%wt | 5%wt | 10%wt | 20%wt
Octadecanoic acid, methyl ester| 14.675 | 0.92
15-methyl-Hexadecanoic acid, 14.683 0.44
methyl ester
Octadecanoic acid, methyl ester| 14.675 | 0.69
Oxacyclohexadecan-2-one 14.733 0.45
Octadecanoic acid 14.892 0.94
Ethyl 9-hexadecenoate .. 1.04 | 0.65 | 0.57 1.07
hexadecanamide S8 0.63 | 112
~ 0.27
Hexadecanoic acid 0.36 0.80
2,6,10,14-tetramethv: 2
0.56
Tetracosanoic ac*% 0.44
4,8-dimethyl-3,7-nc d 0.67
: |
1,2-benzenedice , 5. \ 1.67
mono(2-ethyliiex LY
i 8
3-(4-methoxyphenyl)- %" 21
acid, 2-ethylhex#'¢ flor #7477 B
9-octadecenam £ 75 3.25
tetratriacontane = 1.13
tetradecanamidesd s+ % 1.25
Hexanedioic acic ¥ 1.43
est
1,2-benzenedica 4
mono(2-ethylhti yl)ester |
1,2-benzenedicaboxylic acid, 18.475 0.96 0.39
FHEINENINGINT
o/

RIAIATUNMINE
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Table B-7 Major compounds in bio-oil using different reducing gases.

Reducing gases
Compound names Retention
time
Nitrogen gas Hydrogen gas
4-methyl-phenol 6.242 0.13
nonanal 6.542 0.12 0.96
hexanal 7.267 0.39
4-methyloctanoic acid 7.267 0.10
tridecane 0.66
decanal : 2.08
2,3-dimethoxytolucms 0.04
Trimethyl(2-meth = 0.12
propenylidene)-cyc!: B
Nonanoic ac'2 I 0.14
4-ethyl-2-meth = . N 0.32 0.56
Decanoic acid, " 4 \ 0.80
2,4-dimethoxyph; 0.19
phenylprop:
2-methoxy-4-prop: AN\ 0.53 0.82
1,2,3,4-tetrahydroy 3% | 0.14
475 0.23
dimethylaminobenzylide,
hydroxybenzenamid
3-ethyl-1,2,4,5-tetrameth\Aze a8/ 208 0.11
3-hydroxy-4-met]: 1 0.29
2,4,6-trim¢ 0.19
benzenedit= "
4-(4-methoxyphenytii3-buteri=2"Cne 1U.558 0.53
(4-tert-butylphenyl)acetaldehyde 10.700 0.18
Dodegangi ﬁa 0 9
Und@tapdi¢dci) 'V Wi i I 5 0.77
Diethgy phthalate ~11.033 057 4.31
3,4-diethyl -2,4 hexadlened|0|€ 11.158 0.278/
0'18" &~
2(3H) one
2-ethyl-2-propyl-hexanoic acid, 11.417 0.22
methyl ester
2,5-dimethyl-3-phenylfuran 12.158 0.25
Tetradecanoic acid 12.258 0.66 0.48
1,2-dimethyl-cyclopentane 12.508 0.16
2,6,11-trimethyldodecane 12.558 0.37
Hexyl octyl ether 12.592 0.30
Isopropyl myristate 12.725 0.53 0.28
Pentadecanoic acid 12.958 0.45 0.45
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Reducing gases
Compound names Retention
time
Nitrogen gas Hydrogen gas
1-methylethyl)-cyclopentane 12.992 0.36
( ylethyl)-cyclop
1,2-benzenedicarboxylic acid, bis(2- 13.025 0.49 1.55
methylpropyl) ester
12-methyl-Tetradecanoic acid 13.158 1.21
pentadecane 13.242 0.82 0.37
Hexadecanoic acid, methyl ester 13.408 1.64 3.49
0.80
3.63
1,2-benzenedicarboxylic 6.43
Hexadecanoic acid 0.89 1.66
1.47
1-bromc=* 0.17
tetrahydropyran:
Methyl 7-methylticxz 1.01
Hexacosanoic aci 4 6.01
Heneicosyl-cyclo: 0.26
, 0.32
9-octadecenoic acid, 0.78 1.28
7-octadecenoic acid # 0.89
15-methyl-Hexadecal fficgazai - 2 0.44
methyl ester '_i
Octadecanoic acigdz 42/ 4 1.11
Ethyl {10 0.75 0.57
hexadecf % 1.12
Hexacosanoic aci= 1" 5.10
9-octadecedmide 0.3/5 3.25
tetradecanarmide 6,608 1.25
S N3
1,2-benzefgdicaboxylic acid, | 18.475 - 0.36 0.96
diisgoctyl ester €l oD
k [ LI i L 1
Qqﬁ | I_éﬁf AR TINNETAE
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Table B-8 Major compounds in fragmentation of decane in presence of
different catalysts.

Catalyst
Compound names Retention
time ZSM-5 NiMo/ | Pt/ Al,Os
Al,O,
1-methyl-2-methylene- 2.308 1.60
cyclopentane
2-methyl-heptane _ 3.87
3-methylheptaneg i)
1-ethyl-2-methyl-cy! WS
0.15
0.38
0.19
_ 0.76
1-ethyl-3-methy~0 JFzensa= <5 )
decane (Yabdias < 2 . 1.48
6-ethyl-2-methyl-decas— 0.16
P et nonae 2 1.07
3-metliz2 3.54 2.46
1,2-dimeth§ 28 3.52
5-methyl-4- 1 ac
1,2,3-trimetk="benzene
5-deceng o, 5.898 0.13
"R FINRING | 0
I
ébdecane 5.342 ; 70.35
ynathpd-c 0 M s b 0.16
yl ; ngl . 0 e ] 0.15
4 pentyl-cyclopentane 5.758 ’ 0.96
1-methyl-3-propyl-benzene 5.925 0.80
1-methyl-4-propyl-benzene 5.967 1.57
butyl-benzene 5.983 0.14
5-methyl-decane 6.033 0.45
1,2-diethyl-benzene 6.042 0.24
1-methyl-2-propyl-benzene 6.100 0.55
2-methyl-decane 6.108 0.57
3-methyl-decane 6.175 0.45
undecane 6.508 0.85
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Catalyst
Compound names Retention
A|203
2-phenyl-3-propyl-hexane 7.108 0.60
1-methyl-4-(1-methylpropyl)- 6.992 0.43
benzene
Diethyl phthalate 11.033 1.46 1.06 1.07
1,2-benzenedicarboxylic acid 0.53 0.44 0.53
bis(2-methylpropyl)este
Hexadecanoic acid. I 0.86 0.83 0.98

ester

Dibutyl phat's 0.93 1.15
Hexadecanoic ag 0.43 0.68
9-octadecanoic 2 0.31 0.46
E-11-hexadece o L4 - 0.18 0.33
Table B-9 The water \ VL \ ¥ \e after evaporation with different
Temperature £5p°C 400°C
Y
Bio-ail - =,.0424 0.0532
Decane : 3215 U.£000 4).6084 0.6729
Tables- ﬂM&L’J RHNIHYNRT st vsrorsionsin
diffegent residencg time. o

Residence 30 min 1 hour 2 hours 4 hours
time
Bio-oil 0.0354 0.0352 0.0424 0.0372

Decane 0.5341 0.4512 0.6084 0.5618
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Table B-11 The water content in the bio-oil and decane after evaporation with

different hydrogen pressure.

Water content (wt%)

Hydrogen 5 bar 10 bar 20 bar 30 bar
pressure
Bio-oil 0.0351 0.0424 0.0483 0.0731
Decane 0.0914 0.6084 0.6060 0.4286

Table B-12 The water ¢ nd decane after evaporation with

Catalyst AN N 0 v 20 wi%
dosage

Bio-ail . o - L0, T.0424 0.0392
Decane / '\ 0.6084 0.4981
TableB-13 The wau AN nu decane after evaporation with

g gases.
Reducing gas s - Nitrogen gas
Bio-ail 0. 0424 0.0261

&ﬂumsamma BNy

qmmﬂimum’mma" ¢
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