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ABSTRACT

Currently, a great deal of interest is focused on renewable energy
worldwide, due to continuous diminution in the availability of conventional fossil
based resources coupled with increasing cost of extraction from these sources and
ever increasing pollution due to utilization of fossil resources. For these reasons,
search for a new and sustainable alternative renewable source of energy has been
geared up and one of the aspects with enormous potential for gratifying mankind’s
energy need is biomass sources due to its easy availability, easy process ability
and environment friendly nature. Again biomass is the fourth largest energy source
in the world and due to their high reactivity and volatility; they can be easily
processed to produce fuels and value added chemicals. Moreover, biomass has
been serving human civilization from antiquity as a primary source of energy
either in the form of wood and dung for cooking and heating, charcoal for
metallurgy, and animal feeds for food and transportation. As a result, biomass is
considered to be one of the most attractive and promising renewable energy

resource.

As of now, the existent available bio-energy feedstock cannot suffice for
the petro-crude reservoirs; consequently new feedstock for the same will serve as a
cumulative step for addressing the long documented problem of energy production
and supply. For an agriculture based economy like India, the vista of utilization of
feedstocks like agricultural residues to various forms of fuel as a supplement for
conventional fossil based fuel is attractive, as it has numerous advantages suitable
for achieving energy and benefiting in environmental, agricultural and trade
policies. This is also important as these resources are otherwise low-value
perishable products. It is indeed with this purpose that two bioenergy byproducts
i.e. deoiled cakes of Mesua ferrea (MFDC) and Pongamia glabra (PGDC) are
selected for present investigation via pyrolysis conversion technique. Mesua ferrea
and Pongamia glabra are two oil bearing forest tree species having been

extensively researched for their utilization for biodiesel production. Deoiled seed
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cakes of these two species are biomass resources with little or no reported use so
far. Again, successful utilization of any biofuel mission fundamentally depends on
the availability of feedstock. The greatest share of production costs of biofuel is
linked with the feedstock. Consequently, availability of low-cost and good quality
non-edible feedstock is critical to large-scale commercial use of biofuel. In this
regard, feasibility of conversion of deoiled seed cakes to liquid fuel as well as
value added chemicals and other biomaterials is being tried as one of the route of

value addition of these otherwise waste bio-resources.

Various experimental and characterization techniques were adopted for the
feedstocks under investigation and the pyrolysis products i.e. bio-oil and biochar
generated. The biomass feedstock used in this investigation was characterized and
its thermal decomposition behavior together with pyrolytic conversion through
catalytic and non-catalytic routes was studied. Characterization of the solid and
liquid products obtained via pyrolysis of MFDC and PGDC was also carried out. It
was found that low moisture, ash content and high volatile matter as compared td
some other feedstock suggest MFDC and PGDC as a potential candidate for
pyrolysis for production of liquid hydrocarbons. The gross calorific value of
MFDC and PGDC (18.7 & 16.9 MJ/kg respectively) and proximate analysis
confirms the suitability of the feedstock for exploitation of biocrudes/biochemicals
production. To calculate the activation energy the entire thermogravimetric curve
for both the feedstock was divided into four regions viz. Si, Su, S and Siv since
every single slope change on a TG curve indicates the beginning of a new stage.
The average activation energy for MFDC calculated from Arrhenius, Coats-
Redfern, FWO and Global independent reactions model are found to be 54.1, 64.1,
94.0 and 43.8 kJ/mol for Si and 169.6, 252.6, 146.9 and 256.8 kJ/mol for Sm,
respectively. The average activation energy for PGDC of stage Sy was calculated
as 91.7, 130.8, 127.7 and 76.1 kJ/mol and 96.6, 193.2, 128.7 and 256.8 kJ/mol for
S by Arrhenius, FWO, Coats—Redfern methods and Global independent reactions
model respectively. Both the feedstock under investigation showed almost similar
pyrolytic behavior which is evident from the pyrolysis experiments. The maximum

liquid yield of 32 and 30% was observed for MFDC and PGDC respectively at
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500°C with a heating rate of 40°C/min. However application of catalyst decreased
the liquid product yield while char yield increased for both the feedstocks. Bio-oil
obtained from MFDC and PGDC via catalytic pyrolysis have higher carbon,
hydrogen and lower oxygen content as compared to bio-oil obtained via non-
catalytic pyrolysis. Furthermore, catalytic pyrolysis derived bio-oil contained
higher aromatic content than non-catalytic pyrolysis derived bio-oil. HZSM-5
catalyst showed a higher selectivity towards aromaticity than Mordenite and Y-
zeolite. Pyrolysis of mixed feedstock showed good result with a yield of 30.4% at
500°C. The bio-oil from the mixed feedstock showed similar properties with
individual bio-oil. However, as expected differences in composition to that of
PGDC and MFDC bio-oil are found through NMR and GC-MS.

The generated liquid product i.e. bio-oil was studied for its applicability as
a chemical feedstock and screened for its antimicrobial activity against four
microorganisms namely Escherichia coli, Saccharomyces cerevisae, Candida
albicans and Staphylococcus aureus. Bio-oil from MFDC and PGDC recorded the
most effective Zone of Inhibition against Staphylococcus aureus viz., 28 and 29
mm, respectively. Both the bio-oils were more effective in terms of antimicrobial
efficacy. The results of this study showed the presence of bio-active agents in bio-

oil which may lead to development of new pharmaceuticals.

The MFDC biochar which was produced as a byproduct in the pyrolysis
process was applied as a support material for catalyst. The biochars of MFDC and
PGDC obtained at optimum condition have a porous structure, and the surface area
of MFDC and PGDC biochars were 7.5 and 7.2 m%/g, respectively. The pore
volumes of MFDC and PGDC biochars were 0.051 and 0.046 cm?/g, respectively.
The biochars from both feedstocks showed a higher pH (~11) value at higher
pyrolysis temperature which led the biochar to be used as a liming agent, for the

soil that are highly acidic in nature.

An attempt was made to utilize the co-product of MFDC and PGDC
pyrolysis as a catalyst support and employ biochar supported CaO as a

heterogeneous catalyst in the production of biodiesel from Mesua ferrea derived
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oil. The catalyst reported was synthesized entirely by processing waste materials.
The active part of the catalyst (i.e., CaO) was derived from waste shells of
Turbonilla striatula and the support (i.e., activated biochar) was prepared from
MFDC. Use of this novel approach makes the biodiesel synthesis process
environmentally benign. It showed high activity and very high yield upto 96% was
achieved in 6 h using 3 wt.% catalyst 12/1 (methanol/oil molar ratio) at reaction

temperature of 65°C.

Apart from these, limitations for the current study and some important
outcomes from MFDC and PGDC pyrolysis are recorded. Finally, some

recommendations for future work of research in biomass pyrolysis are suggested.



Table of Contents

Acknowledgement I-1I
Abstract I1-VI
Table of Content VII-XI
List of Tables XIH-XII
List of Figures XIV-XVIII
List of Abbreviations | XIX

Chapter 1: Introduction

1.1  Need for renewables 1-1
1.2 Importance of biomass as a source of renewable energy 1-4
1.2.1  Importance of biomass and the biobased society 1-5
1.2.2  India’s energy concern, renewable energy intervention 1-6

and national biofuel policy

1.3 Various pathways of biomass conversion 1-10
14 Pyrolysis process 1-11
1.5 Historical background 1-12
1.6 Mechanism of pyrolysis 1-12
1.7 Pyrolysis products 1-14

1.7.1  Liquid product (Bio-oil) 1-15

1.7.2 Gases 1-17

1.7.3 Solid product (Char) 1-17
1.8  Feedstock suitability and justification of the work 1-17
1.9  Research objectives 1-20

References 1-21

Table of Content Page | VI



Chapter 2: Review of literature

2.1
2.2
2.3
2.4
2.5

2.6

2.7
2.8
2.9

Table o}méontent

Biomass for energy production
Liquid fuel/hydrocarbon production from biomass pyrolysis
Types 6f feedstock
Biomass pyrolysis kinetics
Factors affecting pyrolysis liquid product
2.5.1 Processing parameters
2.5.1.1 Temperature
2.5.1.2 Particle size
2.5.1.3 Heating rate
2.5.1.4 Inert gas flow rate

2.5.1.5 Initial moisture content of biomass
feedstock
2.5.2 Non-processing parameters
2.5.2.1 Biomass composition
2.5.2.2 Mineral matter/metal ions in biomass
feedstock

Effect of parameters on pyrolysis solid product (biochar)
2.6.1 Structural and chemical composition

2.6.2 Biochar porosity and surface area

2.6.3 pH of biochar

Catalytic pyrolysis

Chemistry of catalytic pyrolysis

Factors affecting biomass catalytic pyrolysis

29.1 Porosity and acidify of catalyst

2.9.2  Hydrogen to carbon effective ratio

2.9.3 Reaction temperature and heating rate

2.9.4  Catalyst-to-feed ratio

2-1
2-3
2-4
2-9
2-10
2-10
2-10
2-11
2-11
2-12
2-13

2-13
2-13
2-14



2.9.5 Catalyst surface area

2-22

29.6  Incorporation of metal to catalyst 2-22
References 2-25
Chapter 3: Materials and Methods

3.1 Methodology flow diagram 3-1
3.2 Description of tree species 3-2
3.2.1 Mesua ferrea 3-2
3.2.2  Pongamia glabra 3-3
33 Materials and analytical methods 3-5
3.3.1 Sample preparation 3-5
3.3.2  Determination of moisture content 3-5
3.3.3  Determination of ash content 3-5
3.3.4  Determination of volatile matter 3-6
3.3.5 Determination of fixed Carbon 3-6
3.3.6  Higher heating value ( HHV) 3-7
3.3.7 Determination of net calorific value (NCV) 3-7
3.3.8  Biochemical analysis of biomass samples 3-7
3.39 Determination of biochar pH 3-8
3.3.10 Determination of acid sites 3-8
3.3.11 Total acid number 3-9
3.4  Kinetic modeling 39
3.4.1 Arrhenius method 3-10
3.4.2 Coats-Redfern method 3-11
3.4.3 FWO method 3-11
344 Global independent reactions model 3-12
{(Multilinear regression analysis method)
3.5 Pyrolysis experiment 3-13
3.51 Non-catalytic pyrolysis 3-15
3.5.2 Catalytic pyrolysis 3-15
—— ofWWWW.....,.__.m.ﬂ.m.(.n"._"mmmmw.ﬁ,,....,...,_MW.___.MH_M_WI:: —



3.6  Instrumental characterization 3-15
3.7  Assesment of antimicrobial activity 3-17
3.7.1 Preparation of cultures 3-17
3.7.2 = Agar well diffusion method 3-18
3.7.3 Determination of minimum inhibitory 3-18
concentration (MIC)
3.7.4  Statistical analysis 3-19
References 3-20
Chapter 4: Results and Discussion
Chapter 4(a)
4-1.1 Physico-chemical and thermal decomposition studies of MFDC 4-1
and PGDC
4-1.1.1 Thermal degradation behavior of MFDC biomass 4-5
4-1.1.2 Thermal degradation behavior of PGDC biomass 4-11
4-1.2 Pyrolysis of MFDC and PGDC 4-15
4-1.2.1 Influence of pyrolysis parameters on product yields of 4-16
MFDC pyrolysis
4-1.2.2 Influence of pyrolysis parameters on product yields of 4-19
PGDC pyrolysis
4-1.2.3 Influence of feedstock particle on liquid product yields 4-22
of MFDC and PGDC pyrolysis
4-1.2.4 Influence of catalyst on product yield and elemental 4-24
composition
4-1.3 Characterization of bio-oil 4-25
4-1.4 Characterization of biochar 4-41
4-1.5 Pyrolysis of mixed feedstock 4-49
References 4-56
— OfCo’;;;.;mmww.w..m..ﬂ.....,.ﬂ,..._ﬂ_,ﬂ____.A___.___.___.M___A._____.--.n_.__._.._‘_.,m__.__ _________________ —



Chapter 4(b)

4-2.1 Prospect of utilization of bio-oil 4-62
References 4-69
Chapter 4(c)

4-3 Prospect of utilization of biochar 4-71
4-3.1 Introduction 4-71
4-3.2 Preparation of catalyst and characterization 4-72
References 4-76
Chapter 5: Summary and Conclusions

5.1 MFDC and PGDC as potential bioenergy feedstock 5-1
5.2 Pyrolytic valorization of MFDC and PGDC 5-3
5.3 Prospect of utilization of bio-oil and biochar 5-5
5.4 Conclusions 5-6
5.5 Scope of future work 5-7
Appendix ivi
List of Publications vii-x
Table of Content ~ Page|X



LIST OF TABLES

Table no. Contents Page no
Table 1.1 Product yield from different mode of pyrolysis process 1-15
Table 1.2 Typical properties of wood pyrolysis bio-oil and heavy 1-16
fuel-oil
Table 1.3 Production of non-edible seeds and residues in India 1-19
Table 2.1 The diversity of the feedstock types used for pyrolysis 2-5
along with their compositional analysis
Table 3.1 Important features of P. glabra and M. ferrea seed oil 3-4
Table 3.2 Catalysts properties 3-15
Table 3.3 GC-MS analyzer details 3-16
Table 4.1 Properties of MFDC and PGDC biomass 4-3
Table 4.2 Properties of active pyrolysis stages for MFDC 4-7
Table 4.3 Kinetic parameters for MFDC calculated by Arrhenius, 4-8
Coats-Redfern and multilinear regression analysis
method
Table 4.4 Activation energy for MFDC calculated by FWO 4-10
method (kJ/mol)
Table 4.5 Properties of active pyrolysis stages for PGDC 4-12
Table 4.6 Kinetic parameters table for PGDC calculated by 4-13
Arrhenius, Coats-Redfern and multilinear regression
analysis method
Table 4.7 Activation energy for PGDC calculated by FWO method 4-15
(kJ/mol)
Table 4.8 Product distribution of pyrolysis of MFDC 4-17
Table 4.9 Product distribution of pyrolysis of PGDC 4-21
-L;;ﬁa;];s S —— — ; &| -



Table no. Contents Page no.

Table 4.10 Elemental composition of bio-oil 4-25
Table 4.11 Properties of the pyrolysis product 4-26
Table 4.12 FTIR spectral data of bio-oil 4-29
Table 4.13 Percentage of hydrogen based on 'H-NMR analysis of 4-33

MFDC, PGDC bio-oil and conventional petrol, diesel
and crude oil, grouped according to chemical shift range

Table 4.14 Percentage of carbon based on '3C-NMR analysis of 4-34
MFDC, PGDC bio-oil and conventional petrol, diesel
and crude oil, grouped according to chemical shift range

Table 4.15 Chemical compounds in MFDC-500 bio-oil (GC-MS) 4-39

Table 4.16 Chemical compounds in PGDC-500 bio-oil (GC-MS) 4-40

Table 4.17 Elemental analysis of biochar co-produced from 4-41
pyrolysis of MFDC

Table 4.18 Elemental analysis of biochar co-produced from 4-43
pyrolysis of PGDC

Table 4.19 Comparison of properties of the (MFDC+PGDC) with 4-49

MFDC and PGDC bio-oil

Table 4.20 Percentage of hydrogen based on '"H-NMR analysis of 4-51
(MFDC+PGDC) bio-oil and individual bio-oil, grouped
according to chemical shift range

Table 4.21 Percentage of carbon based on '*C-NMR analysis of 4-52
(MFDC+PGDC) bio-oil and individual bio-oil, grouped
according to chemical shift range

Table 4.22 Chemical compounds in (MFDC+PGDC) bio-oil (GC- 4-53
MS)
Table 4.23 Percentage of distillation cut point of bio-oil obtained 4-54

via simulated distillation

Table 4.24 Bioassay results for antimicrobial activity of MFDC and 4-63
PGDC bio-oil

Table 4.25 Influence of different parameters on biodiesel yield 4-75



LIST OF FIGURES

Figure no.

Figure 1.1
Figure 1.2
Figure 1.3
Figure 1.4
Figure 1.5
Figure 1.6

Figure 2.1

Figure 2.2

Figure 2.3

Figure 2.4

Figure 3.1
Figure 3.2(a)
Figure 3.2(b)

Figure 3.2(c)

List of Figures

Contents

Renewable Energy Share of Global Final Energy
Consumption, 2010

Energy consumption in the United States, China, and
India, 1990-2035 (quadrillion Btu)

A schematic of various processes to transform a variety
of biomass into liquid hydrocarbon

Biomass pyrolysis process adopted from reference [14]
with due permission from RSC publishing

Mechanism of pyrolysis adopted from reference [27]
with due permission from Wiley publishing

Chemical composition of bio-oils adopted from reference
[23] with due permission from ACS publishing

Thermo-chemical conversion processes and end products

A schematic of pyrolysis process to transform a variety
of biomass feedstocks

Catalytic upgrading of biomass

Reaction chemistry for the catalytic fast pyrolysis of
cellulose on solid acid catalyst [adapted from reference
[121] with due permission from springer]

Flow diagram of methodology adopted in the study
Mesua ferrea tree

Mesua ferrea seed

Mesua ferrea deoiled cake

Page no.

1-2

1-3

1-13
1-14

1-16

3-1
3-2
3-2

3-2

Contd...

Page | XIV



Figure no. Contents Page no.

Figure 3.3(a) Pongamia tree 3-3

Figure 3.3(b) Pongamia seed 33

Figure 3.3(c) Pongamia glabra deoiled cake 33

Figure 3.4 Schematic of pyrolysis experimental setup 3-14

Figure 3.5(a) Pyrolysis experimental setup 3-14

Figure 3.5(b) Separation of pyrolytic liquid 3-14

Figure 4.1 FTIR spectra of PGDC and MFDC biomass 4-4

Figure 4.2 TG profile of MFDC at different heating rates 4-6

Figure 4.3 DTG profile of MFDC at different heating rates 4-6

Figure 4.4 Plots obtained by FWO method for determination of 4-9
activation energy of MFDC at Su

Figure 4.5 Plots obtained by FWO method for determination of 4-10
activation energy of MFDC at Sm

Figure 4.6 TG profile of PGDC at different heating rates 4-11

Figure 4.7 DTG profile of PGDC at different heating rates 4-12

Figure 4.8 Plots obtained by FWO method for determination of 4-14
activation energy of PGDC at Sy

Figure 4.9 Plots obtained by FWO method for determination of 4-15
activation energy of PGDC at Sim

Figure 4.10  Effect of temperature and heating rate on liquid product 4-16
yield of MFDC pyrolysis

Figure 4.11  Effect of temperature and heating rate on solid product 4-16
yield of MFDC pyrolysis

Contd...
List of Figures Page | XV



Figure no.

Figure 4.12

Figure 4.13

Figure 4.14

Figure 4.15

Figure 4.16

Figure 4.17

Figure 4.18

Figure 4.19

Figure 4.20
Figure 4.21
Figure 4.22

Figure 4.23

Figure 4.24

Figure 4.25

Figure 4.26

Figure 4.27

List of Figures

Contents
Effect of temperature and heating rate on gaseous
product yield of MFDC pyrolysis

Effect of temperature and heating rate on liquid product
yield of PGDC pyrolysis

Effect of temperature and heating rate on solid product
yield of PGDC pyrolysis

Effect of temperature and heating rate on gaseous
product yield of PGDC pyrolysis

Effect of particle size on liquid product yield of MFDC
pyrolysis

Effect of particle size on liquid product yield of PGDC
pyrolysis

Influence of catalysts on product yields of MFDC
pyrolysis

Influence of catalysts on product yields of PGDC
pyrolysis

FTIR spectrum of MFDC bio-oil at different temperature
FTIR spectrum of PGDC bio-oil at 500°C
FTIR spectrum of MFDC bio-oil at 500°C

Comparison of !H-NMR spectral distribution of
functional groups of MFDC bio-oil

Comparison of BC-NMR spectral distribution of
functional groups of MFDC bio-oil

Comparison of 'H-NMR spectral distribution of
functional groups of PGDC bio-oil

Comparison of *C-NMR spectral distribution of
functional groups of PGDC bio-oil

Total ion chromatogram of MFDC bio-oil

Page no.
4-17

4-19

4-20

4-20

4-23

4-23

4-24

4-24

4-27
4-28
4-28

4-35

4-35

4-36

4-36

4-38
Contd...

Page | XVI



Figure no.
Figure 4.28
Figure 4.29
Figure 4.30

Figure 4.31
Figure 4.32
Figure 4.33

Figure 4.34
Figure 4.35

Figure 4.36
Figure 4.37
Figure 4.38

Figure 4.39

Figure 4.40
Figure 4.41
Figure 4.42
Figure 4.43

Figure 4.44

List of Figures

Contents
Total ion chromatogram of PGDC bio-oil
Van-krevelen diagram for MFDC biochar
Van-krevelen diagram for PGDC biochar

Inorganic element constituents of MFDC biochar at
different temperature

Inorganic element constituents of PGDC biochar at
different temperature

FTIR spectrum of MFDC biochar at
temperature

different

XRD pattern of MFDC biochar at different temperature
XRD pattern of PGDC biochar at different temperature

SEM micrographs of MFDC biochar at different
temperature

SEM micrographs of PGDC biochar at different
temperature

FTIR spectrum of (MFDC+PGDC) bio-0il compared
with bio-oil from MFDC and PGDC

Total ion chromatogram of MFDC+PGDC (1:1) bio-oil

Distillation characteristics of bio-oil obtained via
simulated distillation

Antimicrobial activity histogram for MFDC and PGDC
bio-oil samples

Inhibition zones of MFDC bio-oil against E. coli, S.
aureus, S. cerevisiae and C. albicans

Inhibition zones of PGDC bio-oil against E. coli, S.
aureus, S. cerevisiae and C. albicans

FTIR of MFDC and PGDC bio-oil

Page no.
4-38
4-41
4-43

4-44

4-44

4-45

4-46
4-47

4-48

4-48

4-50

4-53

4-54

4-63

4-64

4-65

4-67

Contd...

Page | XVII



Figure no. Contents Page no.

Figure 4.45 XRD patterns of active phase and supported catalyst 4-74
Figure 446  EDX spectra of BCh-CaO catalyst 4-74
Figure 447  SEM images of activated biochar and BCh-CaO catalyst 4-74

List of Figures "Page |XVII



BET
C-cycle
DTG

FTIR
FWO
GC-MS
GHG

IEO
MFDC
MFDC-500
MFDC+PGDC

PGDC
PGDC-500
REN21
SEM
S

Su

Su

Srv
Tend
TGA
TIC
Tmax
Tonset
Wnax
XRD

List of Abbreviations

Brunauer-Emmett-Teller

Carbon cycle

Differential thermogravimetric

Fourier transformed infrared

Flynn-Wall-Ozawa

Gas chromatography-Mass spectrometry

Greenhouse gas

International Energy Outlook

Mesua ferrea deoiled cake

Bio-oil/biochar obtained at pyrolytic temperature of 500°C
Feedstock of Mesua ferrea and Pongamia glabra deoiled cake
mixed with 1:1 ratio

Pongamia glabra deoiled cake

Bio-oil/biochar obtained at pyrolytic temperature of 500°C
Renewable energy policy network for the 21st century
Scanning electron microscope

Initial degradation stage of a DTG curve

First zone of active pyrolysis

Second zone of active pyrolysis

Zone of passive pyrolysis

Ending temperature of a particular zone of active pyrolysis
Thermogravimetric analysis

Total ion chromatogram

Temperature where maximum mass loss rate occur
Starting temperature of a particular zone of active pyrolysis
maximum mass loss rate

X-ray diffraction

Page | XIX



Chapter 1

Introduction




Chapter 1 { Introduction

e
1.1  Need for renewables

The history of human civilization can be directly correlated to the
progressive development of new energy sources and their associated conversion
technologies. The principal energy sources of antiquity were all derived directly
from the sun: human and animal muscle power, wood, flowing water and wind.
About 300 years ago, the industrial revolution began with stationary wind-
powered and water-powered technologies, which were essentially replaced by
fossil hydrocarbons: coal in the nineteenth century, oil since the twentieth century,
and now, increasingly, natural gas. The global use of hydrocarbons for fuel by
humans has increased nearly 800-fold since 1750 and about 12-fold in the

twentieth century [1].

Over the past century, the world has enjoyed cheap and abundant energy
supplies through the adoption of fossil energy economy and fossil fuels (oil, coal
and natural gas) represent the primary energy sources in the world as shown in
Figure 1.1. The 1900s have been declared as the ‘‘Petroleum Century’’, with both

positive and negative connotations [2].

Today, energy demand has been growing worldwide tremendously. In a
report prepared by U.S. Energy Information Administration [3], it was projected
that the world energy consumption will increase by 56% from 524 quadrillion Btu
in 2010 to 630 quadrillion Btu in 2020 and 820 quadrillion Btu in 2040. According
to the report, the role of coal is expected to remain important but natural gas,
petroleum and other liquid fuels will play a major role as the largest global energy
source with an increase of 28.3 million barrel per day and energy consumption
together in China and India will account for half of the projected increase as

depicted in Figure 1.2 [3].
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Figure 1.1: Renewable energy share of global final energy consumption, 2010 [4].

Moreover, the exponential increase in the fossil tuel consumption
worldwide has resulted in a higher emission of greenhouse gases (GHGs) which
has led to global environmental damages such as imbalance of natural Carbon-
cycle, the global warming, ozone depletion, climate change and urban smog and
emerges as a major challenge for mitigation. There is new and stronger evidence
that most of the global warming observed over the last 50 years is anthropogenic
[5]. Tt is reported that during the past 20 years, about three quarters of human-

derived CO: emissions were due to the burning of fossil fuels [6].

Environmental concerns increase significantly over the past decade,
particularly after the Earth Summit *92 [7, 8]. These environmental implications are
being felt and observed in our day to day life in the form of changing weather patterns,
more severe winters and summers globally, foggy conditions in several parts of the
world for a prolonged period during winter months. The combustion of fossil fuel also

has an adverse effect on human health due to the increase of air pollution, acid rains,
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Figure 1.2: Energy consumption in the United States, China, and India, 1990-
2040 (quadrillion Btu).

buildup of carbon dioxide, changing heat balance of earth etc. Hence, the world is
currently confronted with the twin crisis of fossil fuel depletion and environmental
degradation. Progressive depletion of fossil fuels with increasing energy
consumption and GHG emission have led to a move towards alternative energy
sources which are renewable, sustainable, efficient and cost-etfective with lesser

emissions [9, 10].

In this backdrop, the interest towards renewable resources and subsequent
development of hydroelectric, solar, wave, geothermal and wind energy that can

potentially limit the use of fossil fuels have been built-up [11].
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Renewable energy can be particularly appropriate for developing countries.
In rural areas, particularly in remote locations, transmission and distribution of
energy generated from fossil fuels can be difficult and expensive. Producing
renewable energy locally can offer a viable alternative. Renewable energy can
facilitate economic and social development in communities but only if the projects

are intelligently designed and carefully planned with local input and cooperation.

Biomass remains to be the oldest sources of energy with very specific
properties unlike other renewable resources. It is the only source of renewable
energy which has the potential to fulfill the mankind’s demand for hydrocarbons
for manufacturing goods ranging from plastics and chemicals to biofuels and other
products usually derived from modern petroleum refinery. Among these diverse
products that biomass can offer, bio-fuels are important because they can replace
petroleum fuels. Biomass and biofuels can be used as a substitute for fossil fuels to
generate heat, power and/or chemicals. Generally speaking, biofuels provide many
benefits, including sustainability, reduction of GHG emissions, regional
development, social structure, diversification of agriculture and security of supply

of energy.
1.2  Importance of biomass as a source of renewable energy

Biomass is the most abundant renewable energy resources in the world and
provides approximately 50 exajoule or ~10% of all global energy [12]. In India,
biomass resource potential is assessed at 500 MT/year and about 30% of the same is
estimated surplus biomass availability creating a potential of about 18,000 MW
electricity generation [13]. Biomass resources and their utilization offer a new
paradigm of research in the changing world faced with diverse problems related to

fossil fuel use for most of the energy needs of the existing society.

Rural bioenergy is still the predominant form of energy used by people in the

less developed countries, and bioenergy from biomass accounts for about 15% of the
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world’s primary energy consumption and about 38% of the primary energy
consumption in developing countries. Furthermore, bioenergy often accounts for more
than 90% of the total rural energy supplies in some developing countries. Biomass and
bioenergy use in developing country perspectives are mostly in the form of traditional
biomass dominated by firewood, charcoal, dung, twigs and shrubs etc. and is also
associated with problems like indoor air pollution related health hazards.
Unsustainable extraction of these traditional biomass from forests is also thought to be
one of the reasons of forest depletion. In developed countries, there is a growing trend
towards employing a range modern technologies and efficient bioenergy conversion
processes to produce biofuels, however their cost competitiveness with fossil fuel is
yet to be achieved.

Energy is vital for various stages of development and all societies require
affordable and sustainable source of quality energy to meet the basic human needs
(e.g. lighting, cooking, space comfort, mobility, communication) and to serve
productive processes causing least pollution to the environment in which they live.
Biomass-derived energy can provide a solution in terms of diversity of products that
can be produced by employing modern technologies and replace conventional sources

such as coal and petroleum with large social and environmental benefits.
1.2.1 Importance of biomass and the biobased society

Renewable feedstocks supplied a significant portion of the global energy and
chemical need before the beginning of petrochemical era. It was in the 1920-1930’s,
the Chemurgy movement in the United States promoted the use of biomass as a source
of chemicals with the belief that “anything that can be made from a hydrocarbon could
be made from a carbohydrate”. The incentive was to find an economic way to use farm
surpluses [1]. It is only in the relatively short period between 1920 and 1950 that
mankind have witnessed the transition to a non-renewable based economy that heavily
depends on fossil resources. However, since the first oil crisis in the 1970’s,

decreasing resources, global warming and environmental pollution associated with the

Introduction Page |15



Thermo-chemical conversion of bioenergy-byproducts to bio-oil and biomaterials } 2013

use of fossil fuels are growing motivations for the transition to renewable based energy
resources. Among the renewable resources, lignocellulosic biomass is particularly
suited as an abundant, low cost feedstock for production of bio-based chemicals, fuels
and energy to substitute fossil resources. A drawback of the growing consumption of
biomass for energy is the increase in price for the biomass feedstock. This conflicts
with the need of biorefineries for low cost raw materials. Biomass alone is probably
not able to solve the world’s power needs but can satisfy its need for the synthesis
of carbon containing raw materials because its unique composition makes it
especially suitable for the extraction of value-added chemicals and materials that
can replace petrochemicals partially if not completely [4, 14]. Therefore,
production of such chemicals from lignocellulosic biomass enhances the economic

viability of a society whose energy and material needs depend on renewables.

1.2.2 India’s energy concern, renewable energy intervention and national

biofuel policy

There is an increased demand of energy requirements in India during the recent
years due to rapid population outgrowth and substantial development of crucial sectors
of its economy. Development activities in rural and sub-urban areas, modernization of
cities and metros is the major energy consumers besides the growing energy demand in
the households and industrial sectors. For an economy to develop and survive, there is
the need of constant supply of energy requirements. But, in India, the rate of energy
supply does not meet the actual energy needs. In 2011-12, India’s total energy
requirement was 546 MTOE and this demand has been projected to be increased more
than 200% in 2031-32 [15]. Taking a historical prospective, Kumar and Jain [16], have
reported that during the period of 1970-71 to 200607, coal consumption in India has
increased from 71.2 MT to 462.7 Million tonnes (MT), crude-petroleum consumption
gone up from 18.4 MT to 146.5 MT and the natural gas consumption rose from 0.64
Giga cubic meters (GCM) to 31.36 GCM. Similarly, electricity consumption has also
increased from a level of 43.7 TWh to 443.1 TWh during the same period. Contrary to
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the demand, indigenous energy reserves of India are not adequate to meet the
requirements and therefore, the country is fairly dependent on foreign import of energy
resources. For instance, crude-oil reserve of India is only 0.80 billion tonnes against
world reserve of 235.8 billion tonnes at the end of year 2012; while against the
consumption of 156.53 MT, production was only 37.86 MT in 2012-13 [17]. As such,
the country is highly dependent on import of crude oil. It was reported that net imports
of crude oil have increased from 99.41 MT during 2005-06 to 184.80 MT during 2012-
13. Although more than 70% of its crude oil requirements and part of the
petroleum products is met from imports, India has developed sufficient processing
capacity over the years to produce different petroleum products so as to become a net

exporter of petroleum products [18].

Renewable energy, which was so far designated as “alternate energy” can be a
viable answer to address the above problems. India has immense potential to develop
its renewable sources of energy which comprises wind, solar, water, biomass and
waste energy. Out of the total installed capacity of 2,36,380 MW for power generation,
around 24,914 MW ie. ~11% 1is derived from renewable energy sources. The
renewable energy sector is expected to grow significantly in the coming years. During
2008, around 8% of the total energy mix was contributed by renewable energy sources,
whereas it has reached 12.9% in a period of 5 years only because of various
subsidiaries for the renewable energy sector provided by the government. However,
apart from this contribution in the national electric installed capacity, renewable
energy based decentralized and distributed applications have benefited millions of
people in Indian villages by meeting their cooking, lighting and other energy needs in

an environment friendly manner [19].

Biofuels will remain as an important option in the renewable energy mix in
India. Bio-fuels provide a strategic advantage to promote sustainable development and
to supplement conventional energy sources in meeting the rapidly increasing

requirements for transportation fuels associated with high economic growth, as well as

Introduction Page |1-7



Thermo-chemical conversion of bioenergy-byproducts to bio-oil and biomaterials ! 2013

in meeting the energy needs of India’s vast rural population. Bio-fuels can
increasingly satisfy these energy needs in an environmentally benign and cost-
effective manner while reducing dependence on import of fossil fuels and thereby
providing a higher degree of national energy security. The Government of India (Gol)
has been actively exploring its biofuel potential since 2001 [20]. The Indian approach
to bio-fuels is based solely on non-food feedstocks to be raised on degraded or
wastelands that are not suited to agriculture, thus avoiding a possible conflict of fuel
vs. food security. The biofuel policy adopted in 2009, an important milestone of
India's biofuels initiatives, envisages 20% blending of both biodiesel and bioethanol by
2017 [21]. It also hopes to increase energy security by launching one of the world's
biggest nonedible oilseed-based biodiesel industries [20].
The salient features of the National Policy on Bio-fuels are [22]:

e Bio-fuel production from non-edible oil seeds grown in waste /degraded /
marginal lands.

¢ An indicative target of 20% blending of bio-fuels, both for bio-diesel and bio-
ethanol, by 2017.

e Minimum Support Price (MSP) for non-edible oil seeds would be announced
with periodic revision to provide fair price to the growers.

e Minimum Purchase Price (MPP) for purchase of bio-ethanol and bio-diesel
would be announced with periodic revision.

e Major thrust will be given to research, development and demonstration with
focus on plantations, processing and production of bio-fuels, including second
generation bio-fuels.

e Financial incentives, including subsidies and grants, may be considered for
second generation bio-fuels. If it becomes necessary, a National Bio-fuel Fund
could be considered.

o Setting up of National Biofuel Steering Committee, headed by the Prime

Minister to provide policy guidance and coordination.
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Demand of energy is growing rapidly in every sector viz., agriculture, industry,
transportation, construction or mining. To meet the ever increasing demand, people are
inclined towards using biofuels, which refers to liquid or gaseous fuels derived from
biomass. The Gol is encouraging production of biofuels for blending with diesel and
petrol, respectively. But biofuel production in India is very less comprising only 1% of
world production [22]. A National policy on bio-fuels has been drafted to answer the
national energy security.

Importance has been given to non-edible sources of biofuels so that energy
generation is not hampered at times of declined production. Moreover, maximum
portion can be utilized for the same. Wastelands, land not suitable for agriculture are
given priority for plantation of energy crops so that no conflict is created between fuel
and food security. For this reason several non-edible oilseced tree species e.g.,
Jatropha, Pongamia, Mesua ferrea etc. are being targeted for experimentation for
biofuel production.

A target of 20% blending of biofuels with diesel and petrol in place of
government’s current 5% ethanol blending with petrol is estimated by 2017.
Encouragement of non-edible oil seeds production by announcing MSP with timely
revisions will help the growers to provide a fair price. It is proposed that MPP will be
utilized by oil companies which will depend mainly on actual cost of production and
import price of ethanol.

The Gol is more focussed towards second generation feedstocks. A national
biofuel fund is on the line for consideration for providing financial incentives which
will help to develop advanced technologies, conversion processes and production unit
based on newer feedstocks. Developing bio-based second generation fuels will also
generate employment in the otherwise unemployed areas together with answering the
energy needs in an eco-friendly manner as less carbon emissions occur from biofuels.
Projects and technologies based on biofuel for domestic use will be allowed 100%
FDI. Policy guidance and coordination will be provided by a

National Biofuel Coordination Committee, headed by the Prime Minister.

Introduction Page |19



Thermo-chemical conversion of bioenergy-byproducts to bio-oil and biomaterials ‘ 2013

A Biofuel Steering Committee will supervise and scrutiny the functioning of the

committee.

1.3  Various pathways of biomass conversion

Various processes can be used to convert biomass to energy. The biomass
can be bumed, transformed into a fuel gas through partial combustion,
transformed into a biogas through fermentation, converted to bio-alcohol through
biochemical processes, converted to biodiesel, pyrolyzed into a bio-oil or
transformed into a syngas from which chemicals and fuels can be synthesized.
Fig.1.3 illustrates the various processes to transform variety of biomass feedstock
into liquid hydrocarbons. While biological processing is usually very selective and
produces a small number of discrete products in high yield using biological
catalysts, thermal conversion often gives multiple and often complex products, in
very short reaction times with inorganic catalysts often used to improve the
product quality or spectrum. Pyrolysis has been applied for thousands of years for
charcoal production but it is only in the last 30 years that fast pyrolysis at
moderate temperatures of around 500°C and very short reaction times of up to 2 s
has become of considerable interest. This is because the process directly gives
high yields of liquids of up to 75 wt.% which can be stored and transported, and

used for energy and chemicals in a variety of applications [23].
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Figure 1.3: A schematic of various processes to transform a variety of biomass

into liquid hydrocarbon.

1.4 Pyrolysis process

Pyrolysis 1s a thermochemical decomposition of biomass at moderate
temperature (400-800°C) into a range of useful products, either in the total absence
of oxidizing agents or with a limited supply that does not permit gasification to an
appreciable extent. It 1s one of several reaction steps or zones observed in a
gasifier. During pyrolysis, large biopolymers (20,000 to 400,000 a.m.u.) break
down into smaller molecules (less than 200 a.m.u.) (Figure 1.4) with higher energy
content and improved transportability [24]. Pyrolysis, the pioneer in the
production of charcoal and the first transportable clean liquid fuel kerosene,
produces liquid fuels from biomass. Interest in the production of pyrolysis
liquids from biomass has grown rapidly in recent years, due to a number of
possibilities [25]:

e Decoupling liquid fuel production (scale, time and location) from its
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utilization

* Minerals separation on the site of liquid fuel production (to be recycled to the
soil as a nutrient) '

e Producing a renewable fuel for boilers, engines and turbines, power stations,
and gasifiers

s Secondary conversion to motor fuéls, additives or special chemicals (biomass
refinery)

e Primary separation of the sugar and lignin fractions in biomass (biomass

refinery)
1.5  Historical background

The art of pyrolysis is aé old as our natural habitat. The process has been at
work since the early days of vegetation on this planet. Flame leaping from forest
fires is an example of “flaming pyrolysis” [26]. However human beings learned to
“harness energ.yvfrom pyrolysis process much later. The purpose of pyrolysis is not just’
for.energy conversion; production of value added chemicals is also an important.
application of this process. In fact the first application of pyrolysis of wood into
charcoal around 4000 B.C.E. was not used for heating but utilized for iron ore

" reduction.

1.6  Mechanism of pyrolysis

The structural components of biomass i.e. cellulose, hemicellulose and lignin
pyrolyze at different rates and by different rhechanisms and pathways. The rate and
extent of degradation of each of these components depend on the process parameters
“of the reactor types i.e. temperature, heating rate, particle size and pressure. It is
believed that as the reaction progresses the carbon becomes less reactive and forms
stable chemical structure [27]. Dehydration, cracking, isomerization, dehydrogenation,

aromatization, coking and condensation reactions and rearrangement occur during the

1-12
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pyrolysis process. The biomass pyrolysis is a very complex process and the complexity -

of this provcess is illustrated in Figure 1.5.
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Figure 1.4: Biomass pyrolysis process adopted from reference [24] with due

permission from RSC publishing.

As shown in Figure 1.4 the biomass pyrolysis process is initiated with a
network of largely unidentified solid-phase reactions which results to a short-lived
intermediate liquid droplet before further decomposing and boiling completely to

volatile species [28].
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Figure 1.5: Mechanism of pyrolysis adopted from reference [27] with due
permission from Wiley publishing.

1.7  Pyrolysis products

Three products, i.e. solid, liquid and gas. can be obtained following biomass
pyrolysis. The yield of various fractions of biomass pyrolysis product varies depending
upon conditions of conversion process. The product distribution of different types of

pyrolysis process is tabulated in Table 1.1.
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Table 1.1 Product yield from different modes of pyrolysis procesé 129]

Liquid Char Gas
Fast pyrolysis 75% 12% 13%
Moderate tehlparature and short residence time, particularly vapour
Carbonization 30%- 35% - 35%

Low temparature and long residence time

1.7.1 Liquid product (Bio-oil)

The liquid fraction of biomass pyrolysis is termed as bio-oil, bio-crude etc. It is
a multi-component mixture of water and differeﬁt size molecules derived from
“depolymerization and fragmentation of the three main building blocks of biomass:
cellulose, hemicellulose and lignin. As depicted in figure 1.6, various compounds are
formed from cellulose, hemicellulose and lignin during pyrolysis. For example,
guaiacols and syringols are formed from the lignin fraction, whereas the miscellaneous
oxygenates, sugars, and furans form from the cellulose and hemicellulose biomass
fraction. The esters, acids, alcohols, ketones and aldehydes probably form from
decomposition of the miscéllaneous oxygenates, sugars and furans [30]. Therefore, the
elemental composition of bio-oil and petroleum derived fuel is different. The physico-
chemical properties of bio-oil are very well documented in literature (31, 32] and are

tabulated in Table 1.2.
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Figure 1.6: Chemical composition of bio-oils adopted from reference [30] with
due permission from ACS publishing.

Table 1.2 Typical properties of wood pyrolysis bio-oil and heavy fuel-oil* [33]

Physical Property Bio-oil Heavy fuel oil
Moisture content (wt.%) 15-30 0.1
pH 2:5 -

Specific gravity 1.2 0.94
Elemental composition (wt.%)

C 54-58 85
H 5.5-7.0 11
(8] 35-40 1.0
N 0-0.2 ' 0.3
Ash 0-0.2 0.1
HHV(MJ/kg) 16-19 40
Viscosity(at 50°C) (cP) 40-100 180
Solids (Wt.%) 0.2-1.0 1
Distillation residue (wt.%) Up to 50 1

* Data taken from ref [33] with due permission from ACS
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1.7.2 Gases

Thermal decomposition of biomass produces both condensable and non-
condensable gases (primary gas). The vapours which are made of heavier molecules,
condense upon cooling, produces the liquid part of pyrolysis. The non-condensable gas
mixture contains lower molecular weight gases e.g. carbon dioxide, carbon monoxide,
methane, hydrogen, ethane, ethylene, minor amounts of higher gaseous organics and
water vapor [26, 27]. It is reported in the literature that CO; releasing is mainly caused
by primary pyrolysis, while CO and CHj released during secondary pyrolysis. The
hemicellulose shows higher CO and CO2 while higher CHy release is from lignin [34].

1.7.3  Solid product.(Char)

- The solid product of pyrolysis is termed as char. It is another important product
of pyrolysis process. The char can be used within the process to provide the process
' heat requirements by combustion. The fresh char is pyrophoric i.e. it spontaneously
combusts when exposed to air so careful handling and storage is required. This

property deteriorates with time due to oxidation of active sites on the char surface.
1.8 Feedstock suitability and justification of the work

A feedstock is defined as aﬁy renewable, biological material that can be used
directly as a fuel or converted to another form of fuel or energy product. Biomass
feedstocks are marked by their tremendous diversity. The pyrolysis process uses the
entire content of biomass unlike biochemical and biological processes where

individual conversion technologies favor épebiﬁc biomass types and pretreatment
requirement before processin.g [35]. As of now, the existent available bio-energy
feedstock cannot suffice for the petro crude reservoirs; consequently new feedstock for
the éame will serve as a cumulative step for addressing the long documented problem
of energy production and supply. ‘The successful utilization of any biofuel
fundamentally depends on the availability of feedstock. The greatest share of
production costs of biofuel is linked with the feedstock. Consequently, availability of
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low-cost and good quality non-edible feedstock is critical to large-scale commercial
production of biofuels [36, 37]. For an agriculture based economy like Indié, the vista
of utilization of feédstqcks like agricultural residues to various forms of fuel as
supplement for conventional fossil based fuel is attractive, as it has numerous
advantages suitable for achieving energy and benefiting in environmental, agricultural
and trade policies. This is.also important as these resources are otherwise low-value
perishable products. Deoiled seed cake is a processing waste obtained from processing
of edible oil yielding seeds for human consumption and non-edible oil yielding seeds
for energy and other industrial processes. Edible deoiled seed cakes have been used for
feed application to pdultry, fish and swine industry due to_ their protein rich nature
(ranging from 15-50%) [38]. Biodiesel production by transesterification of oil also
generates deoiled seed cakes. As Indian Biofuel policy favours use of non-edible oils
for biodiesel production, non-edible deoiled seed cakes will be available in huge
quantities. But due to the toxic nature, non-edible deoiled seed cakes cannot be
considered for food supplementation like edible deoiled. seed cakes. However, these
deoiled seed éakes are studied for a number of non-energy applications including
synthesis of chemicals, anti-microbial properties, anti-oxidative properties and organic
manure and limited energy application. For example, non-edible oil cakes such as
castor cake, karanja cake, neem cake are used as organic nitrogenous fertilizers, due to
their N P K content [38]. Energy application includes biogas production from jatropha
cake [39], bio-oil production from cotton seed cake [40], polanga seed cake [41] etc.
Moreover, Government of India’s recent biofuel policy targets bringing more and
more waste/unused lands under cultivation for biofuel crops and trees for producing
| commercial grade biodiesel [42]. It can, therefore, be expected that massive amounts
of bioenergy byprodl}cts like deoiled seed cakes will be produced as well. Table 1.3

indicates the potential availability of some non-edible oil seeds and residues in India.
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Table 1.3: Production of non-edible seeds and residues in India [43]

Species Oil fraction Seed estimate | Residues
(%) (10° tons/year) | (10° tons/year)

Castor 45-50 0.25 0.13-0.14
Jatropha 30-40 0.20 0.12-0.14
Mahua 35-40 0.20 0.12-0.13
Sal 10-12 020 = 0.17-0.18
Linseed 35-45 0.15 0.08 - 0.09
Neem 20-30 0.10 0.07 - 0.08
Pongamia 30-40 0.06 0.03 - 0.04
Others (including M. ferrea) | 10-50 0.50 0.25-0.45

Conversion of deoiled seed cakes to liquid fuel has been established as one of the
promising route of value addition of these resources [44-50]. Presently, the non-edible
deoiled seed cakes have been utilized for low value applications (heat/solid fuel etc.).
The non-edible deoiled seed cake is a rich source of hydrocarbons due to the presence
of lignin, cellulose and hemicellulose. By weight, the quantity of lipid present in the
non-edible seed (less than 5 wt.% of plant) is very low while the total lignocellulosic
portion in non-edible seed is very high (more than 90%). Under these circumstances,
the thermo-chemical processes makes worthy in effective utilization of organic carbon
present in these biowastes. As there is an ever increasing demand for renewable
biofuels, exploration of new, cheaper and abundantly available feedstock for bio-
energy generation is both critical and indispensable. In this regard, the present study
aims to explore new, cheaper and renewable feedstock for bio-energy generation. This
doctoral research study was undertaken to highlight new feedstocks (Pongamia glabra
and Mesua ferrea deoiled cakes) in the futuristic energy scenario. It is also worth
mentioning here that India being an agricultural economy generates enormous
quantum of agricultural residues and Pongamia glabra and Mesua ferrea deoiled seed

cake which is a bioenergy-byproduct are no exceptions in this regard.
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1.9  Research objectives
The Specific objectives of this study were:

1. To determine the composition of the biomass samples and their thermal
degradation behavioﬁr. '

2. To investigate the feasibility of thermal decomposition of the-biomass
through pyrolysis at different thermal regimes via both catalytic and non-
catalytic routes.

3. To characterize the products of thermal decomposition.

4. To study the prospect of utilization of pyrolytic products.
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Chapter 2 : Literature review

2.1  Biomass for energy production

Biomass, from antiquity, has been serving human civilization as a primary
source of energy either in the form of wood and dung for cooking and heating,
charcoal for metallurgy and animal feed, food and transporfation. With increasing
concerns regarding anthropogenic activity on environment, civilization is once
again looking forward for a biobased society where biomass resources will meet a
significant portion of our energy and chemical needs. The energy consumption of
the world has been steadily increasing day by day.for a variety of reasons, which
include enhancement in quality of life, population outgrowth, industrialization,
rapid economic growth of developing countries, increased transportation of people
and goods etc. As a result of which, the demand for energy and its resources is
also. increasing continuously. Many studies indicate that there will likely be a
doubling of the world’s energy demand by 205.0, perhaps sooner [1]. The major
energy demand is fulfilled from the conventional energy resources like coal,
petroleum and natural gas but they may not be sufficient to overcome today’s
increasing energy needs. Also these resources are finite and are the major source
of CO; emission, a potent GHG. Due to these facts, scientists and researchers
around the globe are making serious efforts to explore alternate sources of enérgy
which are renewable, safe and non-polluting. In this regard, biomass can be
considered as one of the promising environment friendly renewable energy
options. Wood and other forms of biomass are one of the main renewable energy
resources available. In contrast to other renewable sources, which provide heat and
power, biomass is the only source which can be converted to liquid, solid and
gaséous_ fuels by applying suitable conversion technologies. Wood and other
biomass can be treated in a number of difff;rént ways to provide such fuels.

Basically such methods are divided into
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biological (anacrobic digestion and fermentation) and thermal. The different thermo-

chemical routes of conversion of biomass and their products are shown in Figure 2.1.

- Thermochemical Secondary processing and/or end
Biomass feedstock conversion Primary product i

e

Methanol.
bio-methane.

Figure 2.1: Thermo-chemical conversion processes and end products.

As shown in Figure 2.1, direct combustion of biomass provide heat, for steam production
and hence electricity can be generated. Gasification also provides a fuel gas that can also
be combusted to generate heat or used in an engine or turbine for electricity generation.
The third alternative is fast pyrolysis, which provides a liquid fuel that can substitute for
fuel oil in any static heating or electricity generation application. The advantage of fast
pyrolysis is that it can directly produce a liquid fuel, which can be readily stored and
transported and it is beneficial in situations where biomass resources are remotely located
for production of heat and bio-power. Also the pyrolysis process is the only renewable
energy conversion technique which can convert wide ranging biomass types into solid,
liquid and gaseous products with several value added products with end use as shown in
Figure 2.2. Recently, pyrolysis process is gaining importance for production of hydrogen
from bio-oil and bio-methane production from syngas produced during pyrolysis [2-4].
Although slow pyrolysis is well known and 1s an established process for making charcoal,

the fast pyrolysis process is still under development.
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2.2 Liquid fuel/hydrocarbon production from biomass pyrolysis

The history of human culture can be viewed as the progressive development of
new energy sources and their associated conversion technologies. These developments
have increased the comfort, longevity and affluence of humans, as well as their numbers.
Most of these energy technologies rely on chemical bonds of hydrocarbons. Nature has
favored the storage of solar energy in the hydrocarbon bonds of plants and animals, and

human cultural evolution has exploited this hydrocarbon energy profitably.

Lignoceilulose

Waste lignocellulose

mmmdl Soif amendment
NN Activated carbon

By Catalyst support

Figure 2.2: A schematic of pyrolysis process to transform a variety of
biomass feedstocks.

The art of pyrolysis is a very old thermochemical conversion technology and is as
old as our natural habitat. Pyrolysis process dates back to at least ancient Egyptian time,
when tar from pyrolysis was used for caulking boats and certain embalming agents. From
then, pyrolysis process has been improved and now it is being widely used for coke and
charcoal production. In the 1980’s researcher have tfound that the liquid yield from
pyrolysis process could be increased by changing certain conditions applied in traditional

pyrolysis, known as fast pyrolysis. Here, a biomass feedstock is heated at a rapid rate and
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also the produced vapours are condensed rapidly [5]. Recently, this thermochemical
conversion technology is gaining interest among various renewable energy conversion
technologies due to its wide range of potential for conversion of diverse biomass
feedstocks into solid, liquid and gaseous fuel and also value added chemicals. Slow
pyrolysis or carbonization primarily targets in the production of solid, i.e. charcoal
production, while favouring fast pyrolysis, liquid, i.e. bio-oil maximization in the final
product distribution is the major agenda of current research among thermo-chemical
community globally. Though, research has achieved desired taréet but successful
commercial application is still a far cry due to several reasons. One of the non-process
parameters and a major factor affecting its commercialization is availability of feedstocks,

their varied composition and other logistic issues associated with it.

2.3 Types of feedstock

The thermo-chemical conversion process lil(e pyrolysis uses the complete biomass
unlike biochemical or biological processes where individual conversion technologies
favoui specific biomass types and pretreatment requirement before processing [6].
Pyrolysis uses a variety of feedstocks such as forests, agricultural, aquatic plant, algae and
industrial waste biomass to produce bio-oil and are listed in Table 2.1. In other words,
pyrolysis process is almost non-selective in biomass feedstock processing like combustion.
However, feedstock restrictions for pyrolytic conversion process mostly pertain to particle
size, moisture and ash content. The thermo-chemical platform aims to efficiently produce
bio-based fuels and co-products vialiqu_efaction and pyrolysis, followed by upgrading of
bio-oils and gaseous intermediates, respectively. Different physico-chemical and
biochemical properties of various biomasses investigated for pyrolysis process are listed in
Table 2.1. The following section examines the work of various researchers on different

types of feedstock to produce bio-oil using non-catalytic as well as catalytic pyrolysis.
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Table 2.1: The diversity of the feedstoék types used for pyrolysis along with their compositional analysis

E
S g = 2 -
3 g |28 | g 2 g
2 2 E & = |2 e 2 £ C H N 0 s g
= & o S g |8 | 3 g o
@ g £ |3 1% (€3 5
g 5 | =l | § &
5 s | = z
&
1. Wood and Wood waste
1 Alfalfa stems (at early bud) 69.6 16.9 8.3 53 - - - 39.9 5.5 2.3 38.8 0.2 71
2 . Aspens 80.4 11.0 0.4 8.2 60.7 19.1 14.8 45.8 5.2 0.4 39.9 0.01 [8]
3 Australian oil mallee wood 81.9 17.6 0.5 - - - - 48.4 6.3 0.1 45.2 - [9]
4 Beech wood 82.5 17.0 0.5 0.5 50.5 28.4 20.6 52.3 6.1 0.5 41.0 - [10]
5 Birch 74.4 13.5 0.8 11.4 56.5 24.8 12.2 44.4 3.5 0.3 36.7 |- 8]
6 Holm oak 80.8 7.4 2.3 9.5 379 259 278 | 48.0 5.9 0.5 45.6 0.02 [11]
7 Mallee bark 69.5 24.1 6.4 - 26.3 18.6 24.7 48.5 5.5 0.3 45.4 0.1 [12,13]
8 Mallee leaf 74.6 21.7 3.7 - 15.4 17.3 25.1 59.3 6.8 1.3 324 0.2 [12]
9 Oak wood 76.8 14.2 0.2 8.8 53.9 28.9 9.4 45.4 5.0 0.3 41.3 0.01 [8])
10 Pine wood 71.5 15.3 0.3 12.9 52.1 15.4 | 275 419 4.5 0.2 40.2 - [8]
11 Pine cone 77.8 - 0.9 9.6 32.7 37.6 249 42.6 5.6 0.8 51.0 0.1 [14]
12 Pine sawdust 77.7 16.9 0.3 5.0 43.8 | 25.2 26.4 50.3 6.7 0.2 42.7 0.2 15, 16]
13 Pyrenean oak .| 80.5 6.0 2.4 11.1 33.9 25.5 31.2 48.5 5.9 0.5 45.1 0.01 [11]
14 Silver fir 78.7 6.5 0.4 14.4 52.1 15.0 299 51.2 6.4 0.2 42.2 - [11]}
15 Softwood - - 0.5 13.5 51.6 9.2 306 | 48.8 5.6 0.0 45.6 - [17]
16 Stone pine 82.1 7.4 0.7 9.8 41.0 21.0 | 31.2 50.4 6.0 0.3 43.3 0.01 [11]
17 Subabul wood 85.6 0.9 39.8 24.0 247 | 48.2 5.9 0.0 45.1 [18]

]
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2. Agro-industrial waste

18 Apricot pulp 719 | 13.0 4.7 10.3 - - - 51.4 5.7 2.5 40.2 - [19]
19 Coffee ground 77.5 19.8 1.4 1.3 - - 333 | 546 6.6 3.9 348 0 [20]
20 Cotton gin residue 88.0 5.4 - - 82.8 | 17.1 0.1 42.7 6.0 0.1 49.5 - (18,21}
21 Empty palm fruitbunches | 764 | 116 | 46 | 74 | 597 | 221 | 182 | 51.8 | 70 | 07 | 403 | 02 [22]
22 Exhausted coffee residue 79.5 8.2 0.7 11.5 47.2 39.4 | 525 6.9 3.5 34.8 0.1 [23]
23 Grape waste 62.5 | 207 5.3 11.5 - - - 47.2 6.3 24 38.6 0.1 [24])
24 Jatropha seed shell cake 79.8 | 141 3.4 2.7 36.6 48 39.6 | 505 6.2 2.3 39.4 - [22]
25 Palm fibre 75.9 124 5.3 6.6 - - - 50.3 7.1 04 | 363 0.6 f25]
26 Palm kerncl shell 713 17.8 4.9 59 30.6 30.6 204 44.6 6.5 29 40.2 <0.1 [22]
27 Peach pulp 70.2 18.0 2.4 9.3 - - - 45.6 6.9 0.9 46.5 - [19]
28 Wet distiller grain 24.6 - 1.9 68.3 - - - 49.9 7.3 5.3 36.5 1.0 [26]
3. Agricultural wastes !
3.1. Husk ;
29 Millet husks 80.7 - 18.1 - 333 | 269 14.0 | 42.7 6.0 0.1 33.0 - [18]
30 |° Olive husk 64.8 159 72 - 25.0 24.6 50.4 47.2 5.6 0.8 354 0.2 [21, 24]
31 Rice husk 60.6 15.0 | 124 [ 12,1 | 438 | 31.6 | 246 | 455 45 0.5 36.1 0.1 [27]
32 Soaked rice husk 70.5 14.3 13.2 2.0 - - - 413 5.1 0.4 380 | 0.02 [27]
3.2. Stalk & Straw :

33 Barley straw 80.3 4.8 9.8 6.9 - - - 41.4 6.2 0.6 51.7 | 0.01 [28]
34 Corn straw 75.0 9.7 6.1 9.2 4.8 244 9.0 42.7 5.6 1.5 49.2 | <0.1 [29]
35 Flax straw 80.3 8.8 3.0 7.9 - - - 45.2 6.3 1.0 - 1.2 [30]
36 Lagume straw 737 14.8 1.6 9.8 28.1 | 34.1 340 | 433 5.6 0.6 50.4 0.1 [31]
37 Maize stalk 719 12.1 8.3 7.6 - - - 49.1 6.1 0.7 43.7 - [32]
38 Oat straw 75.9 0.1 17.3 6.7 31.6 | 49.6 16.6 | 48.5 6.0 0.4 45.1 - {33])
39 Rice straw 624 | 149 | 154 7.2 60.3 [ 204 [ 141 | 448 5.1 0.9 49.2 0.6 [29, 34]
40 Sunflower stalks - - 14.4 12.4 | 33.0 18.0 23.0 | 499 6.3 0.9 429 - (17]
41 Tobacco stalk 65.5 16.0 9.9 8.5 21.3 [ 329 | 302 | 396 4.9 32. | 523 0.1 [16]
42 Wheat straw 74.2 13.0 6.9 5.9 312 | 452 18.1 | 529 6.3 0.4 40.4 - [33]
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"33 Bagasse :
43 Grape bagasse 68.4 20.7 4.7 6.2 28.6 - 419 46.6 6.3 1.7 45.5 - [35]
44 Hazelnut bagasse 68.2 15.3 6.7 - - - - 43.8 6.3 7.9 419 - [36)
45 Laurel extraction residues 69.2 10.3 10.5 9.9 22.8 44.0 27.6 48.9 6.4 3.0 41.6 - [37] .
46 . Olive bagasse 67.2 21.6 4.4 6.8 - - - 53.4 7.5 1.7 374 - [36]
47 Parthenium bagasse 79.1 14.8 3.2 3.1 23.0 25.8 30.0 53.5 6.2 0.6 33.4 0.2 : [38)
48 Sugarcane bagasse 79.6 8.1 43 16.1 | 42.7 331 24.2 58.1 6.1 0.7 345 02 [21,29, 39]
49 | Sunflower-extracted bag: 78.4 10.5 6.1 5.0 - - - 53.2 7.1 8.0 31.7 - [40}
3.4 Shell . !
50 Cashew nut shell . | 69.3 19.3 1.0 104 | 41.3 18.6 40.1 48.7 6.9 0.4 42.9 - (41]
51 Cherry seed shells 76.1 17.0 0.8 6.1 27.2 31.9 36.9 48.9 6.3 3.1 41.6 0.1 [42)
52 Coconut shells 80.2 22.0 0.7 4.4 40.3 27.8 31.9 50.2 5.7 0.0 43.4 0.1 _[18, 43]
53 Parinari fruit shell 78.2 14.5 4.7 2.7 45.4 6.4 30.1 48.0 5.8 2.1 43.5 0.1 [29]
54 Palm shell 73.7 18.4 2.2 5.7 - - - 53.8 72 0.0 36.3 0.5 [25]
4. Seed and seed cakes i . )
55 . Black cumin seed cake 70.9 19.2 48 - 37.1 10.4 26.7 51.2 79 53 35.1 0.5 [44)
56 Cherry seed (kernel + shell) 71.6 15.7 1.2 5.5 32.1 28.6 29.1 52.5 7.6 4.5 35.3 0.1 [42]
57 Cotton seed cake 79.3 9.7 5.2 5.8 27.6 - - 52.0 5.9 1.3 40.8 - [45)
58 Jatropha cake 72.5 10.9 6.5 10.0 - - - 44.4 6.2 4.3 44.5 0.5 [29]
59 Jatropha seed cake 43.6 4.4 - 8.1 - - - 49.3 6.1 34 - - [46]
60 . Linseed seed 77.0 10.7 5.6 6.7 14.1 - - 61.0 8.5 23 28.2 - [47]
61 Moringa cakes 75.1 8.3 6.3 104 | 179 1.9 24.9 45.6 6.5 6.5 41.5 - [29)
62 Neem seed 71.0 8.1 4.9 16.0 384 8.3 7.5 45.1 0.7 [48]
63 Pomegranate sced 78.7 14.1 1.8 54 26.9 25.5 39.7 497 1.5 4.0 38.1 0.7 [49]
64 Rapeseed residue 81.7 7.9 5.5 4.9 - - - 62.1 9.1 3.9 249 - -~ [50)
65 Safflower sced 80.8 11.3 22 5.9 27.2 18.6 28.9 60.5 9.1 3.1 274 - [51]
66 Safflower sced cake 83.0 14.0 3.0 6.0 40.0 16.0 26.7 49.5 6.9 3.0 40.6 - [52)
67 Soybean cake 71.6 14.4 5.6 8.4 - - - 55.9 6.6 9.3 28.3 - [53]
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5. Oil crop and other Agricultural wastes
68 Cocoa pod 68.5 10.4 10.8 | 103 - - - 439 49 2.2 473 0.8 [29]
69 Coconut coirs 82.8 0.9 522 [ 284 19.4 | 476 5.7 0.0 434 | - [18,21]
70 Coconut coir pith 73.3 - 7.1 - 38.1 20.3 41.6 44.0 4.7 0.7 40.4 - [18,21]
71 Corn stover 64.5 - 7.3 94 | 40.7 | 26.6 26.0 | 519 5.5 0.8 41.5 0.3 [21, 26]
72 |- Com cob 80.7 7.6 2.1 63 [ 31.7 | 317 34 429 6.4 0.6 45.5 0.3 [29]
73 _ Olive-oil residue 68.8 17.3 5.1 88 | 232 | 356 | 349 | 49.1 56 1.1 44.2 - [54]
74 Olive residue/waste 70.4 15.3 3.7 10.6 | 56.0 - - 44.8 5.1 0.9 49.2 - [55]
75 Palm empty fruit bunch 79.7 8.7 3.0 8.8 - - - 48.8 7.3 0 40.2 - : [22]
6. Non woody/Grass il
76 Bermuda grass - - - - 37.3 [ 532 9.5 - - - - - 21]
77 Elephant grass - - - - 315 343 34.2 - - - - - [21]
78 Reed canary grass 749 | 15.8 3.6 5.7 | 429 | 283 9.4 449 | 61 [ <0.04 [ 39.1 - [56]
79 Switchgrass 72.6 16.4 3.1 79 | 390 | 319 10.2 44.8 5.7 0.2 38.2 - [56]
80 Timothy grass 77.9 16.0 1.1 50 | 380 | 331 28.9 424 | 60 |- 1.0 50.4 0.2 [21, 28]
7. Aquatic plants and algae : ]
81 Microalgae chlorella 72.2 15.1 5.9 6.8 9.5 47.5 7.1 6.7 38.6 - [57]
82 S. patens (marine brown algae] 55.5 124 17.8 | 144 - - - 40.2 5.2 2.0 33.9 0.9 [58]
8. Animal waste : )
83 | Cattle manure [ 530 ] 46 [ 423 J246[ 327 ] 245 [ 428 [ 219 [ 36 [ 23 [ 208 [ 1.1 | [21, 26]
9. Municipal solid waste i
84 Kitchen garbage 63.5 88 27.8 - - - - - 44 23 53 0.6 . [59]
85 Paper - - - - 92.5 0.0 7.5 - - - - - [21]
86 Paper (newspaper) - - - - 456 | 313 23.1 - - - | - - [21]
87 Paper (waste pulps) - - - - 74.3 17.1 8.6 - - - - - [21]
88 Plastic 100 0 0 - - - - - 86.1 13.0 - 09 [59]
89 Refuse-derived fuel - - - - 60.0 | 20.0 20.0 - - - - - [21]
10. Shrub species ) )
90 [ Partheniumargentatom [ 727 | 122 [ 125 [ 26 [ - [ - [ - [459 [ 51 [ 13 [320] 06 | [38]
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24 Biomass pyrolysis kinetics

Pyrolysis can be used as an indepéndent process for the production of fuels and/or
value added chemicals. It also occurs as the ﬁrst step in a gasification or combustion
- process. The development of thenﬁqchemical processes for biomass conversion and
suitable reactor design necessitates the knowledge of several process parameters which
include a profound understanding of the mechanism of réactions governing pyrolysis
procéss, the determination of the most significant pyrolysis parameters and of their effect
" on the process and knowledge of the kinetics [60]. The kinetic modeling of the
decomposition is crucial for an accurate prediction of the material’s behavior under
different working conditions [61]. Also a precise conception of solid state pyrolysis
kinetics is very crucial in designing and operating large scale biomass conversion
systems. Thermogravimetric analysis (TGA) is an extensively used technique to study the
reaction kinetics for pyrolysis process because of its simplicity and retrieval of a host of
valuable information from a thermogram and it has gained widespread attention in
thermal studies of biomass pyrolysis [62]. The precision and acéuracy of the kinetic
expression governing the reaction mechanism and the kinetic parameters inferred from
kinetic analysis have a profound dependence on the reliability of the evaluation methods
used to study the decomposition behavior of biomass under different conditions of
temperature and/or atmosphere. Various model fitting approaches such as Kissinger,
Friedman, Flynn-Wali-Ozawa, multi-linear regression analysis and Modified Coats-
Redfern have been widely used to estimate the kinetic parameters by several authors [63-
68]. Di Blasi presented a comprehensive review of the different classes of mechanisms
proposed for the pyrolysis of wood and other cellulosic materials [69]. Varhegyi et al.
[70] used the independent reaction model of three pseudo-components. This model
ensures the possibility of simultaneous decomposition of pseudo components. The
biomass decomposition results reported in the literature [71-73] show that this model
.provides consistent parameter values with low fitting errors. Yao ef al. [63] studied the
degradation properties and kinetic parameters of hard wood using all of the above
described methods and reported that most of the natural fibers degrades in the
temperature range between 215 and 310°C with apparent activation energy of 160 - 170
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kJ mol!. Agikalin [74] observed average activation energies of the second and third
stages pistachio shell pyrolysis calculated from model-fitting methods were in tﬁe range
of 121 — 187 and 320 — 353 kJ mol’, respectively. The FWO method yielded a
compatible result (153 kJ mol™) for the second stage but a lower result (187 kJ mol™) for
‘the third stage. Sasmal et al. [65] observed that activation energy of all the i)iomass
- materials irrespective of degradation zone, lies within the range 116 — 348 kJ mol™ under
nitrogen and 91.2 — 175.7 kJ mol™ under air atmosphere, respectively. The macroscopic
kinetics of biomass pyrolysis is complex as it includes information about simultaneously
occurring multiple steps. Unraveling the macroscopic kinetics presents a certain
challenge that can only be met by the computational methods that allow for detecting and |
treating ‘multi-step processes [75]. According to the results of the International
Confederation for Thermal Analysis and Calorimetry (ICTAC) kinetics Project [76],

isoconversional methods are among a few methods that are up to this challenge.

2.5  Factors affecting pyrolysis liquid product

Pyroleis of biomass is a complex thermochemical conversion process during
which biomass decomposes through primary and secondary reactions involving heat and
mass transfer mechanism. During pyrolysis many factors affect the nature of products
obtained. These factors can be divided as the processing parameters and non-processing
parameters. The processing parameters include reactor temperature, vapour residence
time, heating rate, particle size etc. The non-processing parameters include ligno-

cellulosic composition and presence of inorganic element in biomass feedstock.

2.5.1 Processing parameters
2.5.1.1 Temperature

The temperature in a pyrolysis process is the most significant operating parameter
[77]. Pyrolysis is generally conducted in the temperature range 400 - 600°C, where the
liquid phase (condensed product vapours) makes out the main product yielding between
60 to 70% on a dry basis [5, 78, 79]. As the reaction temperature increases the liquid
product yield increases but further increase in temperature (~ above 500°C) [80, 81]

decreases the liquid yield. The reason for the lower bio-oil yield at a lower reaction
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temperature may be due to the fact that the reaction temperature becomes too low to
complete pyrolysis process. On the ~other hand, upon increasing the temperature,
secondary reactions of the heavy molecular weight compounds in the pyrolysis vapours
or between the vapour and solid phases dominated, resulting in a decrease of the bio-oil
yield and an increase of the gas yield [81]. The pyrolysis temperature has a remarkable
effect on bio-oil composition [82]. Xiao et al. [83] reported that the organic functional
groﬁps in biomass char decreased greatly with the increase in the final temperature,
which were stable in the liquid péﬂ but the transmittance of these groups decreased with

the increase in temperature. -

2.5.1.2 Particle size

Particle size is known to influence pyrolysis product yield. It is generally assumed
that an increase in particle size causes greater temperature gradients inside the particle so
that at a given time, the core temperature is lower than that of the surface of the biomass
particle, and this could possibly give rise to an increase in char yield; hence, gas and oil
yields may be expected to be low [84, 85]. Larger particles require high apparent
activation energies which can again be attributed to heat transfer limitations. Also, small
particles héve enough surface area to interact with the pyrolysis medium to form volatile
products that leaves the biomass matrix without. undergoing secondary reactions [86].
However, in case of slow pyrolysis, particle size does not show any significant influence
on product yield [87]. Considering the poor thermal conductivity of biomass, biomass
particles have to be very small preferably to provide rapid heating to achieve high bio-oil
yield. Although, high heating rates may be achieved in a pyrolysis reactor, the low
thermal conductivity of biomass prevents such temperature gradients throughout the
whole particle. It is also reported in the literature that the water content of bio-oil

increased with increasing biomass particle size [88].

2.5.1.3 Heating rate
Biomass heating rate in a pyrolysis reactor is the most important and significant
parameter on bio-oil yield. The effect of heating rate can be visualized in fast pyrolysis

mode where the liquid product yields much higher than the conventional pyrolysis
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process. This is bécause of quick fragmentation of biomass due to high heating rates
which enhances the yield of volatiles. Enhancement of volatiles could be attributed to the
extra tar decomposition at high heating rates [89]. Rapid heating rate reduces the heat and
mass transfer limitations and also enhances the abundance of volatiles by fast
endothermic decomposition of biomass, thus limiting the time available for secondary

reactions: tar cracking and repolymerization {90, 91].

2.5.1.4 Inert gas flow rate

The vapour residence time inside a reactor in pyrolysis process can influence the
type and composition of all products in a pyrolysis process. The interaction of the
escaping nascent, hot pyrolysis vapours with surrounding solid environment lead to the
.formation of char which is exothermic in nature. This effect of char formation could be
minimized by setting the process parameters of a pyrolysis reaction that support rapid
mass transfer such as vacuum pyrolysis, fast removal of pyrolytic vapour and small
particle size of feedstock [84]. For this reason, the use of inert gas flow like N, Ar and
water vépour is of common practice. Flowing of inert gas reduces the residence time for
hot pyrolytic vapour inside the reactor and thus minimizes the secondary reactions like
thermal cracking, repolymerization and recondensation to maximize the liquid product
yield [53]. However, it is to be mentioned that inert gas flow only removes the hot
pyrolytic vapour from the reaction zone. Rapid quenching is then needed to stop the
secondary chemical reactions occurring in hot vapours before the valuable initial reaction

products can be degraded [92].

It is also observed from the literature that pyrolytic liquid yield is not signiﬁcantly
influenced by inert gas flow rates. Putun et al. [34] observed ~ 3% more liquid yield
(from 27.8% to 30.2%) by increasing the Nz gas flow from 50 to 200 ml/min. However
further increase in sweeping gas flow rate to 400 ml/min slightly decreased the pyrolytic
oil yield. Similarly Acikgoz et al. [93] and Demiral and Senséz [94] observed 3% and
3.3% more pyrolytic oil production by increasing the nitrogen flow rate within the
interval of 50-100 ml/min and 50-150 ml/min respectively. Sensoz and Angin [95] also
observed that bio-oil yield of 33.8% without any sweeping gas flow increased to 36.1%
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with the sweep gas at a flow rate of 100 ml/min. Hdwever, further increasing the gas flow
rate to 200 ml/min reduced the oil yield from 36.1% to 33%. Usually, low gas velocity is
sufficient to attain maximum liquid product.yield which could be attributed to the fact
._ that at high gas velocities, the volatiles leave the system without effective condensation,

resulting in maximum gas formation [96].

2.5.1.5 Initial moisture content of biomass feedstock

Green biqmass contains about 50 — 60% moisture, and therefore, it is necessary to
reduce the moisture because pyrolysis process can handle biomass containing moisture
content upto 30% effectively. Composition and physical properties of pyrolytic oil are
also dependent on initial moisture content. During -pyrolysis, almost all of the initial
moisture contents appear in the aqueous product fraction. At least 15% of pyrolysis oil
consists of water. When the feed moisture content is less than 10%, the water content in

bio-oil is reduced to 15-25%, which otherwise ranges from 18-28% [97].

2.5.2 Non-processing parameters
2.5.2.1 Biomass composition

The composition of product of pyrolysis depends very much on the compositional
variations of biomass feedstocks. Figure 1.5 depicts the composition of pyrolytic oil
depending upon the composition of biomass. Pyrolysis of cellulose and hemicellulose
produces more liquid yield than lignin [96, 98]. Yéng et al. [99] found that the pyrolysis
of hemicellulose and cellulose occurred quickly, with the weight loss of hemicellulose
mainly occurred at 220 — 315°C and that of cellulose at 315 — 400°C. However, lignin
was more difficult to decompose, as its weight loss occurred in a wide temperature range
(from 160 to 900°C) and only 54.3% of lignin was volatilized at 900°C. In a very recent
study conducted by Burhenne et al. [100] it is reported that the lignin content of any
biomass feedstock is the main controlling factor in pyrolysis process for industrial
application. They observed that the highest liquid product yield (i.e. 48%) and the lowest
solid product yield of 32% was obtained from rape straw with a lignin content of 24%
while the lowest liquid product yield of 41% and the highest solid product yield of 43%
was produced by spruce wood pyrolysis that had a lignin content of 26%. ‘It is therefdre,
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clear from the literature that final temperature to obtain maximum liquid product yield
depends upon biomass components and that lignin contributes to the major portion of

solid residues during lignocellulosic biomass pyrolysis process.

2.5.2.2 Mineral matter/metal ions in biomass feedstock

The composition of mineral matter in biomass feedstock is an another important
parameter in biomass pyrolysis process as the mineral matter decreases the oil yield and
tends to incréase the char and gas yield which is evident from the various studies [18,
101, 102]. Moreover the inorganic constituents of biomass -can cause fouling and
corrosion qf pyrolysis reactor. The low melting point constituents can induce
agglomerization of reactor bed materials. Raveendran ef al. [18] developed a correlation
to predict the effect of mineral matter (K, Zn) and amount of lignin on the volatiles yield
of biomass pyrolysis (Eq. 2.1). .
AV = —0.964(L% x X" x X, ***)+7.192 : 2.1)

- Where AV = change in percentage yield of volatiles due to demineralization
L= lignin content (wt %) of biomass

X, = fraction of potassium in silica-free ash and
X, = fraction of zinc in silica-free ash

Various studies showed that the effect of inorganic constituents in biomass pyrolysis
could be minimized by demineralization of mineral matter except for biomass types,
which have high amounts of lignin and K metal. To prevent the negative effect of
minerals during pyrolysis process, washing of biomass is one of the suitable options
[103-105]. More extensive removal of these constituents can be performed by treating
the biomass with acid medium. However, if the acid treating conditions are too
severe, this could lead to the loss of solid biomass, i.e. the main chemical
composition of biomass can change. For example, if very high concentration of acid
and/or elevated temperature is applied, some degradation of hemicellulose can occur
and thereby, the cellulose and lignin contents become higher in biomass feedstock
[103].
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2.6 Effect of parameters on pyrolysis solid product (biochar)
2.6.1 Structural and chemical composition V

| The solid product i.e. char is ‘an important product of pyrolysis process. The
fresh char is pyrophoric, so careful handling and storage is required. This property
deteriorates with time due to oxidation of active sites on the char surface [79]. It is
reported that with increase in pyrolysis reactor temperature, the carbon structure
becomes increasingly ordered until, at very high temperatures (>2000°C), the
‘biomass is eventually converted to graphite, with ring-layers systematically stacked
on top of each other, However, some feedstocks graphitize at the highest treatment

temperature of less than 2000°C [106].

It was observed by various researcher that the total carbon content of biochar
varies considerably depending on the feedstock and may range from 400 g/kg up to
900 g/kg. The highest C contents are obtained from hard-wood feedstock pyrolysed
at high temperatures, while manures generate biochars with low C contents. In
comparison to woody biomasses, nutrient-rich manures contain more minerals,
which end up in the biochar, and thus results in low C proportion [107-109]. Besides
the large C component, the elemental composition of biochar consist of H and O,
as well as different minerals (e.g. N, P, S) depending on the feedstock [110]. It was
observed that concentration of inorganic elements increase with increase in the

pyrolysis temperature.

2.6.2 Biochar porosity and surface area

" The heating rate applied in the pyrolysis process is an important process
parameter exerting decisive influence on the size of the surface area. Lua ef al. [111]
obtained the highest surface areas (778 m?/g) in pistachio nut shells at a heating rate
of 10°C/min, while further increment of the heating rate up to 40°C/min continuously
decreased the surface area. Downie et al. [106] suggested that pore size and volume
is dependent on the biomass feedstock and pyrolysis settings. During pyrolysis, loss
of feedstock mass in the form of volatile organic compounds leaves voids, which

creates an extensive pore network consisting of pores and cracks. By increasing the
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pyrolysis temperature and by using reactive agents the volatilization of the biomass

material increases and leaves a more porous biochar with a larger surface area.

It has been hypothesized that iriorganic materials of high-ash feedstocks may
partially fill or block access to micropores, thereby reducing the surface area. Lee et
al. [112] found that the removal of inorganic materials by wet sieving of biochars

leads to high surface area.

2.6.3 pH of biochar

Biochar pH, which is a preliminary key propérty is greatly affected by
pyrolysis temperature. Angin [1>13] reported that with the increase in the pyrolysis
temperature the pH values of the biochar also increased. However, he did not notice any
 significant effect of heating rate on pH values of biochar. Similar result were also
observed by Inyang et al. [114]; Jindarom et al. [115] and Yao et al. [116]. Yuan et al.
[117] suggested that the increases in pH values may be attributed to the separating of

alkali salts from organic materials due to increase in pyrolysis temperature.

2.7 Catalytic pyrolysis _

The biomass pyrolytic liquid (bio-oil) can be utilized as an energy carrier,
source for many commodity chemicals, or can be upgraded as a transportation fuel
(Figure 2.3). In biomass catalytic pyrolysis process, ideally, the heavy oxygenated
volatiles from the decomposition of biomass are deoxygenated and converted to lighter
fuels and chemicals by coming in contact with a suitable catalyst. The decrease of
oxygenated, bio-oil component species can increase bio-oil’s heating value and result in a
product with improved physical and chemical properties. Improving the quality of bio-oil

using heterogeneous catalysis has received extreme attention from several research

groups.
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Figure 2.3: Catalytic upgrading of biomass.

2.8 Chemistry of catalytic pyrolysis

Biomass catalytic pyrolysis with molecular sieve mainly aims to produce aromatic
hydrocarbons, as they are highly desirable products since they have high octane numbers
and can be used in gasoline as octane enhancer. Furthermore, aromatics can be used for
production of several high value added chemicals and polymers [118]. As depicted in
Figure 2.4, solid biomass (¢.g., cellulose) first undergoes thermal decomposition resulting
in the production of volatile organics, gases and solid coke followed by dehydration
reaction of organic volatiles to produce water and dehydrated species in the process of
catalytic pyrolysis. Bridgewater [119] pointed out that aromatization is an important step
in the reactions of hydrocarbon over zeolite. Huber and Corma [120] also noticed that
this aromatization reaction proceed via Diels-Alder reaction in which olefins obtained
through thermal biomass cracking combine cach other to form cyclic and aromatic

compounds. However, for the production of selective aromatics is to minimize the
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production of undesired coke formation inside the catalyst which in turn deactivate the
catalyst activity. The coke can form from the biomass feedstock, volatile oxygenates,
dehydrated species or the aromatics through homogeneous gas phase thermal

decomposition reactions and from heterogeneous reactions on the catalyst [121].
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Figure 2.4: Reaction chemistry for the catalytic fast pyrolysis of cellulose on solid
acid catalyst [adapted from reference [121] with due permission from
springer].

2.9  Factors affecting biomass catalytic pyrolysis

2.9.1 Porosity and acidity of catalyst '

Porosity and acidity both affect activity of catalyst for conversion of biomass
derived oxygenated product to aromatics. Influence of zeolite pore size and shape
selectivity in glucose to arométic conversion was studied by Jae ef al. [122] and revealed
that aromatic yield was a function of catalyst pofe size.

Aho et al. [123] observed that increasing the acidity of B-zeolite catalyst (i.e.,
decreasing Si/Al ratio) resulted in a decrease of organic fraction of the pyrolytic liquid
and conversely increase in water and polyaromatic hydrocarbons. The increased
concentration of polyaromatic hydrocarbons (mainly naphthalene, phenanthrene, fluorene

and their alkylated homologues) in catalytically upgraded bio-oil was also observed by
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Williams and Horne [124], some of which are known carcinogen and/or mutagen and
may consequently represent significant health hazards. In cétalytic pyrolysis of empty
ﬁ’uit branch using AI-MCM-41 and HZSM-5, it was observed that using AI-MCM-41
produced more phenols than HZSM-5 [125]. This could be attributed to the higher
porosity of AI-MCM-41 than HZSM-5 encouraging the performance of producing
phenols as the catalytic activity is directiy related to structural and active sites
~ characteristics [126]. Ma et al. [127] compared aromatic yields of non-catalytic and
catalytic pyrolysis of lignin using porous catalyst silicate and HZSM-5. They observed
that apart from porosity, acid sites are needed in catalyst in order to produce high yield of
aromatics. Lignin is an attractive compound to be studied as model compound for
biomass catalytic pyrolysis. Though lignin is the most difficult biomass component to be
decomposed resulting in the highest solid residue production [128-130],‘ the pyrolytic
lignin has high theoretical potential to be converted to aromatics [131]. In catalytic
cracking of pyrolytic lignin sepafated from rice husk derived bio-oil, it was suggested
that microporous zeolites favour more aromatic production [131]. It was also observed
that, phenols were significantly deoxygenated and converted to aromatics such as
toluene, naphthlene and benzene were most abundant aromatic species produced over
ZSM-5 catalyst. However, it is to be mentioned that number of acid sites present in a
proper poréus structure as well as their strength distribution should be simultaneously
modified for enhanced aromatic production [103].
Catalyst pore-opening size plays a decisive role to enhance the aromatic -

" production. Pore-opening size affects mass transfer and can restrict diffusion of large
molecule into the catalyst pore reaction zone [132]. In catalytic fast pyrolysis of alkaline
lignin studied by Ma et al. [127], it was observed that catalysts with larger pore size
produced more liquid product and less coke in an order of H-USY (7.4 A) > H-beta
(6.6 A) > HZSM-5 (5.5 A). Therefore yield of liquid and product selectivity could be
contr;)lled by tuning pore size of lthe catalyst.

2.9.2 Hydrogen to carbon effective ratio

Use of zeolite in biomass conversion to aromatics faces problems due to the

production of large amount of coke resulting in rapid deactivation of catalyst [133]. Chen
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et al [134, 135] introduced the hydrogen to carbon effective ratio (£, C ) as shown in
o

equation 2.2, to describe whether a feed can be efficiently converted into hydrocarbons

according to the amount of carbon, hydrogen and oxygen in the feedstock. Feedstocks

with same (7 C )wﬂl have similar theoretical yield of aromatics [121, 136].
effl

H-20
% = | 22)

o C

Where H, C, and O correspond to number of atoms of hydrogen, carbon and oxygen in

the feedstocks, respectively.

The % ratio for petroleum derived product ranges from 1 (for benzene) to
el

slightly higher than 2. However the % for lignocellulosic biomass ranges from 0-0.3.
of L

However, biomass —is made of hydrogen deficient molecules and so one should must take
care the ratio for conversion of biomass and biomass-derived products. Carlson et al.
[121] studied xylitol, glucose, cellobiose and cellulose with ZSM-5 catalyst and found
that xylitol had a higher yield of aromatics than other feedstock which could be attributed

to the higher % " ratio (0.4) of xylitol. However no olefins were detected in their study
efff

while Lappas et al. [137] observed presence of olefins when glycerdl and sugars were

passed over ZSM-5 catalyst. /7, o ratio of feedstock can be increased through co-
off

feeding of hydrogén and hydrogen compounds like alcohol. Zhang et al. [138] increased

the pine wood 1, ratio of 0.11 by changing the relative amount of alcohols (methanol,
p (o g

1-propanol, 1-butanol and 2-butanol) and biomass feedstock and observed enhanced yield

of aromatic compounds. Enhancement of £ C ratio and aromatics yiéld could also be
off

achieved by hydrogenation using hydrogen gas [139].
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2.9.3 Reaction temperature and héating rate

Reaction temperature and heating rate also play a vital role in product selectivity
towards aromatics in biomass catalytic pyrolysis. Carlson et al.[140]studied catalytic fast
pyrolysis of pinewood in a fluidized bed reactor to observe the effect of temperature on
. yield and product distribution of pyrolytic products. The result indicated that the catalytic
pyrolysis chemistry shifted towards gasification like reactions at higher temperature as
the yield of coke and unidentified oxygenates decreased, while CO and CH, yield
increased with increase in temperature. The aromatic yield was slightly higher and
reached a maximum of 11% carbon at 600°C, but furth.er increase in the temperature
decreased the yield of aromatics. They also reported that temperature had little effect on
total olefin yield. However, product selectivity for olefin such as propylene, butane,
ethylene showed an interesting trend. For example, propylene selectivity was maximum
at low temperature and decreased to zero at the highest temperature. Butene selectivity
also decreased as the temperature was increased to a maximum level. Carlson et
al[141]observed significant effect of reaction temperature on aromaticé yield in
conversion of glucose to aromatics over HZSM-5 catalyst. They observed that increase in
temperature from 400 to 600°C increased the carbon yield of aromatics from 10% to

30%, whereas coke formation was remarkably reduced.

294 Catalyst-to-feed ratio

In addition to other parameters, catalyst-to-feed ratio is also an important factor
for product formation and product selectivity in biomass catalytic pyrolysis. Carlson et
al.[121]showed that the product selectivity for catalytic fast pyrolysis of glucose with
ZSMS is a function of the catalyst-to-glucose weight ratio. The coke yield increases and
the aromatic yield decreases as the catalyst-to-glucose ratio decreases. These thermally
stable oxygenates are intermediates in the production of aromatics. Thermally stable
oxygenates are formed as the catalyst-to-glucose ratio decreases. The increased yield of
-aromatic hydrocarbon from 54.3% to 56.7% due to the increase of catalyst-to-feed ratio
was reported by Zhao et al[142]. The same parameter was also studied by Du et

al.[143]in catalytic pyrolysis of microalgae Chlorella and observed that the aromaﬁcs

Literature review Page |2-21



Thermo-chemical conversion of bioenergy-byproducts to bio-oil and biomaterials § 2013

of aromatics yield could be attributed to the enough surface contact area provided by the
increase of catalyst-to-feed ratio [135]. It was also shown by Carlson et al. [144] that
increasing ZSM-5 to glucose weight ratio 1.5 to 19, carbon yield of aromatics increased

from 13 to 31%, whereas carbon yield of coke decreased from 44 to 33%.

2.9.5 Catalyst surface area

Along with the other influencing parameter, catalyst surface area also has a
dominating effect on producfdistribution and selectivity of the product. Lappas et al.
[145] observed that more active the catélyst i.e., higher surface area, the less liquid was
produced. However, the effect of catalyst on bio-oil yield was not linear. The effect of
total surface area on gas yield was also found to be logarithmic, and therefore using a low
active catalyst, the gas yield increased considerably in comparison with zero surface area
silica sand. However, further use of higher surface area catalyst had a minor effect on gas
yield. The total surface area of catalyst had a dominant effect on char yield. The char
yield increases with the use of higher surface area catalyst as compared with silica sand.
The presence of catalyst also significantly affects the bio-oil composition. The bio-oil
produced with silica and sand contained mainly phenolic and carboxylic compounds.
Furans, acids and hydrocarbons were also present in small quantities. However, using
zeolite catalyst, the concentration of hydrocarbons increased with increase in catalyst
surface area. It was also observed that, using the most active catalyst i.e. catalyst with the
highest surface area, the hydrocarbon concentration was almost double as compared to

that of non-active catalyst.

2.9.6 Incorporation of metal to catalyst

Recently, works on bi-functional catalyst such as zeolites dopped with noble
metal is gaining popularity. In-corporation of metals into catalyét' could control both
aromatics and olefin formation in catalytic biomass pyrolysis. Iliopoulou et al. [146]
observed impregnation of 1 — 10 wt.% transition metals like nickel and cobalt into ZSM-
5 catalyst increased the production of aromatics from biomass feedstock which could be
attributed to the effect of these transition metals in promoting dehydrogenation reactions.

Lanthanum (La) modified HZSM-5 (Si/Al = 25) catalyst was used by Gong et al. [147] in
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catalytic cracking of bio-oil and observed that addition of La into zeolite efficiently
changed the acid distribution among the strong, medium and weak acid sites and found
that high percentage of medium acid sites is suitable for selective production of light
ole.ﬁns. Huang et al. [148] observed that biomass containing higher content of cellulose
or hemicellulose produced more olefins than feedstock with higher content of lignin in an
order of cellulose > hemicellulose > sugarcane bagasse > rice husk > sawdust > lignin
when pyrolyzed with HZSM-5 impregnated with lanthanum. Increasing the percentage of
lanthanum from 2.9 to 6.0 wt.%, increased the production of olefins from rice husk by

15.6% to 26.5%, respectively.

In a very recent study by Du et al. [149], a series of zeolites including HZSM-S,
H-Beta and H-Y were evaluated for their influence on aromatic production performance
of pyrolysis of Chlorella and egg whites. Among the zeolites, HZSM-5 showed the
highest aromatics yield of 18.1% for Chlorella and 11.1% for egg whites with Si/Al ratio
of 80. They also studied the effect of metal incorporation (Co, Cu, Fe, Ga, Mo, and Ni)_
on H-ZSM-5 on the aromatic yields and observed that, afnong the catalysts, Cu aﬁd Ga
enhanced the aromatics yields significantly from 16.7% for normal HZSM-5 (30) to
21.2% and 18% respectively, indicating that some transition metals can promote the

aromatization function of HZSM-5.

Pyrolysis of biomass has recently gained interest due to its wide ranging potential
to produce solid, liquid and gaseous product in a single step conversion technology. The -
above discussion points towards the fact that pyrolysis could convert almost all types of

. biomass feedstock (Table 2.1). It 1s well known that successful utilization of any biofuel

- 'fundamentally depends on the availability of feedstock. The greatest share of production -

costs of large scale commercial use of biofuel is linked with the availability of low cost
and good quality non-edible feedstock. Therefore, introduction of such kind of feedstock
for pyrolytic conversion is necessary and will be beneficial for pyrolysis process to
become a viable one. However, various parameters affect the product yield, properties
and composition of pyrolysis product. These parameters can be divided into highly

influencing and moderately and/or low influencing parameter. Highly influencing
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parameters include temperature, rate of biomass heating, vapour residence time and
biomass composition whereas moderately and/or low influencing parameters include size
of feed particles, sweeping gas flow rates, mineral contents and initial moisture content.
The biomass pyrolytic liquid can be utilized as an energy carrier and sourcé for maﬁy
- commodity chemicals. However; despite of its various poten_ﬁal, bio-o0il has some
négative properties such as high density, acidity, water content and oxygen content
together with low heating value. To overcome these negative attributes, the bio-oil must
be upgraded through catalytic processes where a heterogeneous catalyst is used as a heat
carrier in the pyrolysis reactor for the in situ upgrading of the quality of the pyrolysis oil.
For this reason a plethora of catalytic materials such as zeolites, mesoporous materials
with uniform pore size distribution (MCM-41, MSU and SBA-15), microporous or
mesoporous hybrid materials doped with noble and transition metals, and base catalysts
which act as bifunctional catalysts have been investigated. Among the various catalyst,
zeolites seems to be very promising since they crack biomass pyrolytic vapours or oil,
producing a better quality product albeit with lower yield. Therefore, research is
_necessary on biomass catalytic pyrolysis to improve and find optimum catalysts, which

would be also beneficial for downstream bio-oil upgrading process.
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3.1

Chapter 3 : Materials and Methods
Methodology flow diagram

The methodology adopted in this study for conducting the proposed research is
shown in the form of a flow chart (Figure 3.1).
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Figure 3.1: Flow diagram of methodology adopted in the study.
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3.2 Description of tree species

3.2.1 Mesua ferrea

Figure 3.2: (a) Mesua ferrea tree (b) Mesua ferrea seed
(c) Mesua ferrea deoiled cake.

Mesua ferrea deoiled seed cake (MFDC) [Figure 3.2(c)] is one of the feedstock
opted for the present study. MFDC is produced after oil extraction from M. ferrea seed
[Figure 3.2(b)]. M. ferrea is a plant [Figure 3.2(a)] with one of the highest oil
containing seeds [1].

Botanical Name : Mesua ferrea L.

English Name : Iron wood tree

Vernacular Name : Nahar (Assamese); Nageswar (Hindi)
Family : Guttiferae

It is a middle-size tree that grows mostly in the mountains of the Eastern

Himalayas, Eastern Bengal, Eastern and Western Peninsulas and Andaman Islands. In
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Assam it is found particularly in upper Assam, lower Nagaland, Darrang district and
the North Cashar Hills. Its seeds contain 75% percent of oil on the basis of shelled
kernel weight [1]. Flowering starts in April-May and seeds become mature in August-
October. A fully mature tree yields 30-60 kg of seeds annually and yields per hectare
ranges from 6122 to 12245 kg (assuming a spacing of 7x7 m*). M. ferrea is one of the
hardest trees of north-east India. Its timbers are used in railway sleepers, construction
of houses, furniture and cart wheels etc. In early days when kerosene and electricity
were not available the rural people of this region used its seeds for illumination at

night. Flowers and leaves have snake repellent properties.

3.2.2 Pongamia glabra

5
-
-
=
i
&
H

Figure 3.3: (a) Pongamia tree (b) Pongamia seed (c) Pongamia glabra deoiled cake.

The Pongamia glabra deoiled seed cake (PGDC) [Figure 3.3(c)] taken for the
present study is a byproduct of biodiesel production from oil of P. glabra seed [Figure
3.3(b)].

Botanical Name : Pongamia glabra V.
English Name : Indian Beech, Pongam, Hongay
Vernacular Name  : Koroch (Assamese); Karanja (Hindi)

Family : Leguminosae
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P. glabra is an arboreal legume, is a member of the subfamily Papilionoideae,

more specifically the Millettieae tribe. This medium-size tree [Fig. 3.3(a)] is

indigenous to the Indian subcontineht and also found in the humid tropical regions of

the world as well as some parts of Austrélia,.New Zealand, Cﬁina and the USA [2].

The seeds or nuts of the tree are its most useful product. The non-edible oil extracted

from seeds has traditionally been used as fuel and lubricant and in soap making [3, 4].

More importantly, India’s biofuel policy screened P. glabra as a viable source of oil -

for the escalating biofuel industry [5]. The main features which support Pongamia a

potential biofuel crop are-

o Itis a fast growing liguminous trees and it improve the soil where it grows [2],

e High seed yielding tree and maximum oil production (900-9000 kg
seed/ha/year. The oil content of the seeds varies from 30-35 %) [6, 7],

o The tree has the ability to grow on marginal land with a high productive life,

o The seed-is non-edible (contains several unsaponifiable and toxic components)

[8], so it alleviates todays major competitive situation that exists with food

crops as biofuels and engrossing arable land and water use

Some important features of P. glabra and M. ferrea seed oil are presented ih Table 3.1.

" Table 3.1: Important features of P. glabra and M., ferrea seed oil

Properties | P. glabra [9)] M. ferrea [7, 10] :

Density at 15°C (kg/m®) | 93707 — T To3g T T T
Viscosity at 40°C (mm?/s) | 26.06 T T e
Calorific value (M]/kg) HOET T Cemd L _{
Acidvalue (mgKOH/g) | 7.5 T S
Ash (wt.9) [ 0001 e T T
Carbon residue (wt.9%) | 121 Tleo T S
Saturated fatty acids (wt.%) | 26 .;,’2;5.'.&.6 - ﬁ. | : -
Unsaturated fatty acids 73 B 7Y -

(wt.%)
Materials & Methods Page |34
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3.3  Materials and analytical methods

3.3.1 Sample preparation

MFDC and PGDC were collected from Biomass Conversion & Gasification
Laboratory, Department of Energy, ‘Tezpur University, India, after lipid extractioh
with mechanical oil expeller [Malnad type oil expeller (Indus)]. MFDC were ground
using a Wiley mill to pass through 0.2mm (70 mesh) and 0.4mm (40 mesh) screen (as
per TAPPI T257 Om-85 methods) to fine particles of 210 and 420 p respectively in
order to eliminate heat transfer effects duﬁng pyrolysis and then samples were oven

dried and kept in a desiccator.
3.3.2 Determination of moisture content

Moisture content of both the samples was determined according to the ASTM
D 3173. The collected samples were weighed initially and then the samples wére taken
in an aluminum container-and dried in an oven at 105 + 3°C. The samples were kept in
the oven until a constant weighed was reached. The weight of the samples at this point
is considered as the direct measurement of the dry weight of the sample which is
subtracted from the inifial weight of the sample to obtaih the weight of moisture
content present in the sample. For each sample, the experiment was conducted in
triplicate and the mean value was reported. The moisture content was determined using

the following equation:

Initial weight — Oven dry weight

x 100
Initial weight

Moisture content (%) =

3.3.3 Determination of ash content »
For determination of ash content, ASTM D 3174 was followed. At first, an
empty 25 ml silica crucible was heated in a muffle furnace at 575 + 25°C for 15 min.

and allowed to cool in desiccators for 45 min. and then weighed accurately. Oven

dried biomass samples under investigation were weighed and transferred into the
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crucible and kept in a muffle furnace at 575 £ 25°C to ignite for a period of 3 hours or

longer to burn away the carbon, completion of which was indicated by the absence of

black particles. Crucible was then removed from the furnace and kept in desiccators

and weighed accurately. For each sample, the estimation was done in triplicate and the

mean value was reported. The percentage of ash content was calculated as follows:
Weight of ash

Ash content (%) = Weight of sample x 100

3.3.4 Determination of volatile matter

Volatile matter of MFDC nd PGDC samples were determined using the method
described in ASTM 3175. A platinum crucible of 10 ml capacity was taken and its
surface was cleaned by rubbing with fine steel wool. After that it was heated in a
preheated furnace at 950°C for 2 min and then cooled in a desiccator for 15 min. The
weight of the platinum crucible was taken. The crucible was filled up to 1/2 to 3/8
inch with the ground oven dried samples and gross weight was taken. It was then
heated again in the preheated furnace at 950°C for 2 min. After that the crucible was
removed from the furnace and cooled in air for 2 to 5 min‘ and then cooled in
desiccators for 15 min. For each sample, the estimation was done in triplicate and the
mean value was reported. The percentage of weight loss of the samples was reported

as volatile matter and calculated as follows:

Weight loss of dry sample

100
Net weight of dry sample

Volatile mdtier (%) =

3.3.5 Determination of fixed carbon .
Fixed carbon content of MFDC and PGDC was determined by simple
calculation as given in ASTM Test No. D-271-48. Fixed carbon was calculated as

follows:

Fixed carbon (on dry basis)(%) = 100 — [volatile matter (%) + ash (%)]

Materials & Methods - ‘ Page |3-6
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3.3.6 Higher heating value (HHYV)

Gross calorific value (GCV) or Higher heating value (HHV) was determined
using an auto bomb calorimeter (Changsha Kaiyuan Instruments Co, SE-1AC/ML).
About 1 g.of oven dried sample tablet was completely combusted in an adiabatic bomb

containing 3.4 MPa pure oxygen under pressure.

3.3.7 Determination of net calorific value (NCV)
The NCV was calculated from the following equation [11]:
NCV = GCV x (1 -2y ~2.444x ()= 2,444 % (=) x8.936 x (1 -2 ; (2]
100 100" 100 ‘ 1007 " kg

Where 2.444=Enthalpy difference between gaseous and liquid water at 25°C.

. M :
8.936 = MHZO ; 1.e the molecular mass relation between H,Oand H,
H

Where, NCV= Net calorific value
GCV= Gross calorific value
H= Concentration of hydrogen in biomass sample (wt.%)
w= Moisture content of biomass sample (wt.%)
3.3.8 Biochemical énalysis of biomass samples

Cellulose, hemicellulose and lignin were determined by using the Fibertec I
and M Systems (Foss AB, Denmark) as described by Van Soest [12]. This method 1s
based on subsequent steps of chemical treatments to solubilise “non-fiber” components -
and final determination of the residue obtained. Before the determination of
biochemical constituents, ground samples were extracted with acetone (100%) at 5°C
and water at 60 — 70°C. Extractions were repeated several times. The residues were
dried and used for the determination of acid detergent fiber (ADF), neutral detergent
fiber (NDF) and acid detergent lignin (ADL).

‘Materials & Methods Page |3-7
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As the first step, NDF was determined after treatment with a neutral detergent
solution (sodium lauryl sulphate and EDTA), and the residue consisted of cellulose,
hemicellulose and lignin. The next step was to determine ADF after treatment of the
residue with an acid detergent solution (cetyltrimethylammonium bromide in sulphuric
acid solution), the residue was cellulose and lignin. Finally, ADL was determined after
initial treatment for ADF measurement followed by removal of the cellulose fraction
through extréction using 72% H,SOa. This residue contains only lignin. A fraction of
acid-soluble lignin and cellulose could be lost during this procedure. Acid-resistant
residue was recovered by filtration on a glass crucible with an asbestos filter, carefully
washed and dried at 70°C for 24 hours to constant weight. This acid insoluble residue
is insoluble lignin (hereafter called ‘lignin’). After weighing, the residue was ashed at
525 + 25°C for at least 5 hours and lignin was calculated after correcting for mineral
elements. '

Simple subtraction rules were used to calculate cellulose and hemicelluloses: ADF —
ADL = cellulose and NDF — ADF = hemicelluloses. The results for lignin, cellulose
and hemicellulose were expressed as percentage of dry mass of biomass species (%
dw). For each sample, the estimation was done in triplicate and the mean value was

reported.
3.3.9 Determination of pH of biochar

pH of MFDC biochar was measured by method described by Kim et al. [13].
10 g of biochar was mixed in 200 ml of deionized water followed by stirring (180 rpm)
for 24 h. The supernatant was taken for measurement of pH by a digital pH meter

(Inolab pH level 1, WTW, Germany).
3.3.10 Determination of acid sites

The Brensted-acid sites in the zeoite catalysts were determined by the titration
method described by Onda et al. [14]. Sodium hydroxide aqueous solution (0.01 mol/l,
20 ml) was added to a catalyst (0.040 g). The mixture was stirred for 2 hours at room
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temperature. After centrifugal separation, the supernatant solution was titrated by a

hydrochloric acid (0.01 mol L) aqueous solution using phenolphthalein.

3.3.11 Total acid number

The total acid number determines the purity of the bio-oil and the presence of
acidic and corrosive components in the aqueous sample. It is determined by the
amount of potassium hydroxide (KOH) base required to neutralise the acid in 1 g of
an oil sample. The standard unit of measure is mg KOH/g. Acid values qf the bio-
oils were determined as per ASTM D664. 0.2 — 0.5 g of oil was mixed with
diethylether and the solution was titrated against 0.1M KOH using phenolphthalein as

indicator. The acid value was determined as follows:

ml of 0.1M KOH consumed by sample x Molarity of KOH x56.1
Weight in grams of the sample

Acid value =

3.4  Kinetic modeling

The pyrolysis of biomass may be assumed to be represented by the fo-llowing
reaction scheme:
| Biomass solid — volatiles + solid residues
The fraction of pyrolyzed biomass (coﬁversion factor), ¢ is defined by the following

expression:

a =(mo-m%no ) | 3.1)

where mo, m, and mu refer to the values of biomass at the beginning, at time t and at
the end of the degradation event of interest, respectively.

The kinetic equation of common type can be written as:

da/ = if (@) (32)
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Where do/dt is degradation rate and it is a linear function of temperature dependent

rate constant, ¥ and f(«), a temperature-independent function of conversion which

depends on reaction mechanism;
Replacing the rate constant with Arrhenius equation and introducing the non-

isothermal condition, heating rate ( 8 =dT/dt), Eq. 3.2 becomes:

where A is the pre-exponential factor, E is the activation energy, R is the gas constant
(8.314 I mol™' K™") and T is the absolute temperature.
Selecting n order reaction model in the light of a previously accomplished kinetics

study in the literature [15] and rearranging, Eq. 3.3, becomes:

d _A |
%_a),, =5 fla) (3.4)

In this study, Eq. 3.4 is the fundamental expression used in model-fitting kinetic

calculation methods on the basis of TG data.

3.4.1 Arrhenius method

The final rate equation of Arrhenius method can be obtained by taking the

logarithm of Eq. 3.4 and making some rearrangements. It is given as follows:

| m(d%t)—nma—a):m(%)—%T 3.5)
According to Eq. 3.5, the plot ofm(d%t)—nm(l—a)versus % §hould give a

straight line for the appropriate value of reaction order n. The activation energy and

pre-exponential factor of each of the active pyrolysis stages were calculated from the

related slope (- %) and interception ln(%) of final plots, respectively.
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3.4.2 Coats—Redfern method

In Coats—Redfern method, the integral of Eq. 3.4 is taken, and the resulting
- exponential integral, which does not have an exact analytical solution is approximated

using a Taylor series expansion. The obtained equation is simplified by considering
2R% «1[16].The final form is given as follows:

mg(a)=—R—’§+1n(%)

Where g(a) = —ln(l—a%z if n =.1 ; gla) = (l—a)'%_n)Tz ifn#l.

In this method, a straight line should be obtained by plotting 1n g(«) versus (%,) if
n is selected properly. The activation energy and pre-exponential factor of each active

pyrolysis stage were determined from the slope (—%) and the interception

ln(AR/B' E) of final plots, respectively.

3.43 FWO method

Iso-conversional methods do not require knowledge of reaction mechanism to.
calculate activation energy and for this reason, they are referred as model-free
methods. The FWO method is an integral iso-conversional technique in which
activation energy is related to heating rate and temperature at a constant conversion

[17]. The equation is as follows:

nfg=C - (%T) , where C, is a constant

Activation energy can be calculated from the slope of In g versus%,. Hence, the

temperatures corresponding to the fixed values of conversion were measured at three

different heating rates and necessary plots were drawn. Activation energy of active
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pyrolysis stages were calculated from the slopes (—%) of related plots at 0.1-0.9

. conversion interval.

3.44 Global independent reactions model (Multilinear regression analysis
method) .

In this method, the parameters of the reaction kinetics were determined by
using the procedure applied by Kumar, Vamvuka and Chouchene ef al. [18-20]. Global

kinetics of the vitalization reaction can be written as:

" _
-— =k _ 3.6
i (3.6)

Where x is the sample weight, & the reaction constant and n, the order of the reaction.

Applying the Arrhenius equation,

k= Ade 74T 3.7

The combined form of the two equations 3.6 and 3.7 can be written in linear form as

m[ - d—mjl=ln(A)—(£—J+nln(m_m°°] (3.8)
my—m,, dt RT)  \my-m

o0 w

The parameters are described above.

Equation 3.8 is of the form

y=B+Cx+Dz
Where

y=In -1 @ ,x=l,z=1n m—mw_
my,—m,, dt T my—m,

B=1n(A),C=(—§J,D= n

The constants B,C and D were ‘estimated by multi-linear regression of the TGA data

for each stage using Microsoft excel program.
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3.4  Pyrolysis experiment

The pyrolysis experiments were performed on 10 g of the biomass samples in a
lab scale fixed-bed tubular reactor with a length of 30 cm and an internal diameter of
2.47 cm equipped with a sweep gas (nitrogen) connection. The reactor was heated
externally by an electric furnace, with the temperature being controlled by a Ni-Cr
thermocouple which was placed in the center of pyrolysis reactor as shown in Figure
3.4. At the outlet of reactor, a condenser was attached to condense the vapours coming
out of it. The condensed liquid was collected in a container at the end of condenser.
The other important parts of the system are liquid collecting and condensing unit as
shown in Figure 3.5(a). A 600W furnace with an inner volume large enough to contain
the whole reactor was employed for heating. The yields of liquid products and char
were determined by weighing. The amount of gas was determined by differe_nce. The
liquid product consisted of two phases; aqueous phase and organic phase [Fig. 3.5(b)].
The organic phase was extracted with equal quantity of diethyl ether. The obtained
ether fraction (organic phase) was dried over anhydrous sodium sulfate, filtered and
evaporated in a rotary evaporator at 30°C to remove diethyl ether. Then; this fraction

was weighed, bottled and denoted as bio-oil in the present study.

—————————————————— —— —— |
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3.5.1 Non-catalytic pyrolysis

The non-catalytic purolysis experiments were performed on 10 g of biomass
samples having particle size of 210 p and 420 p in the pyrolysis reactor described
above. The pyrolysis experiments were carried out at temperature 350, 400, 450, 500
and 600°C with a heating rate of 10, 20 and 40°C/min.

3.5.2 Catalytic pyrolysis

The catalytic pyrolysis experiments were carried out with the conditions
obtained from non catalytic pyrolysis experiments i.e. at 500°C and heating rate of
40°C/min. The particle size taken for this study was 420 pu. Three zeolite catalysts viz.
HZSM-5, Y-zeolite and Mordenite were used in the experiment, obtained from

Biofuels division, CSIR-Indian Institute of Petroleum, Dehradun.

Table 3.2: Catalysts properties

Properties | HZSM-5 Y zeolite Mordenite
Crystal structure | Orthorhombic Cubic crystal Orthorhombic crystal
crystal Structure structure
Pore size . Medium pore Large pore Large pore ( 12ZMR)

(1OMR) (12MR)

Si/Al ratio | 30-40 5-8 10-20

BET surface area | >300 m¥/g >300 m%/g > 300 m¥/g
Acid sites (mmol/g) = 0.81 0.74 0.77

3.6 Instrumental characterization

Carbon, hydrogen and nitrogen of the biomass samples were determined by
using elemental analyzer (PE 2400 C, H, N analyzer, Perkin Elmer). Chlorine and
sulfur were not considered since they are known to be negligible for biomass samples

as observed from literature [21]. Oxygen percentage was determined by difference.

The IR spectrum of the sample was recorded on a Nicolet IR spectrometer at
room temperature (26 £ 2°C). A region in the spectral range of 4000 — 400 cm™ was

used for analysis.
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The TG analysis of MFDC was measured by Pyris Diamond TG/DTA analyzer
(PERKIN ELMER). The experiments were conducted non-isothermally at three
different heating rates of 10, 20 and 40°C/min. A high purity N> gas (99.99%) was
used as a carrier gas at a flow rate of 100 ml/min. In each experiment, a sample
weighing approximately 4 — 8 mg was used. The tests were carried out from ambient

temperature to 900°C.

The bio-oil selected for the NMR characterization was the one obtained at the
pyrolysis conditions which gave the maximum bio-oil yield. 'H and '*C NMR spectra
were recorded in a 400 MHz NMR spectrophotometer (JEOL, JNM ECS) using
deuterated chloroform (CDCls) as the internal standard and coupling constants are

expressed in Hertz.

The chemical compounds present in the pyrolytic oil were analyzed using
Perkin Elmer Clarus 680 GC/600C MS analyzer and details of the analysis conditions

are given in Table 3.2.

Table 3.3: GC-MS analyzer details

Instrument: Model Perkin Elmer Clarus 680 GC/600C MS

GC conditions:
Column oven temperature . 70°C
- Split
£200°C
10:1
. He
Column oven temperature progress: |

Injection mode
Injection temperature
Split ratio

Carrier gas

Hold time (min)

Heating rate

10°C/min

Column: DB -5

MS condition

Ton source temperature
Interface temperature

Temperature
70°C 2

290°C 7 (31 min total)
60.0m x 250um

180°C
200°C
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The Brunauer-Emmett-Teller (BET) surface area and pore sizes were
measured by the multipoint liquid N, adsorption — desorption method with ASAP®
2020 Accelerated Surface Area and Porosimetry Analyzer, at liquid nitrogen
temperature (-196°C). Scanning Electron Microscopy (SEM) images were taken using
Scanning Electron Microscope (Jeol 6390LV, Japan) operated at an accelerating
voltage of 15kV. Images of MFDC and PGDC char were taken at 3000x
magnifications. The powder X-ray were recroded on a Rigakuminiflex diffractometer
(Cu-Ka radiation, A = 1.5406 A) in 26 range 10 ~ 70° at a scanning rate of 2°/min.
Inorganic constituents of biochar were determined by using atomic absorption

spectrometer (SOLAR, M6, Dual Zeeman, Thermo Electron, UK).

The SimDist analysis was carried out according to ASTM 2887. The capillary
column was about 5m length, 530 p internal diameter. The temperature conditions of
the column oven and injector were set initially at either near ambient or sub-ambient (-
25°C) and then programmed at a specified linear rate to a final temperature of about
400°C. Sub-ambient initial conditions are generally required to cover a wide boiling
range of samples. Helium was used as a carrier gas. The detector signal was recorded
as area slices (time intervals) for consecutive increasing retention times. SimDist

software was used for data acquisition and results calculations.

" 3.7  Assesment of antimicrobial activity

3.7.1 Preparation of cultures

Escherichia coli MTCC723 and Staphylococcus aureus MTCC96 were
collected from CSIR-Institute of Microbial Technology (IMTECH), Chandigarh, India.
Fresh bacterial cultures (S. aureus and E. coli) were prepared by adding a loopful of
stock culture to sterilized nutrient broth. The media was incubated at 37°C for 24 hours
and used for accessing antibacterial activity. Fresh cultures of Candida albicans
ATCC 183 and Saéhharomyces cerevisiae ATCC 4126 were pfepared by adding a
loopful of stock culture to Potato Dextrose Broth (PDB) and YPD media respectively.
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The former culture was incubated at 37°C (24 hours) and the later at 28°C (48 hours)

respectively, for evaluating antiyeast and antifungal activity.
372 Agar well diffusion method

The antimicrobial assay was done by using the agar well diffusion method. The
assay was carried out to find out if the thermally converted products (TCP) had any
* antimicrobial activity. Microbial cultures were adjusted to 0.5 McFarland standards
before the tests. The media used for antibacterial assay was Muller Hinton Agar,
whereas PDB and YPD media were used to access the antifungal and antiyeast
activity. The standard solutions of the samples (MFDC and PGDC bio-oil) were 500
pg/ml DMSO. The sterile liquid culture media (25ml) was poured into petriplates and
after solidification were inoculated by spread plate method with an inoculum
corresponding to 0.5 McFarland standards. Three (3) wells of 5 mm diameter were
punched into the agar with the help of a sterilized well puncturer (5 mm diameter) and
50 pl of the sample was added to the sample well. Chloramphenicol (30pug/ml) was
used as the positive control for antibacterial assay, whereas Indofil M-45, a
commercial fungicide was used as the positive control for antifungal and antiyeast
assay. 1% DMSO was used as the negative control for all the tests. The plates were
then sealed with paraffin.and kept for incubation at 37°C for 24 hours (for S. aureus,
E. coli and S. cerevisiae) and 28°C for 48 hours (for C. albicans). The antimicrobial
activity was evaluated by measuring the ZOI diameter observed using zone scale
(Antibiotic Zone Scale, HIMEDIA). The tests were carried out in triplicates and only

the mean values are reported.
3.7.3 Determination of minimum inhibitory concentration (MIC)

MIC was determined following the protocol of Wang et al. [22] with slight
modification. The MIC activity Was determined using a 96-well microtitre plate. The
stock solutions for the sample oil were (200 pl/ml DMSO) for BMFR and BPGR,
whereas (100 pl/ml DMSO) for BMR. 10 ml cultﬁre of E. coli and S.aureus were
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prepared in LB broth, whereas the same amount of culture of C. albicans and S.
cerevisiae were prepared in PDB and YPD broth respectively. Saturated cultures of all
the four strains were then diluted to form an approximately 1x10° colony forming units
(CFU)/ml. .In the 1% well, 200 pl of stock solution was added and serially diluted (8
fold) by adding the respective culture media. Following this 100 ul of culture was
added to the respective wells. Kanamycin (50 mg/ml) was used as the positive control
for bacteria, whereas Indofil (50 mg/ml, commercial fungicide) as the positive control
for C. albiéans and §. cerevisiae. DMSO (1%) was used as negative control for all the
test samples. The plates were covered and inéubated overnight at 37°C (for S. aureus
and E. coli), and 28°C for 48 hours (for C. albicans and S. cerevisiae). At the end of
the incubation period, 40 pL of MTT solution (0.2 mg/ml) was added into each well
and then further incubated at 37°C for 45 minutes. The culture absorbance was

recorded at 570 nm.
3.7.4 Statistical analy_sis

The following statistical analysis was performed to investigate the signinificant
difference of antimicrobial activity of MFDC and PGDC bio-oil on different
microorganisms. The two-sample t-test is used to determine if two population means
are equal [23]. The two-sample t-test for unpaired data:

Test statistics,

‘o X, — X,

Where n,and n, are sample size, X, and X, are sample mean and s; and s, are sample
variances.

If equal variances are assumed, then the formula reduces to

R

po i e _J(nl—l)siﬂnz—ns%
= Sy =

Sp i+_1__ n1+n2—2
Jnl ne
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~ Chapter 4

Results and DiscussiOn




4-1.1 Physico-chemical and thermal decomposition studies of MFDC and
PGDC

Each type of biomass has specific properties that determine its performance
and reactivity during the conversion processes. Therefore, a fundamental
characterization of biomass as a feedstock is necessary for bio-fuel and chemical
production, which exhibit very different properties with respect to traditional fossil
fuels and their derivatives. Particularly, ligno-cellulosic materials are more
reactive and have a higher volatility than coals and the volatile matter
concentration differs greatly for different types of biomass, even the same type of
biomass can have different composition based on the climatic conditions and
seasonal variation [1]. Furthermore, characterization of biomass is essential as the
composition and properties of biomass affects the conversion process differently.
Also, from the information of feedstock composition, thermal behavior in
conversion processes can be known, yield can be predicted, and mathematical
models can be created to make biomass conversion more efficient, effective and
better competitive with fossil fuel production. In this regard, the characterization
of MFDC and PGDC as a bioenergy feedstock is taken into consideration in the

present investigation.

Table 4.1 shows the biomass properties of MFDC and PGDC with their
average characteristic composition. Moisture content of the feedstock has a
marked effect on the conversion efficiency of pyrolysis processes, its energy
content and the product yield. It has been reported that to ensure rapid heat transfer
rates in a pyrolysis reactor, the moisture content should be less than 10 wt.% [2].
In this regard, MFDC and PGDC biomass with moisture content of 4.1% and 6.8%
respectively seems to be suitable for thermal conversion. The inorganic component
(ash content) of biomass affects both the handling and processing costs of overall
biomass energy conversion. The ash content of the deoiled cakes of MFDC and

PGDC were found to be 4.8% and 4.2%. Low ash content in both the deoiled
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cakes as compared to other feedstocks used for pyrolysis process such as rice husk
(12.4%) [3], Oat straw (17.3%) [4] and rice straw (15.4%) [5] 1s an indicator that
both MFDC and PGDC have the potentiality to be a suitable candidate for
thermochemical conversion processes. The volatile mater content was found to be
83.6% and 73.6% for MFDC and PGDC respectively. The high amount of volatile
matter strongly influences its combustion behavior and thermal decomposition and
thus, suggests good potential of the present feedstock for energy production by
pyrolysis and gasification [6]. The fixed carbon content was 8.5% for MFDC and
13.3% for PGDC biomass. The elemental content of carbon, hydrogen, oxygen
and nitrogen was found to be 48.6, 7.4, 40.3 and 3.7 % and 43.7, 6.6, 46.5 and 3.2
% in MFDC and PGDC respectively. Higher value of hydrogen and oxygen
compared with carbon reduces the energy value of MFDC and PGDC as compared
to fossil fuel due to lower energy contained in carbon-oxygen and carbon-
hydrogen bonds than in carbon-carbon bonds [7]. The GCV and NCV for MFDC
were 18.7 and 16.3 MJ/kg and for PGDC the values were 16.9 MJ/kg and 14.3
MJ/kg respectively. The empirical formula of MFDC is Cis58H2838N0969 and
PGDC is Cis582H2852NO126. The H/C and O/C molar ratios were calculated from
elemental composition as 1.8 and 0.6 and 1.8 and 0.8 for MFDC and PGDC,
respectively. PGDC biomass has less heating value than MFDC biomass and this
could be attributed to the higher O/C ratio of PGDC then MFDC biomass. The
compositional analysis is very essential for biomass to be used as a feedstock for
pyrolysis system because the pyrolytic product distribution entirely depends upon
the three major building blocks of biomass i.e., cellulose, hemicellulose and lignin
as described in chapter 2. The cellulose, hemicellulose and lignin contents were
found to be 56.9, 29.0 and 14.1% for MFDC and 59.3, 28.4 and 12.3% for PGDC
biomass (Table 4.1).
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Table 4.1: Properties of MFDC and PGDC biomass

Properties MFDC PGDC
Gross calorific value (MJ/Kg) 18.68 16.95
Net calorific value (MJ/Kg) 16.28 14.29
Empirical formulae (on ash free basis) Ci5.58H28.38NOg 69 Cis582H2852NO126
H/C molar ratio (on ash free basis) 1.82 1.80
O/C molar ratio (on ash free basis) 0.62 0.79

Carbon 48.63 43.69

l , Hydrogen 7.38 6.56

Elementa Nitrogen 3.65 3.23
analysis, wt.%

Oxygen 40.34 46.52

(by difference)

Moisture 4.08 +0.27 6.8 +0.35

Volatile matter 82.63 £+ 0.66 73.59 + 0.40
Proxm.late Fixed carbon 8.46 £ 0.54 13.29 +£0.59
analysis, wt.%

Ash 4.82 +0.47 4.16 £0.19

Cellulose 56.91 + 0.67 59.3 +0.54
Compositian Hemicellulose 29+ 0.49 284 <053
analysis, wt.%

Lignin 14.09 + 0.51 12.3+0.36

The FTIR spectrum of MFDC and PGDC biomass on the infrared region
are shown in the Figure 4.1. The large band in the region of 3600 — 3100 cm' is
characteristic of polymeric involvement of hydroxyl groups and the bonded O-H
stretching vibration present in carbohydrates (hemicellulose + cellulose) and lignin
[8]. This peak appeared at 3425 and 3413 cm™! for MFDC and PGDC respectively.
CH; stretching vibrations in the range of 3100 — 2800 cm' implies the presence of
lipid [9]. The absorption at 2921 cm™ for both MFDC and PGDC biomass implies
CH: asymmetric stretching in lipid (a small quantum of lipid is traceable in the
deoiled cake by FTIR spectroscopy since mechanical expeller was used for lipid
extraction). The region between 1800 and 1500 cm™ demonstrate characteristic
bands for proteins, whereas 1700 — 1600 cm™ is precise for amide-I bands [10],

which is mainly due to C=0 stretching vibrations of peptide bond [11]. The bands
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in the amide I region provide insight into the protein secondary structure, whereas
the region from 1600 to 1500 cm™ is specific for amide-II bands, which is due to
N-H bending vibrations [12]. The region from 1200 to 900 cm™ are chiefly
dominated by a sequence of bands due to C-O, C-C, C-O-C and C-O-P stretching
vibrations of polysaccharides [13-15] and CHs;, CH: rocking modes. The
absorption at 1638 cm™ implies the presence of C=0 of carboxylic acid and
derivatives. The O-H stretching band at 3324 cm™', C-H stretching bands in the
region of 1500-1300 cm™ and a C-O stretching band at 1034 cm™ are attributed to
the presence of cellulosic structure [9].

—— PGDC biomass
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Figure 4.1: FTIR spectra of PGDC and MFDC biomass.
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4-1.1.1 Thermal degradation behavior of MFDC biomass

Thermogravimetric analysis (TGA) is an extensively used technique to
study the reaction kinetics for pyrolysis process because of its simplicity and
retrieval of a host of valuable information from a thermogram [16]. Several
methods leading to the determination of the kinetic parameters (E, A, n) are
available in the literature [17-19]. These can be classified into three categories:
differential, integral and special methods. Differential methods require data for
both mass loss and rate of mass loss while integral methods are based on the mass
loss data. Special methods are generally based on particular couples of
experimental data, e.g. data from different heating rates, or they need data
evaluated from graphical plots.

The TG and DTG curves for heating rates of 10, 20 and 40°C/min are
shown in Figures 4.2 and 4.3. As shown in Figure 4.3, the entire pyrolysis process
can be divided into four stages since every single slope change on a TG curve

indicates the beginning of a new stage.
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Figure 4.2: TG Profile of MFDC at different heating rates.
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Figure 4.3: DTG Profile of MFDC at different heating rates.

Considering the TG/DTG curves (Figure 4.2, 4.3) obtained at 10°C/min, the

following observations (Table 4.2) can be listed:

(a) The first stage (Si) starts at 39°C and finishes at 130°C. The weight loss

occurred at this stage was 4.6%, and could be attributed to exclusion of
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physically absorbed water in the biomass and/or external water. Stage Sy is
depicted by the left most weak peak in the DTG curve.

(b) The second stage (Si) starts at 130°C and finishes at 254°C with a mass
loss of 21.7%. From the DTG curve, it is seen that maximum mass loss rate
occurred at 238°C. This stage can be referred to as active pyrolysis stage
since weight loss rate is high.

(c) The third stage (Sin) begins at 260°C and finishes at 383°C. This stage
shows a mass loss of 37.9% with a mass loss rate of 4.1% min™'. In view of
its high mass loss rate, this stage can also be referred to as stage of active
pyrolysis.

(d) The fourth stage (Srv) starts at 383°C and continues up to 900°C.Weight
loss occurred in this stage was 25.9% and it can be referred to as zone of

passive pyrolysis since mass loss rate is much lower compared to Sy & S.

The characteristics temperatures such as starting temperature (Tonset),
ending temperature (Tcng), the temperature where maximum mass loss rate
occurred (Tmax) and maximum mass loss rate (Wmax) related to active pyrolysis
stages (Su and Sm) were determined for all the heating rates applied, and their

values are given in Table 4.2.

Table 4.2 Properties of active pyrolysis stages for MFDC

Heating Su Sm

rate Tonsct Tmax Tx:nd Wmax Tousct Tmax Tcnd Wmax
(°C/min)  (°C) (°C)  (°C)  (%/min) (°C)  (°C)  (°C) _ (%/min)
10 130 238 254 1.46 260 291 383 4.05

20 139 261 271 3.18 279 304 409 8.41

40 156 272 288 6.89 291 316 420 19.18

It can be observed from the table that all characteristic temperatures were laterally
shifted to higher temperature values with increasing heating rate. This could be
due to reduced efficiency of heat transfer at higher heating rate than the efficiency

at lower heating rate. At lower heating rates, heating of biomass particles occurs

Results & Discussion P | 4-7



Thermo-chemical conversion of bioenergy-byproducts to bio-oil and biomaterials l2013

4 e R B e . e ey e AL e g et

more gradually leading to an improved and more effective heat transfer to the

inner portions and among the particles [20]. The maximum mass loss rates were

also shifted to higher temperatures with increasing heating rate as a consequence

of the increasing effect of the inertia of the devolatilization process with the

decrease in characteristic time of the process [21].

Table 4.3 Kinetic parameters for MFDC calcuiated by Arrhenius, Coats-Redfern
and multilinear regression analysis method

(°C/min) Stage  E (kJ/mol) Log A Plot equation R? n
(min™")

Arhenius method

10 St 58.70 4.94 y =-7060.4x + 9.08 0.96 1.5
Sin 98.23 8.53 y=-11816x + 17.34 0.99 1.9

20 Su 52.32 4.89 y=-6293.2x + 8.25 0.95 0.5
Sm 158.63 14.30 y =-19080x + 29.95 0.98 1.6

40 Su 51.34 488 y=-6175.6x+7.55 0.93 0.5
Sm 251.79 22.44 y=-30286x + 47.99 0.90 1.9

Average Su 54.12 4.90 1.32
S 169.55 15.09

Coats & Redfern method
Sn 72.04 4.05 y =-8665.2x + 4.86 0.97 1.1

10 Sm 154.35 10.60 y=-18565x + 19.19 0.93 0.8

20 Sn 58.38 2.46 y=-7021.3x + 0.716 0.99 0.6
Sm 274.12 21.80 y=-32971x + 43.72 0.94 0.7

40 Sn 61.74 293 y=-7435.6x + 1.05 0.97 0.6
S 329.20 26.65 y =-39596x + 54.00 0.92 0.6

Average Su 64.08 3.14 0.73
Sm 252.56 19.68

Multi-linear regression method

10 Su 44.18 17.01 0.99 1.01
Sm 212.60 2.37 0.99 0.96

20 Sn 40.40 14.98 0.98 0.45
S 253.87 16.69 0.99 1.08

40 Sn 46.72 15.06 0.95 0.84
Sm 303.98 17.67 0.96 1.46

Average Sn 43.77 0.97
Sm 256.82
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The values of kinetic parameter calculated on the basis of three methods are
tabulated in Table 4.3. It is clear from the table that heating rate has a great
influence on activation energy in thermogravimetric decomposition process. In
active pyrolysis stages, the calculated activation energy values exhibited almost
the same behavior with the changes in heating rate. In stage S, increasing heating
rate from 10 to 20°C/min resulted in an increase, but further increase of heating
rate to 40°C/min led to a decrease in activation energy values for Coats—Redfern
and Global independent reactions model while a gradual decrease for Arrhenius

method is observed as the heating rate is increased from 10 to 40°C/min.
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Figure 4.4: Plots obtained by FWO method for determination of activation energy
of MFDC at Sy.
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Figure 4.5: Plots obtained by FWO methed for determination of
activation energy of MFDC at Syi;.

Table 4.4 Activation energy for MFDC calculated by FWO method (kJ/mol)

Conversion degree (%)

10 20 30 40 50 60 70 80 90 Average

Su 97.47 90.15 91.51 92.48 93.27 94.16 93.49 95.44 98.18  94.02

S 120.55 132.43 142.62 149.93 154.81 158.79 160.34 153.64 149.79 146.98

On the other hand, in Sm, activation energy showed a continuous increase with
increasing heating rate from 10 to 40°C/min for all the methods applied. Thus, it
would be more convenient to compare the results on average basis (average of the
results obtained at different heating rates). The average activation energy of stage
Su was calculated as 54.1, 64.1 and 43.8 kJ/mol by Arrhenius, Coats—Redfern and
Global independent reactions model, respectively. The results obtained in this
study shows a good agreement with the result obtained from the kinetic study of
pistachio shell [22]. Figures 4.4 and 4.5 show the plots obtained by FWO method

for determination of activation energy of MFDC at Sp and Sii respectively. The
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model-free FWO method yielded 94 kJ/mol in the 0.1 — 0.9 conversion interval
(Table 4.4). In this stage, the results were almost closer for all the methods applied
for calculation. For Sy, the average activation energy was calculated as 169.6,
252.6, 146.9 and 256.8 kJ/mol by Arrhenius, Coats—Redfern, FWO and Global
independent reactions model respectively. In Sm, results obtained from Coats-
Redfern and Global independent reactions model are much closer than the result
obtained from Arrhenius and FWO methods. The variation encountered in this
study can be generally attributed to the approximations of the method used for
determination of kinetic parameters. From this study, it was also observed that the
activation energy at Sy was always higher than Sp as these two stages are
characteristic of hemicellulose and cellulose decomposition and it is also well
known that cellulose is thermally more stable than hemicellulose. The present
findings on kinetic parameters of MFDC mostly agree with the findings of Tonbul
[23].

4-1.1.2 Thermal degradation behavior of PGDC biomass

The TG and DTG curves for heating rates of 10, 20 and 40°C/min for
PGDC biomass are shown in Figures 4.6 and 4.7. As discussed in the previous

section, the entire pyrolysis process can be divided into four stages.

—— PGDC @ 10°C/min
——PGDC @ 20°C/min
——PGDC @ 40°C/min

60

40
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Figure 4.6: TG profile of PGDC at different heating rates.

Results & Discussion Paoce | 4-11



Thermo-chemical conversion of bioenergy-byproducts to bio-oil and biomaterials [2013

- Comf e o
004 ‘ S'*—S_."_Sm SN_—-‘
0.1 4
o 021
2
-
'8; -0.34
1 [ — PGbc @ 10 °c min’]
04 [ ——PeDC @ 20 °C min”
[ ——PGDC @ 40 °C min” |
-0.5 4
—06 T (SEss T T 1 ~ ¥ IS8 3 S B = Ll
0 100 200 LOO 400 500 600 700 800 900

Temperature (°C)

Figure 4.7: DTG profile of PGDC at different heating rates.

The characteristics temperatures as mentioned in the previous section
related to active pyrolysis stages (Siy and Sm) were determined for all the heating
rates applied, and their values are given in Table 4.5. It can be observed from the
table that all characteristic temperatures were laterally shifted to higher
temperature values with increasing heating rate as in the case of thermal
degradation of MFDC biomass described in the previous section. The maximum
mass loss rates were also shifted to higher temperatures with increasing heating
rate as a consequence of the increasing effect of the inertia of the devolatilization

process with the decrease in characteristic time of the process [21].

Table 4.5 Properties of active pyrolysis stages for PGDC

Heating Su Sm

rate Tnnsel Tmax Tcnd Wmax Tonsct Tmax Tend wmax
(*C/min) (°C) (°C) (°C) _ (%/ min) O (O (O (%/min)
10 144 212 216 0.94 235 297 368 3.51

20 151 225 228 2.01 250 310 372 7.14

40 160 233 238 4.32 252 314 393 14.36

The kinetic parameter values calculated for PGDC biomass on the basis of

three methods are tabulated in Table 4.6. The non-uniformity of rise and fall of

Results & Discussion Paoc|4-12
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activation energies in response to different heating rates applied makes sense to
compare the results on an average basis (average of the results obtained at different
heating rates). The average activation energy of stage Sy was calculated as 91.7, 127.7
and 76.1 kJ/mol by Arrhenius, Coats—Redfern and Global independent reactions
model, respectively. The results from this study are in good agreement with the result
obtained elsewhere [22].

The plots obtained by FWO method for PGDC are shown in Figures 4.8 and
4.9. The model-free FWO method yielded 130.8 kJ/mol in the 0.1 — 0.9 conversion
interval (Table 4.7). In this stage, the results were almost closer for all the methods
applied for calculation. For Sy, the average activation energy was calculated as 96.6,
128.7, 76.1 and 193.2 kJ/mol by Arrhenius, Coats—Redfern, Global independent

reactions model and FWO methods, respectively.

Table 4.6 Kinetic parameters for PGDC calculated by Arrhenius, Coats-Redfern
and multilinear regression analysis method

(°C/min)  Stage E Log A Plot equation R? n
(kJ/mol)  (min)

Arhenius method

10 Sn 88.88 8.99 y =-10690x + 18.42 0.99 0.9
Sm 83.56 7.16 y =-10050x + 14.18 0.91 1.2

20 Sn 93.55 9.97 y=-11252x +19.97 0.96 0.5
Sm 111.12 9.90 y =-13366x + 19.81 0.86 1.4

40 Sn 92.74 9.99 y=-11155x + 19.31 0.94 0.5
Sm 95.19 8.57 y =-11449x + 16.04 0.89 1.3

Average Sn 91.72 9.65 0.97
Sm 96.62 8.54

Coats & Redfern method
Sn 125.08 10.58 y =-15045x + 19.34 0.96 0.9

10 Sm 127.00 8.31 y=-15276x + 14.10 0.96 1.7

20 Su 133.82 11.61 y =-16096x + 20.95 0.96 1.3
Sm 132.53 8.84 y =-15940x + 14.59 0.95 1.6

40 S 124.28 10.46 y =-14948x + 17.70 0.95 0.8
S 126.61 8.47 y=-15229x + 13.10 0.96 1.7

Average Su 127.73 10.88 1.3
Sm 128.71 8.54

Table contd. ..
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Multi-linear regression method

10 Su 78.18 17.01 0.97 1.21
Sm 212.60 2.37 0.99 0.93

20 Su 63.40 14.98 0.97 0.67
S 253.87 16.69 0.99 1.13

40 Sn 86.72 15.06 0.95 0.76
Sm 303.98 17.67 0.98 1.59

Average Sn 76.10 15.68 1.04
Sm 256.82 12.24

In Smi, results obtained from Arrhenius and Coats-Redfern methods are closer

than the result obtained from Global Independent Reactions Model and FWO method.

The wvariation encountered in this study can be generally attributed to the

approximations of the method used for determination of kinetic parameters as

discussed earlier. From this study, it was also observed that the activation energy at Si

was always higher than Sy as comparatively thermally stable cellulose is degraded in

the Sm region while Sy region marks degradation of hemicellulose. The same

observation was also found in MFDC thermal degradation behavior. The present

findings on kinetic parameters of PGDC mostly agree with the findings of Tonbul

[23].
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Figure 4.8: Plots obtained by FWO method for determination of activation

energy of PGDC at Sy.
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Figure 4.9: Plots obtained by FWO method for determination of activation
energy of PGDC at Sy
Table 4.7: Activation energy for PGDC calculated by FWO method (kJ/mol)
o _Conversion degree (%)
&" 10 20 30 40 50 60 70 90 Average
V]
Sy 13237 13693 13139 129.76 12996 12946 130.18 128.12 12854 130.75
Sm 173.13 183.62 18539 189.30 189.88 198.18 201.66 212.08 20531 193.17
4-1.2 Pyrolysis of MFDC and PGDC

Pyrolysis of MFDC and PGDC was carried out in a fixed bed tubular

reactor at different terminal temperatures of 350, 400, 450, 500 and 600°C at

heating rates of 10, 20 and 40°C/min. The experiments were carried out in order to

observe the effect of the pyrolysis temperature, heating rate and particle size on

pyrolysis yields with particle sizes of 210 and 420 p. Experimental apparatus was

significant release of gas was observed.

Results & Discussion
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4-1.2.1 Influence of pyrolysis parameters on product yields of MFDC
pyrolysis

Different parameters influence pyrolysis process as discussed in chapter 2.
In the present study, the effect of temperature, heating rate and particle size on
pyrolysis product yield was investigated. Figures 4.10, 4.11 and 4.12 show the
influence of pyrolysis temperature and heating rate on the liquid, solid and gaseous

product yield of MFDC pyrolysis process.
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Figure 4.10: Effect of temperature and heating rate on liquid
product yield of MFDC pyrolysis.
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Figure 4.11: Effect of temperature and heating rate on solid
product yield of MFDC pyrolysis.
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Figure 4.12: Effect of temperature and heating rate on gaseous
product yield of MFDC pyrolysis.

Table 4.8: Products distribution of pyrolysis of MFDC

10 °C/min
Temperature (°C) Biochar Bio-oil Bio-oil Gas
(%) (organic solvent (water soluble (%), by
soluble) (%) fraction) (%) difference

350 45.1 12.2 9.0 337
400 43.6 12.7 9.1 34.6
450 374 16.2 10.6 35.8
500 34.0 18.0 11.0 37.0
600 31.1 17.3 10.9 40.7
20 °C/min

350 440 123 9.3 344
400 41.7 12.9 10.4 35.0
450 35.8 13.9 13.1 372
500 30.9 184 114 39.3
600 29.0 17.1 11.5 424
40 °C/min

350 39.0 13.0 10.0 38.0
400 37.6 13.3 103 38.8
450 32.1 16.1 11.9 399
500 26.8 20.0 12.0 41.2
600 23.6 19.1 12.1 44.6

Table 4.8 shows the product yields from the pyrolysis of MFDC in the
tubular reactor with heating rates of 10 and 20 and 40°C/min in relation to final

pyrolysis temperatures of 350, 400, 450, 500 and 600°C with N> gas flow. For the
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lower heating rate of 10°C/min, the char yield decreased from 45% to 31% as the
pyrolysis temperature increased from 350°C to 600°C. In other words, the
pyrolysis conversion yield (condensable + non-condensable) increased from 54%
to 64%. For the higher heating rates of 20 and 40°C/min, the char yield decreased
from 44 to 29% and 39 to 23% respectively as the pyrolysis temperature increased
from 350°C to 500°C. In other words, the pyrolysis conversion yield increased
from 56 to 71% and 61 to 76% for heating rate 20 and 40°C/min, respectively. The
decrease in the char yield with increasing temperature could be attributed either to
the significant loss of volatile matter and indicates the significant loss of CH4, H>
and CO, the dehydration of hydroxyl groups, and the thermal degradation of the
lignocellulose structure [24] or to secondary decomposition of the char at higher
temperature [25]. It was also observed that, char yields for higher heating rates
were lower than the vyields achieved from lower heating rates, as fast
depolymerization of solid biomass to primary volatiles due to rapid heating occurs
at higher heating rate while dehydration to more stable anhydrocellulose is limited
and slow at lower heating rate [26]. However, by increasing the pyrolysis
temperature to 600°C, the bio-oil yield decreased to 28%, 29% and 31% for 10, 20
and 40°C/min heating rates respectively, in comparison to the same at 500°C. The
higher pyrolysis temperatures have been associated with secondary cracking
reactions of the pyrolysis gases to produce increased gas yields and reduced bio-
oil yield [27]. The pyrolysis liquid product is a combination of an aqueous phase
and an organic phase. In this study, the organic phase of pyrolysis product was
taken for different characterization. The gas product yield was calculated by
difference and was observed that gaseous product yield increased with increasing
pyrolysis temperature for all the heating rates applied. The gas yield obtained was
found to be minimum of 36% at 350°C and maximum of 45% at 600°C for a
heating rate of 10°C/min. As the heating rates were increased from 20 to
40°C/min, gaseous product yield were also increased for all the pyrolysis

temperature as shown in Table 4.8 and Figure 4.12. The increase in gas products is
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thought to be predominantly due to secondary cracking of the pyrolysis vapours at
higher temperatures and heating rates. The secondary decomposition of the char at
higher temperatures and heating rates may also yield some non-condensable

gaseous products, which also contributes to the overall increase in gas yield [28-
31].

4-1.2.2 Influence of pyrolysis parameters on product yields of PGDC pyrolysis

Figures 4.13, 4.14 and 4.15 show the product yields from the pyrolysis of
PGDC in the tubular reactor with heating rates of 10 and 20 and 40°C/min in
relation to final pyrolysis temperatures of 350, 400, 450, 500 and 600°C with N>
gas flow. For the lower heating rate of 10°C/min, the char yield decreased from
44.9% to 34.9% as the pyrolysis temperature increased from 350°C to 500°C. In
other words, the pyrolysis conversion yield (condensable + non-condensable)
increased from 55.1% to 65.1%. For the higher heating rates of 20 and 40°C/min
the char yield decreased from 44.1% to 32.7% and 41.4 to 26.3% respectively as
the pyrolysis temperature increased from 350°C to 500°C.
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Figure 4.13: Effect of temperature and heating rate on liquid
product yield of PGDC pyrolysis.
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Figure 4.14: Effect of temperature and heating rate on solid
product yield of PGDC pyrolysis.
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Figure 4.15: Effect of temperature and heating rate on gaseous
product yield of PGDC pyrolysis.

In other words, the pyrolysis conversion yield increased from 55.9% to 67.3% and
58.6% to 73.7 % for heating rate 20 and 40°C/min respectively. The decrease in
the char yield with increasing temperature could be attributed either to the
significant loss of volatile matter and indicates the significant loss of CHs4, H2 and

CO, the dehydration of hydroxyl groups and the thermal degradation of the
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lignocellulose structure [24] or to secondary decomposition of the char at higher
temperature [25]. It was also observed that, char yields for higher heating rates
were lower than the yields achieved from lower heating rates, as fast
depolymerization of solid biomass to primary volatiles due to rapid heating occurs
at higher heating rate while dehydration to more stable anhydrocellulose is limited
and slow at lower heating rate [26]. However, by increasing the pyrolysis
temperature to 600°C, the bio-oil yield decreased to 24.4%, 25.6% and 28.7% for
10, 20 and 40°C/min heating rates, in comparison to the same at 500°C. The
higher pyrolysis temperatures have been associated with secondary cracking
reactions of the pyrolysis gases to produce increased gas yields and reduced bio-
oil yield [27]. The pyrolysis liquid product is a combination of an aqueous phase
and an organic phase. In this study the organic phase of pyrolysis product was
taken for different characterization. The gas product yield was calculated by
difference and was observed that gaseous product yield increased with increasing

pyrolysis temperature for all the heating rates applied.

Table 4.9: Products distribution of pyrolysis of PGDC

Temperature Biochar (%) Bio-oil Bio-oil Gas (%), by
(°C)/Heating rate (organic solvent (water soluble difference
soluble) (%) fraction) (%)

10 °C/min
350 449 10.7 7.6 36.8
400 438 123 6.7 37.2
450 39.8 15.7 6.1 384
500 349 17.8 7.2 40.1
600 29.7 16.2 8.2 45.9

20 °C/min
350 44.1 12.8 5.7 374
400 42 13.1 7 379
450 37.6 13.6 8.8 40.0
500 32.7 18.2 1.7 414
600 28.6 17.5 8.1 45.8

40 °C/min
350 414 12.6 7.2 388
400 39.6 13.0 8.2 39.2
450 325 15.5 9.8 422
500 26.3 19.0 11.6 431
600 23.5 18.3 10.4 47.8
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The gas yield obtained was found to be minimum 36.8% at 350°C and
maximum 45.9% at 600°C for heating rate 10°C/min. As the heating rates were
increased from 20 to 40°C/min, gaseous product yield were also increased for all
the pyrolysis temperature as shown in Table 4.9 and Figure 4.15. The increase in
gas products is thought to be predominantly due to secondary cracking of the
pyrolysis vapours at higher temperatures and heating rates. The secondary
decomposition of the char at higher temperatures and heating rates may also give
some non-condensable gaseous products, which also contributes to the increase in

gas yield, which is parallel to the increase in temperature of pyrolysis [28-31].

4-1.2.3 Influence of feedstock particle on liquid product yields of MFDC and
PGDC pyrolysis

In order to observe the influence of particle size on pyrolysis yield, two
particle sizes of 210 and 420 p are taken into account. Figures 4.16 and 4.17 show
the effect of particle size on liquid product yield at different temperatures at the
heating rate of 40°C/min for MFDC and PGDC biomass, respectively. A number
of literatures discussed effects of particle size on product yield and composition of
products during pyrolysis [31-34]. However, in the present study, no such
significant effect of particle size on liquid product yield was observed for both
MFDC and PGDC pyrolysis as shown in Figures 4.16 and 4.17. There have been
contradictory observations made by a number of researchers in this regard.
Though, significant effect of particle size could be observed in case of fast
pyrolysis process, but the effect of particle size may vary depending upon the type
of biomass and pyrolyzer which is evident from previous studies. For example,
Puttun et al. [35], Encinar et al. [36] and Sensoz et al. [37] observed higher liquid
yield from sunflower bagasse, grape bagasse and rapeseed in case of intermediate
particle size distribution. Onay et al. [38] also reported that medium particle size
(0.6<dp<0.8mm) yielded maximum liquid compared to smaller (<0.4mm) and

larger (>1.8mm) particle size in fixed bed pyrolysis of rapeseed. Bridgewater and
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Peacocke [39] suggested general specification for different types of pyrolyzer i.e.
<200 mm for rotating cone, <2 mm for fluid bed and <6 mm for circulating fluid
bed. As the size reduction of biomass feed is associated with penalty for cost of
grinding, higher particle size i.e., 420 p was opted for pyrolysis to obtain liquid

and solid product for characterization in the present study.
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Figure 4.16: Effect of particle size on liquid product yield of
MFDC pyrolysis.

Wit%
»

224
/ - PGDC (30ms
204
d —— PGDC (70ms)
18— - y y . r
350 400 450 500 550 600

Temperature ("C)

Figure 4.17: Effect of particle size on liquid product yield of
PGDC pyrolysis.
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4-1.2.4 Influence of catalyst on product yield and elemental composition
Non-catalytic pyrolysis of both MFDC and PGDC yielded highest liquid
product at temperature 500°C with a heating rate of 40°C/min as mentioned in the
previous sections. To observe the effect of catalyst on product yield of pyrolysis and
elemental composition of MFDC and PGDC bio-oil, catalytic pyrolysis was carried
out at temperature 500°C and heating rate 40°C/min. As shown in Figures 4.18 and
4.19, the liquid yield decreased with the application of catalyst while the char yield
increased for both the feedstocks. According to Carlson et al. [40], increase in char

yield during catalytic pyrolysis is due to its small pore size and strong acidity.
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Figure 4.18: Influence of catalysts on preduct yields of MFDC pyrolysis.
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Figure 4.19: Influence of catalysts on product yields of PGDC pyrolysis.
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Table 4.10 shows the result of ultimate analysis of bio-oil from catalytic pyrolysis.
Compared with non-catalytic pyrolysis experiment, the bio-oils obtained with catalyst,
had higher C and H values and lower oxygen content. It can be seen from the table that
the extent of removal of oxygen from the bio-oil was different for three different kinds
of catalyst used in pyrolysis. The oxygen content of non-catalytic pyrolysis oil for
MFDC was 28.10%, which was decreased to 24.3%, 22% and 25.1% with HZSM-5,
Mordenite and Y-zeolite respectively while for PGDC bio-oil, the oxygen content of
non-catalytic pyrolysis oil was 31.1%, which also decreased to 26.2%, 27.3% and
28.4% during the catalytic pyrolysis using HZSM-5, Mordenite and Y-zeolite.
Removal of oxygen content lead to higher CV of catalytic bio-oil than non-catalytic
bio-oil as reported by Wang et al. [41].

Table 4.10: Elemental composition of bio-oil

| C |H N o

MFDC bio-oil

Non catalytic 57.80 8.20 590 |28.10
HZSM-5 62.80 8.69 4.23 | 24.28
Mordenite 63.40 8.77 5.80 |22.03
Y zeolite 62.40 8.77 3.70 ]25.13
PGDC bio-oil

Non-catalytic 55.40 7.8 570 |31.10
HZSM-5 59.40 8.3 6.10 |26.20
Mordenite 58.60 8.2 590 |27.30
Y zeolite 57.40 8.0 6.16 | 28.44
* by difference

4-1.3 Characterization of bio-oil

Table 4.11 presents the analysis results of MFDC and PGDC bio-oil. The
average chemical composition of bio-oil is Cj143H1946NOsj8  and
C1134H1916NO4.77 for MFDC and PGDC bio-oils, respectively. The oil was
characterized by lower oxygen content than that of original biomass feedstock.
The significant decrease in oxygen content in bio-oil as compared to original

feedstock is favorable since high oxygen content is not attractive for the
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production of transportation fuel [42]. From the result of the elemental analyses,
the carbon and hydrogen content of bio-oils at 500°C are 57.8% and 8.2%, and
55.4% and 7.8% for MFDC and PGDC bio-oil, respectively, and are higher than
that of raw materials, indicating that bio-oils have a higher energy density [43].
The H/C ratio of bio-oil was higher than that of original material and comparison
of this value with conventional fuels indicates that bio-oil obtained in this study
falls between those of light and heavy petroleum products [37]. As can be seen in
Table 4.11, the low ash content suggests that bio-oils have obvious advantages as a

clean fuel oil.

Table 4.11: Properties of the pyrolysis product

Properties | MFDC bio-oil® PGDC bio-oil*
Ultimate analysis

C 57.8 55.4

H 8.2 7.8

N 4.9 5.7

o® 29.1 31.1

Empirical formula

Ci1.43H1946NO4 13

Ci1.34H19.16NO4 77

H/C molar ratio

1.70

1.69

O/C molar ratio 0.36 0.42
Higher heating value (MJ/kg) 30.63 28.19
Ash 0.30 0.39
Density (kg/m?) 1075 1051
Acid number (mg KOH/g) 42.71 45.20

* Obtained at 500°C with heating rate 40°C/min
b By difference

Biomass pyrolysis oils contain a very wide range of complex organic
chemicals. The FTIR analysis of PGDC and MFDC bio-oil (Figures. 4.20, 4.21 and
4.22) shows the presence of functional groups in the liquid product at various
operating temperature. The functional groups identified from FTIR spectrum of MFDC
and PGDC bio-oil are shown in Table 4.12. The absorption peaks at 3270 cm™' indicate
the presence of oxygenated compounds along with moisture [44]. Bio-oil displays
strong absorbance band in the position of 2857, 2932 (for MFDC bio-oil) and 2864,
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2952, 2932 cm™! (for PGDC bio-oil), indicating a high content of methylene groups.
The peak appears at 2213 cm™ (for MFDC bio-oil) and 2220 cm™ (for PGDC bio-oil)
which gives indication of presence of alkynes or cyanide group in the bio-oil.
Absorbance peaks appears at 1705 ¢cm™ for both the bio-oils that attributes to the
presence of carbonyl group of aldehyde and ketone. The presence of C=C stretching
vibration at 1637 and 1495 cm™ (for MFDC bio-o0il) and 1658 and 1515 cm™ (for
PGDC bio-oil) gives evidence of the presence of alkenes as well as aromatic
compounds. The presence of aromatic compounds is further confirmed by the C-H in
plane benching vibration between 650 — 950 cm™ for both the bio-oils. The bio-oil
contains a high amount of oxygenated compounds and part of oxygenated compounds
present in the forms of alcohol and ether are confirmed by the FTIR peak at 1109 and
1264 cm™ (for MFDC bio-oil) and 1115 and 1271 ecm™ (for PGDC bio-oil). The C-O-
C pyranose ring skeletal vibrations from 1076 — 1023 cm™ indicate the presence
of levoglucosan which also found to be present in MFDC bio-oil through GC-MS
analysis [45]. The details of the functional group determination by the FTIR spectra

and class of compounds present in the bio-oil are shown in the Table 4.12.
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Figure 4.20: FTIR spectrum of MFDC bio-oil at different
temperature.
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Figure 4.21: FTIR spectrum of MFDC bio-oil at 500°C.
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Figure 4.22: FTIR spectrum of PGDC bio-oil at 500°C.
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Table 4.12: FTIR spectral data of bio-oil
Frequency Frequency (cm™!) Group Class of compounds
range (cm'') MFDC bio-oil PGDC bio-oil
3200-3600 3270 3270 O-H stretching Polymeric OH, water,
. - N-H stretching -NH,
2800-2980 2857, 2932 2864,2952,2932  C-H stretching Alkane
2000-2380 2213 2220 C=C stretching Alkynes, cyanides
1650-1850 1705 1705 C=0 stretching Aldehyde, ketone,
: : carboxylic acid, esters
etc
1580-1650 1637 1658 - C=C stretching Alkenes
1490-1550 1495 1515 N-H bending, aromatic Nitrogenous compound,
C=C stretching aromatic compounds
1350-1470 1400, 144 1380, 1447 C-H bending Alkanes
950-1350 1109, 1264 1115, 1271 C-O stretching, O-H Alcohol, ether
. bending
615-950 750, 803 , 760, 814 C-H in plane benching Aromatic compound
621 619 )

>650

Chemically bio-oil is a complex mixture of water, guaiacols, catechols,
syringols, vanilliné, furancarboxaldehydes, isoeugenol, pyrones, acetic acid,
formic acid and other carboxylic acids. Bio-oils also contain other major groups
of compounds including hydroxyaldehydes, hydroxyketones, sugars, carboxylic
acids and phenolics [46]. Due to this chemical complexity of bio-oils, their
characterization has been a challenging problem and in general requires the
combined use of several analytical techniques, both chromatographic (GC, HPLC,
GPC) and spectroscopic (IR, MS). In recent years, GC and IR analysis have been
extensively used for assaying the chemical composition of bio-oils, but they have
major lacunas in that they cannot provide insights into the overall chemical make-
up of bio-oils. Only 25 ~ 40% of bio-oil compounds are observable by GC analysis
since a significant fraction of these bio-oils comprise of lignin and carbohydrate
oligomers, which are not volatile enough to be observed by GC [47]. On the other
hand spectroscopic techniques like FTIR analysis can only provide qualitative
insights (functional groups present in bio-oils). In a similar fashion, HPLC (for

quantifying some water soluble species present in pyrolytic bio-oils) and gel
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exclusion chromatography (for otftaining molecular weight distributions on higher
molecular weight phenolic species derived from lignin) share similar
disadvantages in that they are capable of characterizing dnly a fraction of bio-oils
[47, 48]. With regard to these aforesaid limitations, NMR spectroscopy was
carried out to examine, virtually the complete, intact, bio-oil rather than a selected

fraction.

The 'H-NMR spectra of petrol and diesel (international road fuels), crude
oil (conventional petrofuel feedstock), MFDC and PGDC bio-oils (samples under
investigation) are presented in Table 4.13 with the respective integral values of the
selected regions of the spectra on percentage basis. The integrated regions in the

spectra were from 0.5 — 1.5, 1.5 — 3.0, 3.0 — 4.5, 4.5 — 6.0, 6.0 — 8.5 and 8.5 — 10
~ ppm, respectively. From the spectra (Appendix figures), it is quite evident that
both bio-oils have significant differences in their chemical make-over and their
respective comparison standards (petrol, diesel and crude oil). A higher aliphatic
content (presence of short, long and/or branched chain hydrocarbons) in MFDC
bio-oil (Table 4.13) is indicative of high energy content compared to PGDC bio-
- oil. For cétalytic pyrolysis of MFDC and PGDC, thls region showed a slight lower
percentage of resonating protons for all the catalyst used (Figures. 4.23 and 4.25).
From Table 4.13, it is clear that petrol, diesel and crude oil had a higher aliphatic
content which accounts for their superior energy content when compared to bib-
oils. MFDC and PGDC bio-oils have high percentage of resonating protons in the
integrated region from 1.5 — 3.0 ppm. This clearly indicates that aliphatic fractions
of molecules (even those bonded to aromatic portions or near heteroatoms) are
more prevalent for higher energy content. The integrated region 6.0. — 8.5 ppm
cbrresponds to aromatic portion (aromatic carbon from benzene rings and
heteroaromatics) of bio-oils. Both _the bio-oil had a rather high proportion of
aromatic ether protons (resultant from lignin derived methoxy phenols). However
as shown in Figures 4.23 and 4.25, use of zeolite catalyst in the pyrolysis

experiment increased the resonating percentage of proton in this region for both
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bio-oils because acidic zeolite promotes aromatization reaction in catalytic
pyrolysis of biomass [49, 50]. HZSM-5 catalyst showed a higher selectivity
towards aromaticity than Mordenite and Y-zeolite which could be attributed to the
presénce of higher acid sites in HZSM-5 (0.81 mmol/g) than Mordenite (0.77
mmol/g) and Y-zeolite (0.71 mmol/g). The integrated region 8.5 — 10.0 ppm
corresponds to oxygenated compounds (aldehydes, ketones, carboxylic acids,
esters and amides). A higher pfoportion of resonating protons for MFDC and
PGDC bio-oils in this region is suggestive of increased corrosive nature of both
the bio-oils. It is noteworthy to mention that the comparison standards (petrol,
diesel and crude oil) have no resonating protons in this region (no oxygenated
compounds) which accounts for their coinparatively higher energy content in
comparison to MFDC and PGDC bio-oils. However, the use of zeolite catalyst
decreased the resonating protons in this region. The information about relative
abundance of oxygenated compounds may be useful information for applications
involving the synthetic modification of bio-oils and their prospective utilization as

a chemical feedstock.

BC-NMR spectra provide greater detail due to their large chemical shift
regions. Signals in the 0 — 55 ppm range represent aliphatic carbon atoms that are
separated from oxygen atoms by at least two bonds, although those adjacent to
nitrogen atoms can also be found in this region. 60.7% (for MFDC) and 56.3%
- (for PGDC) of the carbon atoms resonate in the region from 0— 55 ppm. This
result is in accordance with the 'H-NMR of the bio-oil which shows high proton
percentage in the most upfield region. This could be due to two factors: (1) the
presence of residual triglycerides in the pyrolysis feedstock and (2) the higher
nitrogen coﬁtent in these ,fcedstoci(, as this region can also account for carbon
adjacent to nitrogen atoms [51]. However, using zeolite catalyst, the percentage of
resonating carbon decreased (Figures. 4.24- and 4.26) for both the MFDC and
PGDC bio-oils, which is in accordance with 'H-NMR spectra. This region is
further subdivided into two regions, region from 0 — 28 ppm which is composed of
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short aliphatics and region from 28 — 55 ppm comprising of the long and branched
aliphatics. The presence of long aliphatics could be due to the presence of
saturated and unsaturated free fatty acids and fatty acids derivatives [52]. The
carbon percentage in the region ranging from 5-28 ppm is higher than that of 28 —
~ 55 ppm region.

The next region of the spectrum is from 55 — 95 ppm which represents
carbon adjacent to heteroatoms (mostly oxygen) in alcohols, ethers and anhydrous
carbohydrates. Nearly all of the methyl groups in this region are probably methoxy
groups on 2 and 6 positions of phenolic rings (structures derived from lignin). The
solvent peak (CDCI3) also appears in this region. Carbon percentage is 4.3 for
MFDC and 20.6 for PGDC in this region. Using zeolite catalyst, showed a
decrease in the resonating carbon percentage in this region as shown in Figure
4.26 for PGDC bio-oil which is in agreement with the elemental analysis of the

bio-oil.

The aromatic region of the spectra (95 — 165 ppm) is the portion where
most of the variability was seen in the pyrolysis oils obtained from lignocellulosic
feedstock. This region includes aromatic carbon from both benzene rings and
heteroaromatics (e.g., furans). The carbon percentage in this region was 34.2 for
MFDC bio-oil and 21.1 for PGDC bio-oil. As observed in the 'H-NMR integration
region, using zeolite catalyst favored the aromatic production during catalytic
pyrolysis of MFDC and PGDC. HZSM-5 catalyst showed a higher selectivity
towards aromaticity than Mordenite and Y-zeolite which could be attributed to the

presence of higher acid sites in HZSM-5 as mentioned above.

The extreme downfield end of the spectra represents carbonyl carbons with
165-180 ppm representing carboxylic acids, esters, and amides. Significant
numbers of carbonyl' groups are present in tﬁis region, mainly due to carboxylic
acids, and to a minor extent to esters and amides. The region from 180 — 215 ppm

represents ketones and aldehydes. The value of carbon percentage in 165 — 180+
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ppm region was 0.6 and 1.8 for MFDC and PGDC and in 180 — 215 ppm region,
the carbon percentage was 0.3 and 0.7 for MFDC and PGDC bio-oils respectively.
The presence of aldehydes and ketones was negligible in the bio-oil samples
which were also evident from the 'H-NMR spectrum which show negligible
proton percentage in the downfield region from 8.5 to 10 ppm. Also, the presence

of catalyst further decreased the percentage of carbon resonating in this region.

Table 4.13: Percentage of hydrogen based on '"H-NMR analysis of MFDC, PGDC bio-oil
and conventional petrol, diesel and crude oil, grouped according to chemical
shift range®

Chemical Proton assignment MFDC PGDC Petrol Diesel Crude
shift bio-oil bio-oil (%) (%) oil (%)
(ppm) %
e 51.65 4954 70 82 67
0.5-15 P‘J/&f%
Alkanes
W
/ 27.19 19.65 19 16 17
1.5-3 - ‘1/\Z
/°\/< oo

Aliphatics a-heteroatoms or unsaturation

0 ‘72/ 5.19 20.35 2 0 2
3-4.5 ,“’-. S ©\D

H H 0o
Alcohols, methelene diabenzene

ocH, oM
m 787 415 2 0 3
456 -
oH OH

Methoxys,  carbohydrates

H o) N
AN S
6-8.5 | \\/| i 5.23 6.02 6 3 8
F \ H F
(Hetero)-aromatics
o
8.5-10 2.87 0.3 0 0 2
HJ‘\
ALdehydes

* Highlighted atoms shown in representative chemical functional groups are intended only to indicate the potential types of chemical
environments that may be present. The real mixtures may contain significant structural diversity
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Table 4.14: Percentage of carbon based on '*C-NMR analysis of MFDC, PGDC bio-oil
and conventional petrol, diesel and crude oil, grouped according to chemical shift

range”
Chemical Carbon assignment MFDC PGDC Petrol Diesel Crude oil
shift (ppm) bio-oil  bioc-0il (%) (%) (%)
(%) (%)
0-28 N "C' 32.44 46.19 29 31 15
(SS R \CH;,
Short aliphatics
'(fz H; H,
28-55 SN T 2821 101 35 56 41
Long and branched aliphatics
O, T‘Tﬁ o
55-95 i — 4.28 20.6 7 7 30
N )\ “\\?{/!\N\i/"
'('-l OoH
Alcohols, ethers, phenolic-methoxys,
carbohydrate sugars
H
NSNS
95-165 - H 3419  21.11 29 3 3
N2\ /
L7 S
Aromatics, olefins
[¢]
165-180 U 0.60 1.8 0.3 1 3
TS
Esters, carboxylic acids
0
180-215 “ 0.28 0.67 0.4 5 5

PN

Ketones, aldehydes

2Highlighted atoms shown in representative chemical functional groups are intended to only indicate the potential
types of chemical environments that may be present. The real mixtures may contain significant structural diversity
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Figure 4.23: Comparison of "H-NMR spectral distribution of functional
groups of MFDC bio-oil.
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Figure 4.24: Comparison of '*C-NMR spectral distribution of functional
groups of MFDC bio-oil.
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Figure 4.25: Comparison of "H-NMR spectral distribution of functional
groups of PGDC bio-oil.
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Figure 4.26: Comparison of *C-NMR spectral distribution of
functional groups of PGDC bio-oil.
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The TIC of MFDC and PGDC bio-oils are presented in Figures 4.27 and
4.28. GC-MS was applied to identify the organic compounds obtained from the
bio-oils. Identification of the GC-MS peaks in most cases was based on
comparison with spectra from the NIST 98 spectrum library. More than 100 peaks
were displayed in the TIC of both the bio-oils (Figures 4.27 and 4.28). This
implies the complex composition of the bio-oils; the results are consistent with
both the FTIR and '"C-NMR results. The perfect separation of all the peaks was
impossible due to the intricate composition of bio-oils. Only those separated
products that arose in considerable amounts, were semi-quantitatively evaluated,
based on the peak areas of selected characteristic molecular or fragment ion
chromatograms. Tables 4.15 and 4.16 show the details of the component of MFDC
and PGDC bio-oils identified including retention time, compound name, peak area
and molecular formula. The distribution of compounds was determined by using a
semi-quantitative study by means of the percentage area of the chromatographic
peak. As shown in Tables 4.14 and 4.15, most of the compounds formed during
MFDC and PGDC pyrolysis are phenols. The presence of phenols is also evident
from 'H and '*C NMR results. Substituted phenols are present in the bio-oil as
monomeric units and oligomers derived from coniferyl and syringyl building
blocks of lignin. The main phenolic compounds present in the bio-oils are phenols,
alkylphenols, methoxyphenols and guaiacol (vanillin). The pyrolytic liquids are
known to have an acidic nature. The presence of acids in bio-oil is undesirable due
to its corrosive nature; however, they could be used as chemical feedstock if
separated from bio-oil. Propionic acid methyl ester was also found in MFDC bio-
oil.

Carbonyl groups are also oxygenated compounds and they affect the
stability and heating value of bio-oil. Therefore, these compounds must be
detached from bio-oil structure through efficient separation techniques so as to
utilize the bio-oil effectively. The components present in MFDC and PGDC bio-

oils were observed in other studies also [4, 53-55]. Phenols, carboxylic acids and
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carbonyls were determined as main compounds forming pyrolytic liquid. Furthermore,
nitrogenous compounds are also found in the final bio-oil product distribution from

both the feedstock under investigation.
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Figure 4.27: Total ion chromatogram of MFDC bio-oil.
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Figure 4.28: Total ion chromatogram of PGDC bio-oil.
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Table 4.15: Chemical compounds in MFDC-500 bio-oil (GC-MS)

SI. Ne. | RT Area % | Name MW | Molecular
formula

1 8.23 0.57 3-pentanol 88 CsH 20

2 8.36 0.86 1,6-anhydro-b-D-glucopyranose 162 | CsH100s

3 9.48 0.74 Propionic acid methyl ester 88 C4Hs02

4 10.15 | 2.06 (18,5R)-6,8-Dioxabicyclo[3.2.1]oct-2-en-4- | 126 | C¢HeOs

one

5 11.59 1.35 3-butene-2-one, 3-methyl 84 CsHzO

6 12,51 0.54 2-nitropyridin-3-ol 140 | CsHaN20;

7 12.94 0.40 octanamide 143 CsHi7NO

8 13.84 | 2.943 phenol 94 CsHesO

9 13.95 0.483 hydroxypropanone 74 CsHeO2

10 1462 | 3.462 pyridin-3-ol 95 CsHsNO

11 14.96 1.933 2-buten-1-ol 72 CsHzO

12 15.86 | 0.605 3-methylphenol 108 | C/H:O

13 16.38 3.160 S-ethyldihydrofuran-2(3H)-one 114 | CeH100:

14 18.48 0.632 1-morpholino-2-phenylethanone 205 | Ci2HisNO:

15 19.56 | 2.237 Hydroxyl propanal 74 C3H60,

16 20.18 | 0.406 5-hydroxymethylfurfural 126 | C6H603

17 20.79 | 0.442 furantetrahydro-2,5-dimethoxy 132 | CeHi203

18 21.07 | 6.656 D-allose 180 | CeHi206

19 21.49 | 1.293 butanedial 86 C4H0,

20 22.31 4423 3,4-dihydroxytoluene 124 | C7H30;

21 22.48 0.460 furan, tetrahydro-2,5-dimethoxy- 132 | CeH 1203

22 23.94 1.56 3-ethoxy-4-methoxyphenol 168 | CoH ;205

23 24.08 | 0.39 heptadecane 240 | Ci7H3e

24 24.86 | 0.56 Furfuryl alcohol 97 CsHs0,

25 25.18 0.18 vanillin 152 CsHgO3

26 26.40 1.818 2-methoxy-4-methyl phenol (creosol) 138 | CsHi0O2

RT- Retantion time, MW- Molecular weight
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Table 4.16: Chemical compounds in PGDC-500 bio-oil (GC-MS)

SI. RT Area% | Name MW Molecular
No. formula
1 8.24 1.20 3-pentanol 88 CsH20
2 8.72 0.84 Toluene 92 C7Hg

3 9.12 0.76 2-butenal, 2-methyl- 84 CsHzO

4 10.12 5.54 3-furanmethanol 98 CsHeO2

5 10.15 1.01 (18,5R)-6,8-Dioxabicyclo[3.2.1]oct-2-en4-one | 126 CesHsOs
6 11.18 0.31 Styrene 104 CsHs

7 11.34 0.56 2-cyclopenten-1-one, 2-methyl- 96 CeHsO

8 11.37 1.13 Ethanone, 1-(2-furanyl)- 110 Ce¢HO;
9 1143 | 068 | 2,3 4-trimethylpyrrole 109 C,Hy N
10 11.96 0.64 Pyridine, 3,4-dimethyl- 107 C7HoN
11 12.51 2.31 3-pyridinol, 2-nitro- 140 CsHaN»O3
12 12.99 - Pyrrole, 4-ethyl-2-methyl- 109 C7HuN
13 13.07 - 2,4-hexadiene, 2,5-dimethyl- 110 CsHiy

14 13.11 - 2-but-2-enyl-1h-imidazole 122 C/HioN
15 13.20 0.51 3-hexene, 2,5-dimethyl-3,4-bis(1-methylethyl)- | 196 Ci4Hzg
16 13.84 0.43 2-cyclopenten-1-one, 2,3-dimethyl- 110 C7H100
17 13.95 0.59 Phenol, 2-methyl- 108 C7Hs0
18 14.28 1.67 Phenol, 4-methyl- 108 C/HzO
19 14.47 0.57 1-pentanone, 1-phenyl- 162 CnH1:0
20 14.94 - 1-(1-butynyl)cyclopentanol 138 CoH,140
21 15.24 - 1,3-cyclopentanedione, 2,4-dimethyl- 126 C7H,002
22 15.61 0.94 Phenol, 3,4-dimethyl- 122 CzHi00
23 15.63 - Benzene, 1-methoxy-2-methyl- 122 CgH,00
24 15.86 0.70 Phenol, 4-ethyl- 122 CsHiO
25 17.44 1.59 Hydroquinone 110 CsHeO;
26 18.21 0.64 2,2'-bifuran 134 CgHesO2
27 18.27 1.07 Indole 117 CsHoN
28 18.59 1,3-benzenediol, 2-methyl- 124 CHyO,
29 19.65 0.68 Indolizine, 2-methyl- 131 CoHoN,
30 20.26 0.76 5-hydroxymethylfurfural 126 C6H603
31 21.79 0.68 Indole-2-carboxylic acid 161 CoH/NO,
32 24.03 1.04 3-ethoxy-4-methoxyphenol 168 CoH,,03
33 26.45 291 Phenol, 3,5-dimethoxy- 154 CsH;¢03

RT- Retantion time, MW- Molecular weight
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4-1.4 Characterization of biochar

The proximate and elemental compositions of the biochars obtained from
MFDC and PGDC pyrolysis at different temperatures with heating rate of 40°C/min
are presented in Tables 4.17 and 4.18.

Table 4.17: Elemental analysis of biochar co-produced from

pyrolysis of MFDC
MFDC biochar
350°C 400°C 450°C 500°C 600°C
Water content 5.10 4.70 4.10 3.80 3.12
Volatile matter 25.56 21.34 15.70 13.45 11.70
Ash content 8.60 8.93 10.40 11.50 12.30
Fixed carbon 59.74 65.03 69.80 71.25 72.88
p" 7.20 8.83 10.10 11.30 11.78
Elemental analysis (wt%)
C 63.20 66.90 73.03 75.80 80
H 3.97 3.95 3.87 3.84 2.71
N 3.00 4.97 4.98 4.36 2.71
ob 25.01 19.36 13.30 11.18 8.87
HHV (MJ/kg) . . - 28.19 -
b By difference
2
L 2
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Figure 4.29: Van-krevelen diagram for MFDC biochar.
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It was observed that the biochar from both feedstocks contain less oxygen than
the original feedstock and a high carbon content. A Van-kravelen diagram (Figures
4.29 and 4.30) was constructed using the data in Tables 4.17 and 4.18. Biochar is often
assessed through changes in the elemental concentrations of C, H, O and N and their
associated ratios. Specifically, H/C and O/C ratios are used to measure the degree of
aromaticity, carbonization and maturation, as is often illustrated in Van-krevelen
diagrams. As observed from the Van-kravelen diagram, atomic O/C and H/C ratios of
biochar decreased with increase in pyrolysis temperature for both the feedstock under
investigation. Decrease in O/C ratio with increasing temperature is due to the fact that
oxygen containing functionalities are decomposed by decarbonylation and
decarboxylation, followed by transformation to the alkyl-aryl C-C bonds as a cross-
linking between small aromatic rings [24, 56]. There occurs a significant increase of
the calorific value of the biochar i.e. 28.2 MJ/kg from the original biomass having
calorific value of 18.7 MJ/kg for MFDC and 24.3 MlI/kg from the original biomass
having calorific value 16.9 MJ/kg for PGDC. Thus, the biochar obtained from MFDC
and PGDC biomass can be used as a solid fuel upon densification. The pH of MFDC
biochar increased from 7.2 to 11.8 and PGDC biochar from 7.3 to 11.6 with increase in
pyrolysis temperature. The highly basic biochar obtained at higher temperatures may
be potentially used in the agricultural soils in north-eastern region of India for liming,

where the soil are highly acidic nature.
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Table 4.18: Elemental analysis of biochar co-produced from

pyrolysis of PGDC

PGDC biochar

350°C 400°C | 450°C 500°C 600°C
Water content 6.1 4.83 4.76 43 3.7
Volatile matter 27.5 22 15.8 14.6 11.7
Ash content 8.1 9.2 10.4 11.6 12.7
Fixed carbon 583 63.97 69.04 69.5 71.9
pH 7.3 7.5 9.8 11.2 11.6
Elemental analysis (wt%)
C 63 65.7 72.3 75 79
H 4.29 4.35 421 3.26 2.7
N 477 5.25 496 5 478
ob 23.78 20.54 14.37 12.58 9.36
HHV (MI/kg) - - - 2430 |-
b By difference

2
.
15 Biomass )
- © PGDC Biomass
i mPGDC-350
> 1
T PGDC-400
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* PGDC-500
0 PGDC-600
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Figure 4.30: Van-krevelen diagram for PGDC biochar.
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Figures 4.31 and 4.32 present the inorganic composition (Ca, K, Mg, Zn, Mn,
Na) of the MFDC and PGDC biochar. It was observed that concentration of Ca, K, Mg
increased with the pyrolysis temperature. The biochar containing inorganic nutrients
can play an important role in soil fertility and crop production [24]. However, the
proposition of biochar with high ash content and low surface area applicable as soil
amendment entirely depends upon the economic circumstances and the local soil

properties [57].
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Figure 4.31: Inorganic element constituents of MFDC biochar at
different temperature.
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Figure 4.32: Inorganic element constituents of PGDC biochar at
different temperature.
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The thermal decomposition of biomass represents the chemical bonds
presenting in biomass to break and release volatile gases as temperature increases to a
specific point. Therefore, there might be a relationship between the chemical structure
of solid charcoal (identified by FTIR) and the composition of released gases at different
final temperatures. The FTIR spectra of solid char from MFDC pyrolysis at different
final temperatures are plotted in Figure 4.33. It can be observed in Figure 4.33 that the
broad band appears near 3400 cm™ of O-H absorbance diminished sharply to zero with
the increase in final temperature, which might be attributed to the dehydration of
biomass, and at the same time, a large amount of water was released [58, 59]. The C-H
(alkenes) absorbance amount also decreased to zero as temperature increased to 500°C,
possibly caused by the break of the weak bonds between C and H of alkyl. The
breaking of C-H functional groups brought some CHs and C;Hs being released and
gave rise to the contents of CHs and Cz hydrocarbon in the gas products [60]. The
functional groups of C=0 in biomass are easy to break with a large amount of CO and
CO; evolving out and the absorbance of C=0 (1700 cm™') decreased significantly as
temperature increased. With the increase in final pyrolysis temperature, the peaks of
C=C ar. (1620 cm™), C-H ar. (790 cm') start to break stepwise to form volatiles. The
cracking and reforming of aromatic rings give rise to H and it is in accordance with the
previous experimental finding of Yang et al., where it was observed that H» yield

increased with increase in final pyrolysis temperature [60].
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Figure 4.33: FTIR spectra of MFDC biochar at different temperature.
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X-ray diffraction is a widely applicable technique for analyzing the biomass
crystallinity and the biochar structure. The XRD spectra (Figures 4.34 and 4.35) of
biochar show a broad peak at the 20 values of around 20 — 30. The peak appeared for
biochar, indicated the development of increasingly carbonized material [61] and gives
evidence of presence of graphitic structure in the biochar. This peak comes from the
formation and successive ordering of aromatic carbon in the biochar [62]. The presence
of higher amount of aromatic compound in the biochar as evidenced from FTIR spectra

was further supported by the XRD pattern.
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Figure 4.34: XRD pattern of MFDC biochar at different temperature.
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Figure 4.35: XRD pattern of PGDC biochar at different temperature.

The surface morphology of the biochar was studied by Scanning Electron
Microscopy (SEM). The SEM images of the MFDC and PGDC biochars obtained
at different temperatures at a heating rate of 40°C/min are shown in Figures 4.36
and 4.37. The SEM images confirmed the amorphous and heterogeneous structure
of the biochars obtained from both the feedstock. It was observed that the biochars
of MFDC and PGDC obtained at 500°C have a porous structure with identical
surface area of ~7 m%/g. The pore volumes of MFDC and PGDC biochars were
found to be 0.051 and 0.046 cm’/g respectively. These properties of the biochars
argues well for not being appropriate for direct usage as activated carbon
application, however these co-products of biomass pyrolysis provides a scope for
activation further through chemical or physical treatment for their usage as

activated carbon or as a support material for solid catalyst.
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4-1.5 Pyrolysis of mixed feedstock

As discussed in the first chapter, the existent available bio-energy feedstock
cannot suffice for the petro-crude reservoirs; consequently new feedstock for the
same will serve as a cumulative step for addressing the long documented problem
of energy production and supply. Therefore, this section of the study targets to
investigate the potentiality of mixed type of feedstock for pyrolysis. For this
purpose, MFDC and PGDC feedstock with particle size of 420 p were mixed in a
1:1 ratio and pyrolyzed at 500°C with a heating rate of 40°C/min, as both the
feedstock showed a maximum liquid product yield at this pyrolytic condition. The
liquid, solid and gaseous product yield from this mixed feedstock was found to be
30.4%, 29.8% and 39.8%, respectively.

Table 4.19: Comparison of properties of the (MFDC+PGDC) with MFDC and

PGDC bio-oil

Properties MFDC Bio-oil* PGDC Bio-oil* Mixed feedstock
(MFDC+PGDC)
bio-oil*

Ultimate analysis

C 59.3 55.4 58.57

H 8.8 7.6 7.78

N 6.4 6.7 7.7

o® 25.5 30.3 25.95

Empirical formula

Cio81H1925NO3 49

Co.6sH15.88NO3z.05

Cgs7H14.15NO2.95

H/C molar ratio

1.78

1.65

1.59

O/C molar ratio 0.32 0.41 0.33
Higher heating value (MJ/kg) | 30.63 28.19 30.26
Ash 0.30 0.39 0.43
Density (kg/m’) 1075 1051 1075
Acid number (mg KOH/g) 42.71 45.20 45.12

# Obtained at 500°C with heating rate 40°C./min

® By difference
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The bio-oil from mixed feedstock showed similar properties with
individual bio-oil (Table 4.18). However, differences in composition to that of
PGDC and MFDC bio-oil are found through NMR (Tables 4.20 and 4.21) and GC-
MS (Figure 4.39 and Table 4.22). This is expected as feedstock composition

greatly influences the bio-oil composition as discussed in chapter 2.
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Figure 4.38: FTIR spectrum of (MFDC+PGDC) bio-oil compared with bio-oil
from MFDC and PGDC.

Figure 4.38 shows the FTIR spectrum of mixed feedstock bio-oil compared
with individual bio-oil from MFDC and PGDC. The spectrum shows the presence of
similar types of functionalities present in the mixed feedstock bio-oil. Presence of
different functionalities according to wave number is already discussed in the previous

section.
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Table 4.20: Percentage of hydrogen based on '"H-NMR analysis of (MFDC+PGDC)
bio-oil and individual bio-oil, grouped according to chemical shift

range”
Chemical Proton assignment MFDC PGDC MFDC+PGDC
shift bio-oil bio-oil bio-oil (%)
(ppm) (%) (%)
o 51.65 46.19 52
0.5-1.5 AN
Alkanes
\sj_ III

1.5-3

i
LT 27.19 10.1 31
/°\/§r(.

Aliphatics a-heteroatoms or unsaturation

345 AN 5.19 20.6 4

Alcohols, methelene d‘i’a}nenzene

ocH,

7.87 21.11 8

4.5-6 on
Methoxys, carbohydrates

v ° AN
6-8.5 O ﬂ\ ?H O i 5.23 1.8 4

(Hetero)-aromatics
o

8.5-10 /u\ 2.87 0.67 2
H

ALdehydes

2 Highlighted atoms shown in representative chemical functional groups are intended only to indicate the
potential types of chemical environments that may be present. The real mixtures may contain significant
structural diversity
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Table 4.21: Percentage of carbon based on '3C-NMR analysis of
(MFDC+PGDC) bio-oil and individual bio-oil, grouped
according to chemical shift range®

Chemical Carbon assignment MFDC PGDC bio- MFDC+PGDC
shift (ppm) bio-oil oil (%) bio-oil
(%) (%)
0-28 H
\ C\
S Ny 32.44 46.19 36
“z
28-38 /\ ~ \ - \/ ~
' \\I 2821 10.10 20
Long and branched aliphatics
55-95
T
J\ © g \\/F 428 22.60 21
m
Alcohols, ethers, phenohc-methoxys,
carbohydrate sugars
95-165
~AN
LN / 34.19 21.11 21
[ & N ' '
Aromatics, olefins
165-180 ﬁ
e 0.60 1.80 i
Esters, carboxylic acids
180-215 ﬁ
T 0.28 0.67 I

Ketones, aldehydes

“Highlighted atoms shown in representative chemical functional groups are intended to only indicate the

potential types of chemical environments that may be present. The real mixtures may contain significant
structural diversity
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Figure 4.39: Total ion chromatogram of MFDC+PGDC (1:1) bio-oil.
Table 4.22: Chemical compounds in (MFDC+PGDC) bio-oil (GC-MS)
S | RT Area% | Name MW | Formula
No.
1 8.73 0.76 Toluene 92 CsHg
2 9.12 0.53 2-butenal, 2-methyl- 84 CsHzO
3 9.96 2.34 Ethanol, pentamethyl- 116 | C/His0
4 10.13 3.76 (1S,5R)-6,8-Dioxabicyclo[3.2.1]oct-2-en-4-one or 126 | C¢HeOs
5 11.19 Styrene 104 | CsHs
6 11.35 | 0.60 2-methylcyclopent-2-enone 96 CesHsO
7 1138 |- 4-pyridinol 95 CsHsNO
8 1143 | 0.61 1,2,5-trimethylpyrrole 109 | C;HiN
9 11.88 |- Pyridine, 3,4-dimethyl- 107 | C/HoN
10 1244 | - Pyridine, 3-ethyl- 107 | C;HoN
11 12.52 1.47 1h-pyrrole, 2,4-dimethyl- 95 CsHgN
12 12.99 1.02 Benzaldehyde, oxime 121 | G/HNO
13 13.72 | - Benzeneethanol, .beta.-ethenyl- 148 | CigH12O
14 [1395 |0.82 Phenol, 3-methyl- 108 | C;HsO
15 14.29 1.39 Phenol, 4-methyl- 108 | C;HO
16 1447 | 0.76 Benzeneacetic acid, .alpha.-oxo-, methyl ester 164 | CoHzO3
17 15.62 | 0.87 Phenol, 2,4-dimethyl- 122 | CgH100
18 15.86 | 0.78 Phenol, 4-ethyl- 122 | CsH100
19 14.14 | 0.99 2-ethyl-5-propylcyclopentanone CioH30
20 | 18.21 1.45 2,2'-bifuran 134 | C3HeO2
21 18.26 1.08 Indole 117 | CgHsN
22 19.63 0.58 Indolizine, 2-methyl- 131 CoHoN
23 |20.22 | 0.953 5-hydroxymethylfurfural 126 | C6H603
24 | 21.72 0.62 Indole-2-carboxylic acid 161 | CoHsNO,
25 | 2391 0.77 3-ethoxy-4-methoxyphenol 168 | CoH 1203
26 | 24.87 1.50 Furfuryl alcohol 97 CsHs0,
27 26.42 1.22 Phenol, 3,5-dimethoxy- 154 | CgH1005
RT-Retention time, MW- Molecular weight
Results & Discussion Pagc|453
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Figure 4.40 shows the distillation characteristics of MFDC, PGDC and mixed
feedstock (MFDC+PGDC) bio-oil obtained via simulated distillation. Table 4.23
shows percent mass of material recovered in the analysis, IBP and FBP. The IBP is the
temperature at which a cumulative yield is equal to 0.5% of the total sample. The FBP

is the temperature at which a cumulative yield is equal to 99.5% of the total sample.
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Figure 4.40: Distillation characteristics of bio-oil obtained via simulated
distillation.

Table 4.23: Percentage of distillation cut point of bio-oil obtained via simulated

distillation
Cut % (MFDC- | % (PGDC- | Cut % Description as
point | 500 bio-oil) | 500 bio- point [(MFDC+PGDC | per petro-crude
°C) oil) °C) )-500 bio-oil]
9 <IBP <IBP 9 <IBP C4
170 <IBP <IBP IBP-170 | 7.37 Naphtha type
IBP- 20.1 24.66 170-350 | 29.91 Kerosene type
350
350- 78.9 74.34 350-FBP | 61.72 Residue 350+
FBP
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Due to the complex nature, all the bio-oil exhibited a broader range of boiling
points as shown in Figure 4.40 and Table 4.23. The IBP and FBP for bio-oil were (180
& 598.8°C), (135 & 598.2°C) and (834 & 613.3°C) for MFDC, PGDC and
MFDC+PGDC bio-oil, respectively. It can be observed from the SimDist analysis that

more than 60% compounds of all the bio-oil have boiling point above 350°C.

A robust pyrolytic system should be able to withstand feedstock of similar
nature. In the present attempt, it was of interest to know, the probable variation if any
in the pyrolytic products distribution and their characteristics, when individual
feedstock are mixed. The information generated indicates that by mixing feedstock of
similar nature, pyrolytic product distribution and their characteristics are not
significantly varied. This is important as a pyrolytic system should have inbuilt
flexibility to handle a mixture of feedstock of similar nature for its sustainable

operation. This is also important from the point of view of biomass supply.
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Chapter 4 (b): Prospect of utilization of bio-oil

4-2.1 Prospect of utilization of bio-oil

The energy intensive future research scenario has high lightened the
importance of biomass conversion as a promising route for biofuel production. In wake
of recent advancements in bioenergy research, bio-oils have already gathered the
attention of the scientific community in that they offer prospective applicability as a

source of value added chemical apart from being an increasingly attractive fuel option.

Antibiotics ha‘}e always been considered as one of greatest discoveries of the
past century. However, owing to the cost effectiveness, safety, increasing failure of
chemotherapy and antibiotic resistance, search for plant resources has considerably
increased for their potential antimicrobial activity [1]. The most significant bioactive
compounds reported from plants are alkaloids, tannins, flavonoids, and phenolic
compounds [2]. Alkaloids possesses antimicrobial, anticancer, antimalarial and
cytotoxic properties while flavonoids have high antibacterial activity and are more
efficient in treatment of inflammation, allefgy, cancer; viral infection and hypertension
[3]. Tannin has high activities against bacterial and viral infections and also acts as
strong antioxidant [4]. The chemical compounds respdnsible for the antibacterial
activity in algae have been variously identified as organic and fatty acids, terpenes,
carbonyls, bromophenols, halogenated aliphatic and sulfur-containing heterocyclic
compounds, isoprenylated and brominated hydroquinones, as well as phlorotannins [5,
6]. The study of natural productsvfrom the plant kingdom has long been the source of
pharmaceuticals, and as such it makes sense that bio-oil may possess new functional
moieties with prospective pharmaceutical value. There is paucity of evidence
regarding possession of antimicrobial activity by bio-oil. Only a few reports pertaining
to antifungal activity of bio-oil have been reported till date [7, 8]. In this regard, the
present study was carried out to investigate the utility of bio-oil, produced via

pyrolysis process (from MFDC and PGDC), as an antimicrobial agent against gram
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positive and gram negative bacteria [Staphylococcus aureus (MTCC96) and Escherichia
coli (MTCC723)] with a view to sincerely recalize the value addition of bio-oils. An
attempt was also made to assess the antimicrobial activity against eukaryotic systems
[Candida albicans (ATCC 183) and Saccharomyces cerevisiae (ATCC 4126)].

The bioassay results for antimicrobial activity of the respective bio-oil samples

are¢ shown in Figure 4.41.

Table 4.24: Bioassay results for antimicrobial activity of MFDC and PGDC bio-oil

Species Bio-oil Z0OI (mm) t-value
S. cervisiae MFDC 20.36:0.32 -
S. cervisiae PGDC 20.60=0.52 v
C. albicans MFDC 20.10=0.36 P
C. albicans PGDC 22.47+0.45 )
S. aureus MFDC 20.20+0.43 512
S. aureus PGDC 28.03=0.35 o
E. coli MFDC 15.37-0.40 59 25
E. coli PGDC 22.17+0.30 -
1 35 -
30 4
25
E 20 "
E .
o 15 - : = MFDC bio-oil
N
: # PGDC bio-oil
10 4 ,
5 - .
S. aureus E. coli C. albicans S. cerevisiae

Micro-organisms

Figure 4.41: Antimicrobial activity histogram for MFDC and PGDC
bio-oil samples.
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Figures 4.42 and 4.43 shows the Zone of Inhibition (ZOI) produced by the bio-oil
samples MFDC and PGDC on the test micro-organisms e.g. S. cerevisiae, S. aureus, C.
albicans and E. coli. The ZOI of the sample extract was compared with the standard
antibiotic chloramphenicol for antibacterial and Indofil M-45 (commercial antifungal) for
antifungal and antiyeast assay. All the tested samples showed varying degree of
antimicrobial activity against the tested micro-organisms. From Table 4.23 and Fig 4.42
it can be concluded that, MFDC bio-oil showed maximum ZOI against S. aureus (29
mm) and moderate against £. coli (15 mm). Similarly, PGDC bio-oil exhibited highest
antibacterial activity against S. aureus (28 mm) and comparatively lesser activity against
E. coli (22 mm). MFDC bio-oil was found to be more elfective against gram positive

bacteria whereas, PGDC bio-oil against gram negative bacteria.

MFDC bio-ail
MFDC bio-oil

Chloramphenicol Chloramphenicol

DMSO

DMSO

. colii S. aureus

MFDC hio-oil MFDC bio-ail

Indofil M-45 Indofil M-43

DMSO
DMSO

C. albicans S. cerevisiae

Figure 4.42: Inhibition zones of MFDC bio-oil against E. coli, S. aureus, S. cerevisiae

and C. albicans.
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PGDC hio-ail PGDC bio-oil

Chlaramphenicol Chloramphenical

DMSO

DMSO

E. coli §. aurcux

PGDC bio-ail PGDC hio-oil

Indafil M-45 Indofil M-48

DMSO
DMSO

C. alhicans §. cerevisiae

Figure 4.43: Inhibition zones of PGDC bio-oil against E. coli, S. aureus, S. cerevisiae

and C. albicans.

Antifungal activity against human pathogens is highly sought after in pharmaceutical and
pharmacological research. In this regard, antifungal assay was performed to evaluate the
activity of the bio-oil samples against C. albicans. MFDC bio-oil showed a 20 mm ZOI
against C. albicans whereas PGDC bio-oil showed a comparatively higher 22 mm zone.
Both MFDC and PGDC bio-oil showed a 20 mm ZOI against S. cerevisiae. Performing
the t-test for equality of two means it was observed that there is no significant difference
between MFDC and PGDC bio-oil activity on S.cervisiae (t < critical value 2.132 for
95% confidence level, Table 4.24). However, significant difference between both bio-oils
were observed in case of activity on C. albicans, S. aureus and E coli. (t > critical value

2.132 for 95% confidence level, Table 4.24).
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Minimum inhibition concentration of both the bio-oil .samples viz., MFDC and
l’;GDC at different concentrations (100, 50, 25, 12.5, 6.25, 3.125, 1.56 and 0.78 ug/ml)
was determined against two prokaryotic and two eukaryotic systems. After 24 hours / and
48 hours of incubation the cultures were subjected to MTT assay. Kanamycin (50mg/ml)
and Indofil (50 mg/ml) were used as positive control and cells mixed with DMSO (1%)

as negative control.

A concentration-dependent increase in inhibition of prokaryotic and eukaryotic
cells was -observed for all the three samples. MIC for MFDC bio-o0il was minimum and it
inhibits E. coli and S. aureaus at concentrations of 1.56 and 3.12 pg/ml. On the contrary,
higher concentration was required against eukaryotes viz., C. albicans (3.12 pg/ml) and
S. cerevisiae (6.25 pg/ml). Antagonism of PGDC bio-oil against all the tested strains
except S. cerevisiae was same. A concentration of 6.25 pg/ml wasArequired to inhibit the
growth of E. coli, S. aureus, and §. cerevisiae, whereas for C. albicans a higher

concentration of 12.5 pug/ml was required.

Chemically, bio-oil is a complex mixture of water, guaiacols, syringols,
furancarboxaldehydes, pyrones, isoeugenol, vanillins, catechols, acetic acid, formic acid
and other carboxylic acids [9]. Bio-oils also contain other major group of compounds
including hydroxyaldehydes, hydroxyketones, sugars, carboxylic acid and phenols [10].
Figure 4.44 presents the FTIR spectra for MFDC and PGDC bio-oils.
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Figure 4.44: FTIR spectrum of MFDC and PGDC.

The FTIR spectra for both the bio-oils are almost similar due to the presence of
similar functional groups. The major spectral assignments are C-H stretch (2928 cm™'),
CH; (bend) [1465 cm™'], O-H (H bonded) [3400-3200 cm™'], C=0 (1700-1725 cm™) and
CH; (rocking) [743 cm™']. The FTIR spectra of the bio-oil samples show the presence of
hydroxyl group which is common in all phenolic compounds. The C=0O (attributed to the
presence of carboxylic acids) was another important functional éomponent observed in
the spectra of the bio-oils. Phenolic compouﬁds have been reported to be associated with
antifungal activity [11], whereas carboxylic acids with many antibacterial and

antimicrobial activities [12].

Since, bio-oils are obtained from plant feedstock it is arguable to expect a
diversity of compounds (obtainable by breakdown of larger polymers to simple
compounds) in bio-oils with specific as well as broad-spectrum antimicrobial activity.
The exploitation of bio-oil for the discoVery of pharmaceutically important products is a

futuristic top notch research area with tremendous biological prospects. Ongoing research
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is currenﬂy focused on the isolation, identification and characterization of compounds

responsible for bioactivity of bio-oils with high antimicrobial activity.

Bio-oils, if properly investigated may offer an unexplored repertoire for chemicals
with huge potential to provide significant therapeutic benefits for the human civilization.
From the above study, it can be concluded that MFDC bio-oil was found to be most
effective against the growth of S. aureus, whereas PGDC bio-oil against E. coli and C.
albicans. PGDC bio-oil was found to be moderately effective 'against prokaryotic system
whereas, completely ineffective against eukaryotic sysfems. Antimicrobial activity
exhibited by two of the bio-oil sathples viz., MFDC and PGDC used in this study
indicates that they possess bioactive natural products (may lead to development of new
pharmaceuticals), and henceforth Awarrants further research investigations (greater
research capacities would enable a better comprehensive understanding of drug discovery
from fast pyrolysis technology). The study also suggests that bio-oil from different
feedstocks which remain grossly unexplored should be evaluated for antimicrobial
activity against multidrug resistant bacteria (MDR) and phytopathogens. There is every
Apossibility that Mother Nature endowed with enormous biomass diversity may literally

unfold the elixir of life against the worrisome trend of drug resistance.
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Chapter 4(c): Prospect of utilization of biochar

4-3.1 Introduction

Biochar, the byproduct of pyrolysis process has got low surface area, pore size
but higher percentage of inorganic constituents and pH value as discussed in chapter
4(a). Due to its high pH and ash content, biochar can be used as soil amendment
without any further processing. However, if activated biochar becomes an excellent
adsorbent with many uses. It has been used extensively for the removal of various
pollutants, water treatment, as composite materials and as catalyst supports owing to
desirable properties like high surface area, thermal stability and porous structure. The
advantages of activated carbon derive from its large surface area, well-developed
internal structure and presence of various surface functional groups. Moreover, carbon
materials have recently gained attention as catalyst supports, owing to properties like:
high stability in acidic, basic media and possibility of tailoring both their texture and
surface chemistry and low material cost. In this context biochar is also a potential
candidate as it mirrors charcoal in all aspects. Surface chemistry of biochar may be
modified to have very high area (by physical or chemical activation) similar to
charcoal [1]. A wide range of carbonaceous materials can be used as the carbon
precursors such as coal, peat, wood and various agricultural by-products. Recently,
agricultural by-products have received an increasing attention for the production of
activated carbon due to their loW-cost, renewability and wide prevalence. In the
present impregnated biochar obtained from pyrolysis of MFDC with the CaO derived
from waste shells obtained by calcination of waste Turbonilla striatula shells was
used. The physical and chemical properties of this biochar-supported CaO material
were evaluated and catalytic properties were studied in the model reaction
transesterification of Mesua ferrea oil with methanol. The active phase of the catalyst,
CaO was produced by the high temperature calcination of Waste shells of T. striatula

as described elsewhere [2].
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4-3.2 Preparation of catalyst anﬂ characterization

For preparing support, biochar produced from Mesua ferrea deoiled cakes were
used, since biochar produced by pyrolysis have very low surface area [3, 4], it was
than subjected to chemical activation (with 7 M KOH) in order to increase the surface
area. The biochar-supported CaO . (BCh-CaO) catalyst was prepared by the wet
impregnation method. Typically, a Ca-containing solution was prepared by dissolving
20 g CaO produced earlier in minimum amount of dilute HNO3(aq). To this solution, a
20 g of dried and powdered support was added and the resultant mixture was stirred
for about 2 h at room temperature. Thereafter, it was heat treated at a calcination
temperam}e of 600°C under atmospheric pressure. The resulting material formed
hereafter was treated as catalyst. The catalyst changed the colour of phenolphthalein
(H_ = 8.2) from colorless to pink, the colour of indigo carmine (H_= 12.2) from blue
to green and the colour of 2,4-dinitroaniline (H_ = 15) from yellow to mauve but failed
to change the colour of 4-nitroaniline (H_ = 18.4). Therefore, the catalyst’s basic
strength was designated as 15 < H_ < 18.4, and it was considered as a strong base for
the transesterification reaction. Figure 4.45 shows the XRD patterns of shell-CaO and
BCh-CaO, respectively. New peaks corresponding to the graphite carbon appeared in
the AXRD pattern of the prepared catalyst (BCh-CaO) along with the peaks of CaO. It
was observed that major peaks corresponding to 20 = 32.14, 37.22, 53.57, 64.24 and
67.49 are identified as the fundamental peaks for calcium oxide corresponding to
JCPDS file no.. 00-003-1123. The presence of carbon is indicated by the peak for 26 =
29.26 which correspond to JCPDS file no. 01-074-2328. This indicates that the
activated supported carbon catalyst consists of calcium oxide and carbon. Both shell-
CaO and BCh-CaO shows peaks at 20 = 32.14, 37.22, 53.57, 64.24 and 67.49, which
were the characteristic peaks for calcium oxide (JCPDS file no. 48-1467). The
diffractograms of produced biochar was quite similar to biochars as per literature [4,
5], while the graphitic basal planes at a 20 angle of 43° could only be seen in the

spectrum of non-activated biochar but not in the activated samples.
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The morphology of the catalyst (BCh-CaQ) was observed by scanning electron
micrographs. The SEM images of the samples showed a good dispersion of CaO on
the surface of activated biochar (Figure 4.47). It was observed that although biochar
could retain its initial structure [which is supported by XRD (Figure 4.45) pattern also]

.the CaO species were highly dispersed on the surface of the support. It could be seen
that the particles distinctly filled up all the pores of the support indicating that the
resulting sample may have high activity. This conclusion is also supported by the
éurface area measurements. It was observed that there was a significant reduction in

* BET surface area of activated biochar from (456 m¥g) to the BCh-CaO catalyst (58
m?/g) which indicates that the CaO molecules were successively impregnated into the
pores of the activated carbon. The chemical comp_osition of the catalyst was estimated
by Energy-dispersive X-ray spectroscopy and the findings are shown in Figure 4.46. It
was observed that the major constituent elements present in the BCh-CaO catalyst
were- calcium, carbon and oxygen having wt.% of 27.8, 17.7 and 54.6 respectively.
This result supports the finding in XRD analysis and hence establishes that the catalyst
proposed in this study is mainly composed of CaO particles dispersed on activated
carbon. Biochar supported CaO (BCh-CaO) was found to be active in
transesterification of Mesua ferrea oil. To study the influence of different parameters
on activity (FAME yield), reactions were carried out at different temperatures with
varying methanol to oil molar ratio and catalyst amounts. The results are presénted in
Table 4.25. From the results it was observed that the catalytic activity of prepared
BCh-CaO catalyst was almost similar to the shell-CaO catalysts [6] which could be -
attributed to the very high loading (50% w/w of support) of active CaO particles. The
key parameters affecting biodiesel yield were temperature and catalyst loading. In our

| study, use of 3. (Wt.%) catalyst loading produced the best results yield of 96% with
12:1 alcohol to oil ratio at 65 °C (Entry 6).
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Figure 4.46: EDX spectra of BCh-CaO catalyst.

Figure 4.47: SEM images of activated biochar and BCh-CaO catalyst.
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Table 4.25: Influence of different parameters on biodiesel yield

Entry Temperature Catalyst Methanoleil Time Biodiesel

no (&8)} (Wt.%) (molar Yield (%)
ratio)

1 65 1 6/1 6 61
2 65 2 6/1 6 88
3 65 3 6/1 6. 92.4
4 65 3 6/1 6 943
5 80 3 9/1 6 95.7
6 65 3 9/1 6 96
7 95 3 12/1 6 85.6
8 70 3 6/1 6 93
9 33 1 6/1 6 20
10 33 2 9/1 6 25.9
11 33 3 6/1 6 27.2
12 65 3 12/1 6 56
13 70 2 3/1 6 91
14 70 2 9/1 6 91.4
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Chapter 5:Summary and Conclusions

Biomass is the only renewable energy resources which can fulfill the
mankind’s need for hydrocarbons for manufacturing goods ranging from plastics and
chemicals to biofuels and other products usually derived from modern petroleum
refinery. Hdwever, successful implementation of any process for biomass conversion
to fuels and chemicals primarily depends upon the availability of low cost, good
quality feedstock. In this regard, the current work is an endeavor to investigate the
prospect of two bioenergy byproducts viz. MFDC and PGDC for their potential use as
feedstock for pyrolytic conversion. The prospect of utilization of products of pyrolysis
i.e. bio-oil and biochar was also a part of the present investigation. The findings of the

present investigations are summarized below.
5.1 MFDC and PGDC as potential bioenergy feedstock

Fundamental characterization of biomass as a feedstock is essential for bio-fuel
and chemical production as different type of biomass has specific properties that
determine its performance and reactivity during the conversion processes. The
moisture and ash contents of MFDC and PGDC were found to be lower than many
other similar feedstock currently being explored for pyfolytic conversion. Moisture
and ash affect bo't_h the handling and processing costs of overall biomass energy
conversion. The moisture content was found to be 4.08 and 6.8% and ash content was
found to be 4.8 and 4.2% for MFDC and PGDC respectively which indicate that with
MFDC and PGDC as feedstock for pyrolysis, there would be low handling and
processing cost as compared to other feedstock containing higher moisture and ash
contents. The volatile mater content was found to be 83.6 and 73.6% for MFDC and
PGDC respectively. The fixed carbon content was 8.5% for MFDC and 13.3% for
PGDC biomass. The high amount of volatile matter strongly influences its combustion
behavior and thermal decomposition and thus, suggests good potential of the feedstock
under investigation for energy production through therrhochemical conversion route.

The elemental content of carbon, hydrogen, oxygen and nitrogen was found to be 48.6,
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7.4, 403 and 3.7% and 43.7, 6.6, 46.5 and 3.2% in MFDC and PGDC respectively.
The GCV and NCV for MFDC were 18.7 and 16.3 MJ/kg and for PGDC the values
were 16.9 MJ/kg and 14.3 MJ/kg respectively. The empirical formula of MFDC is
Ci5.58H28.38NO9.69 aﬁd PGDC is Cis32H23852NO126. Precise information regarding the
composition of lignocellulosic biomass is yet another important parameter and is very
essential for biomass to be used as a feedstock for pyrolysis system because the
pyrolytic product distribution entirely depbnds upon the three major building blocks of
biomass i.e. cellulose, hemicellulose and lignin. The cellulose, hemicellulose and
lignin contents were found to be 56.9, 29 and 14.1% for MFDC and 59.3, 28.4 and
12.3% for PGDC biomass.

TGA is an extensively used technique to understand the decomposition
behavior and study the reaction kinetics for pyrolysis process because of its simplicity
and re&ieval of a host of valuable information from a thermogram. On the basis of
differential thermogram, the entire pyrolysis process was divided into four stages
since every single slope change on a TG curve indicates the beginning of a new
stage. It was observed from the study that all characteristic temperatures i.e. Tonset,
Tend, Tmax and Wmax were laterally shifted to higher temperature values with
increasing heating rate for both MFDC and PGDC. Kinetic parameters were
calculated on the basis of four methods viz. Arhenius, Coats and Redfern, FWO
and Multilinear Regression  Analysis method. The activation energy calculated on
the basis of these methods was presented on average basis i.e. average of the
results obtained at different heating rates. However, results from this study
encountered variation which could be attributed to the approximations of the
method used for determinaﬁon of kinetic parameters. Thus, model-free method
founded on an iso-conversional basis, such as Flynn-Wall-Ozawa (FWO) have
gained more attractions in the kinetic analysis of biomass pyrolysis recently. By
applying model-free approaches, the apparent activation energy can be estimated
baséd on the fractional conversion of TG-DTG curves. On the basis of FWO
method, activation energy of Sy and St was found to be 94.0 .and 146.9 kJ/mol for
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MFDC and 130.8 and 193.2 ki/mol for PGDC. It was also observed that the
activation energy at Sm was always higher than Sy as these two stages are
characteristic of hemicellulose and cellulose decomposition and it is also well

known that cellulose is thermally more stable than hemicelluloses.
5.2 ~nyolytic valorization of MFDC and PGDC

From MFDC and PGDC pyrolysis, maximum liquid yields of 32 and 30.6% at
temperature 500°C with a heating rate of 40°C/min were obtained. With increasing
temperature, the yield of liquid product increased upto 500°C, but further increase in
~ temperature resulted in decrease in liquid yield. The yield of liquid product for both
MFDC and PGDC was increased by increasing heating rate. The char yield was
decreased by increasing both temperature and heating rate, while gaseous product
yield was increased by increasing temperature and heating rate. The particle size did
not show any significant effect on MFDC and PGDC pyrolysis. However, the liquid
yield decreased with the application of catalyst while the char yield increased for both
the feedstock.

The average chemical composition of bio-oil was found to be
Ci11.43H19.46NO4.18 and C11.34H19.16NO4.77 for MFDC and PGDC bio-oil respectively.
Both the bio-oils were characterized by lower oxygen content than that of original
biomass feedstock. The: signiﬁcant decrease in oxygen content in bio-oil as
compared to original feedstock is favorable for further processing of bio-oil into
fuels and value added chemicals. The low ash céntent suggests that bio-oils have
obvious advantages as a clean fuel oil. Further, it was observed that compared to
non-catalytic pyrolysis experiment, the bio-oils obtained with catalyst, had higher C

and H values and lower oxygen content.

The bio-oils from MFDC and PGDC are a mixture of complex compounds as
evident from FTIR, NMR and GC-MS analysis. The NMR result showed that both the

bio-oils are highly populated with carbon and proton in the most upfield region of *C
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and ‘-H-Nl\/ﬂ;x’."“f--'q({ra respectively. A higher aliphatic content (presence of short, long
and/or bran/ i thain hydrocarbons) in both MFDC and PGDC bio-oils is indicative
of relativeiy ";h energy content in bio-oil (HHV of 30.6 MJ/kg for MFDC and 28.2
MIJ/kg for PGDC bio-oil). Further, use of zeolite catalyst in the pyrolysis experiment
increased the resonating percentage of proton in the aromatic region of NMR
spectra for both the bio-oils because acidic zeolite promotes aromatization reaction
in catalytic pyrolysis of biomass. HZSM-5 catalyst showed a higher selectivity

towards aromaticity than Mordenite and Y-zeolite.

Mixed feedstock (MFDC+PGDC) pyrolysis at S00°C with a heating rate of
40°C/min showed comparable results with MFDC and PGDC pyrolysis singly. At
this temperature, liquid, solid and gaseous products yield were 30.4%, 29.8% and
39.8% respectively. HHV of mixed feedstock bio-oil was found to be 30.3 MJ/kg.
The bio-oil from mixed feedstock showed similar properties with individual bio-
oils obtained from MFDC and PGDC. However, differences in composition
among the bio-oils (bio-oil from mixed feedstock, MFDC and PGDC) are evident
through NMR and GC-MS analysis. The IBP and FBP for bio-oil were (180 &
598.8°C), (135 & 598.2°C) and (83.4 & 613.3°C) for MFDC, PGDC and
MFDC+PGDC bio-oil respectively. It can also be observed from the SimDist
analysis that more than 60% compounds of all bio-oils have boiling point above

350°C.

Biochars obtained from pyrolysis of MFDC and PGDC at 500°C have a
porous structure with identical surface area of ~7 m%*/g. The pore volumes of
MFDC and PGDC biochars were found to be 0.051 and 0.046 cm?/g respectively.
These properties of the biochars argues well for not being appropriate for direct
usage as activated carbon application, however these co-products of biomass
pyrolysis could be activated further through chemical or physical activation
treatment for their usage as activated carbon or as a support material for solid

catalyst. Furthermo're, it was observed that pH and concentration of Ca, K, Mg in
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both the biochars increased with the pyrolysis temperature. The biochar with
" higher contents of inorganic nutrients can play .an' important role in soil fertility
and crop production, and due to their high basic nature, biochars may be
potentially used in the agricultural soils of north-eastern region of India for liming,

where the soil is predominantly acidic in nature.
5.3  Prospect of utilization of bio-oil and biochar

In the wake of recent advancements in bioenergy research, bio-oils have
 already gathered the attention of the scientific community in that they offer
prospective applicability as a source of value added chemicals apart from being an
increasingly attractive fuel option. For this purpose, the antimicrobial activity
(antibacterial and antifungal) of bio-oil from MFDC and PGDC was studied. Bio-oil
from MFDC and PGDC recorded the most effective zone of inhibition (ZOI) (28 and
29 mm respectively) against S. aureus. Both the bio-oils wefe more effective in terms
.of antimicrobial efficacy. The results of this study indicate the presence of bio-active

agents in bio-oil which may lead to development of new pharmaceuticals.

The biochar obtained from MFDC and PGDC pyrolysis can be used as a
support matrix for heterogeneous catalysts like CaO. This biochar supported CaO,
used in the production of biodiesél from Mesua ferrea oil was found to be effective.
The catalyst reported was synthesized entirely by processing waste materials. The
active part of the catalyst (i.e. CaO) was derived from waste shells of Turbonilla
striatula and the support (i.e. activated biochar) was prepared from MFDC. Use of this’

novel approach makes the biodiesel synthesis process environmentally benign. It .

showed a high activity and a comparatively higher yield upto 96% was achieved in 6 h
using 3 wt.% catalyst in 12:1 methanol:oil molar ratio at a reaction temperature of
65°C.
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5.4

Conclusions

. - . - | . /
From the present investigation, following conclusions can be drawn:

L

. IL

1.

Both MFDC and PGDC have potential for bio-oil production. Deoiled
seed cakes which are otherwise low-value bioenergy derived refuse
constitute a distinct type of biomass and can be value added through
pyrolytic conversion to fuels/source of chemicals and biomaterials.
Model-free method established oﬁ an iso-conversional basis, such as
(FWO) is more attractive in kinetic parameter calculation. By applying
model-free approaches, the épparent activation energy can be estimated
based on the fractional conversion of TG-DTG curves.

Use of zeolite catalysts in MFDC and PGDC pyrolysis promoted
aromatics production. HZSM-5 catalyst showed a higher selectivity
towards aromaticity than Mordenite and Y-zéolite.

The bio-oil obtained from mixed feedstock (MFDC + PGDC in 1:1 ratio)
showed similar properties with individual bio-oils obtained from MFDC
and PGDC having fewer differences in composition with PGDC and
MFDC bio-oil. However, the compatibility of mixing of these feedstocks
would be highly beneficial for fulfilling the criteria of “feedstock
availability”. This indicates towards feasibility of mixing feedstock with
similar properties to obtain the required volume of feedstock for
sustainable and continuous 6peration of the pyrolysis system. This is
important as supply of a particular biomass type alone may not be
sufficient to fulfill the required volume in large scale operatibn of a
pyrolysis unit continuously.

The biochar containing higher amount inorganic nutrients can play an
importaﬁt role in soil fertility and crop production, and also due to their
high basic nature, biochars may be potentiélly used in the agricultural
soils of north-eastern region of India for liming, where the soil is

predominantly acidic in nature.
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VI.  Study of antimicrobial activity of bio-oil showed that bio-oil offer
prospective applicability as a source of value added chemicals apart from
_ being an increasingly attractive fuel option.
VII.  Further, biochar as a means of catalyét support confirmed that this could
_ be a potential source of bio-material for a bio-based society.
5.5  Scope of future work
L Optimizations of process pafameters for both non-catalytic as well as
catalytic pyrolysié are important in MFDC and PGDC pyrolysis. In this
study, limited number of parameters is varied for -maximum liquid
production. Future study is recommended to optimize the process
parameters incorporating all possible variable combihations of pfocess
parameters such as sweeping gas flow rate, higher heating rate etc.
1L Zeolites seem to be very promising since they crack biomass pyrolytic
vapours or oil, producing higher aromatics albeit with lower yield.
Further, non-noble metal incorporated zeolites could be a subject of
future study. Conventional zeolite has certain limitations (e.g. formation
of coke on the catalyst surface, lower product yield etc.), so development
of new class of catalysts/catalysts support is essential and recommended.
II1. Further research is also recommended for extraction of value added
chemicals/pharmaceuticals from bio-oil.
V. Techno-economic aspects of availability of feedstock, ‘logistic issues,
selection of technology, pricing issues of end products and by-product

utilization needs to be carried out.
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'H and '3C-NMR spectra
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Figure A-1: C-NMR spectra of Diesel
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Figure A-2: "H-NMR of Diesel
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Figure A-3: *C- NMR of bio-oil of MFDC+PGDC (1:1)
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Figure A-4: "TH-NMR of bio-oil of MFDC+PGDC (1:1)
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Figure A-5: 3C- NMR of bio-oil of petrol
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Figure A-6: "H-NMR of petrol
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Figure A-7: "TH-NMR of crude oil
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Figure A-8: *C-NMR of Crude oil
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Figure A-9: 'TH-NMR of bio-oil of MFDC with HZSMS catalyst
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Figure A-10: *C-NMR of bio-oil of MFDC with HZSMS5 catalyst
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Figure A-11: '"H-NMR of bio-oil of MFDC with Mordenite catalyst
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Figure A-12: C-NMR of bio-oil of MFDC with Mordenite catalyst
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Figure A-13: '"H-NMR of bio-oil of PGDC with HZSM-5 catalyst
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Figure A-14: '"H-NMR of bio-oil of PGDC with Mordenite
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Figure A-15: 3C-NMR of bio-oil of MFDC with Y-Zeolite catalyst
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Figure A-16: *C-NMR of bio-oil of PGDC with HZSM-5 catalyst
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Figure A-17: 'Y*C-NMR of bio-oil of PGDC with Y-Zeolite catalyst
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Figure A-18: *C-NMR of bio-oil of PGDC with Mordenite catalyst
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