Chapter 2

Review of Literature



2.1 Introduction

In recent times, exponential population growth has emerged as a significant driving
force propelling our societies towards unprecedented levels of urbanization and
mechanization. Concurrently, the rapid rise in mechanization has revolutionized industries,
enhancing productivity and efficiency across various sectors. However, this surge in
demand for progress and convenience has necessitated the progressive utilization of energy
resources. Our societies are faced with the crucial task of striking a delicate balance
between meeting the increasing demand for energy and adopting sustainable practices to
ensure a harmonious co-existence with our environment. Furthermore, this unprecedented
increase in energy demand has given rise to legitimate concerns over the availability of
finite fuel reserves. As consumption surges, there is a growing apprehension about the
depletion of non-renewable resources and the potential consequences of an energy crisis.
Simultaneously, heightened energy utilization has intensified environmental concerns,
triggering debates on climate change, pollution, and ecological degradation. These pressing
issues have propelled a global shift towards seeking alternative and sustainable energy
sources, prompting investments in renewable technologies and energy efficiency initiatives
to mitigate the environmental impact and ensure a more secure energy future for
generations to come. Researchers and policymakers alike have turned their attention to
biomass as a promising and sustainable source of energy, which can be converted into
usable energy through various processes [1]. These include bioenergy technologies such as
biofuels, biogas, and bioelectricity generation. Additionally, advancements in biomass
gasification and pyrolysis techniques have garnered attention for their potential to produce
cleaner energy with reduced greenhouse gas emissions. As efforts intensify to promote
renewable energy solutions, the exploration of biomass as a viable and eco-friendly
alternative has become a key focus in the quest for a more sustainable energy future.
Collaborative research and policy initiatives are being devised to encourage the adoption
of these pathways and technologies, fostering a transition towards a greener and more

resilient energy landscape.
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2.2 Various Waste Biomass and Bio-waste: Their Applicability in Pyrolysis

The thermo-chemical platform aims to efficiently produce bio-based fuels and co-
products by employing processes like liquefaction and pyrolysis, followed by the
refinement of bio-oils and gaseous intermediates. The thermo-chemical conversion process,
such as pyrolysis, differs from biochemical or biological processes in the sense that a wide
range of biomass materials can be utilized, including different bio-waste and pyrolysis
doesn’t require extensive pre-treatment of the biomass. In essence, pyrolysis is nearly
indiscriminate in its choice of biomass, similar to combustion.

Bio-waste encompasses a broad spectrum of biological materials, including
lignocellulosic resources such as wood chips and crop residues, industrial byproducts,
municipal wastes, seeds, seed cakes, and seed covers, aquatic plants and algae, invasive

weeds, and shrub species as indicated in Table 2.1.
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Table 2.1: Types of waste biomass feedstocks utilized in pyrolysis

Biomass/Biowaste types

Biomass

Forest residues

Industrial wastes and
Municipal wastes

Agricultural residues

Seeds, Seed cakes, and seed

covers

Aguatic plants and algae

Invasive weeds and shrub

species

Wood, bark, chips, and sawdust of trees such as pine, Australian oil mallee, white oak, beech, spruce,

Poplar wood, Ulin Wood, Messua ferrea (Iron wood tree), etc.

Olive industry residues, palm shell, palm fiber, palm empty fruit branch, coffee ground, apricot pulp,
peach pulp, tea factory wastes, rice husk, coir pith, Jute dust, Sewage sludge, Black liquor, etc.

Sesame stalk, Sunflower extracted bagasse, sugarcane bagasse, grape bagasse, rice straw, wheat straw,
oat straw, cotton stalk, maize stalk, flex straw, corn stalk, Jute stick, tea stalks, Peanut shell, Spent
mushroom, Hemp straw, Oil Palm Empty Fruit and Bunches, Mustard stalk, etc.

Neem seed, Cotton seed, Karanja seed, Mahua seed, Rapeseed, Jatropha seed, Niger seed, soybean cake,
Pongamia, Cotton seed, Kusum, Miscanthus, Castor, Safflower, cascabela thevetia, Gulmohar seed,
Mesua ferrea L., Kayea assamica seedcake

Duckweed, Azolla, Water hyacinth, Water fern, Water lettuce, Ipomea, Microalgae chlorella, marine

brown algae

Parthenium argentatum, Lantana camara, Siam weed, Ageratina adenophora, Prosopis juliflora, Lythrum
salicaria, Lonicera japonica, Berberis thunbergia, Acer platanoides, Heracleum mantegazzianum,

tithonia, elephant grass, switchgrass, etc.
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Numerous reports have highlighted the pyrolytic conversion of these diverse types
of bio-waste into biofuel and by-products. Additionally, researchers have conducted
analyses to assess their physicochemical properties and potential applications across various
fields. Different waste biomass feedstocks with their physicochemical and biochemical
properties have been listed in Table 2.2. Consequently, we will delve into a few studies that
explore the pyrolytic conversion of different types of bio-waste for their utilization as a fuel

source
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Table 2.2: Physicochemical and biochemical properties of diverse waste biomass feedstocks
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Wood and Wood waste
1 Poplar wood - - 1.86 - - - - - 44.55 6.56 0.05 46.60 0.38 [71]
2 Ulin Wood 7432  22.83 2.85 - - - - - 49.28 5.64 0.30 44.78 - [69]
3 Pine wood 81.27 15.49 3.24 - - - - - 46.69 5.89 0.0 47.42 - [69]
4 Pinewood 83.01 14.30 0.35 2.35 - - - - 47.4 6.1 0.1 46.4 0.1 [64]
Messua ferrea (Iron
5 77.33 16.02 1.24 5.81 - - - - 47.64 6.75 1.10 44.51 - [205]
wood tree)
6 Saw dust 76.35 16.67 2.05 4.62 - - - - 46.83 6.35 1.15 45.67 - [205]
Agricultural wastes or Crop residues
7 Sesame stalk 70.72 10.06  11.24 7.98 32.34 18.20 31.17 18.29 44.65 9.34 1.33 44.68 - [63]
8 Rice straw 60.66 16.56  12.71  10.07 - - - - 37.42 4.7 0.7 343 0.16 [64]
9 Peanut shell 72.74  23.06 2.05 2.15 - - - - 49.90 6.6 0.8 38.5 0.2 [64]
10 Tea stalk 60.80 27.1 6.5 5.6 - - 61.3 - 47.1 5.8 2.7 - - [58]
1.6+ 2021 12.49 42+ 23.5+ 1733+ 17.16+ 39.76+
11 Paddy straw - 5.38+0.2 0.84+0.2 - - [72]
0.3 +02 +0.2 1.65 0.66 2.11 .98
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i Spent mushroom 127+ 1594  9.96% ] 40.83+ 19.3+1. 1567+ 24242, 27.82+ L005 01 087500 ] ] 72
0.1 +0.1 0.1 0.76 11 1.11 83
13 Oat straw 66.70  18.8 6.9 7.6 - - - - 43.97 6.16 0.66 48.95 0.11 [55]
14 Garlic outer peel 66.38 11.01  9.76  12.85 4774 2728 1522 - 44.55 4.71 0.70 38.65 0.17 [43]
15 Garlic inner peel 6559  13.09 630 1503 5148 3072  11.50 - 4751 491 1.75 37.89 0.45 [43]
16 Rice husk 62.23  13.83  23.93 - 11.78 3160  18.96 - 35.0 4.9 0.7 59.1 0.3 [186]
17 Hemp straw 81.12 1621  2.67 - 16.79  32.15 521 - 44.90 6.4 0.6 47.6 0.5 [186]
18 Corncob - - 2.1 6.3 31.7 3.4 31.7 - 42.90 6.40 0.60 - 0.29 [220]
19 Oreganum stalk - - 4.0 9.0 33.8 9.3 10.9 - 42.50 6.00 0.70 - 0.29 [220]
20 Oil Palm Empty Fruit 61 19.2 106 9.20 - - - - 42.32 5.74 1.84 39.24 0.26 [200]
Bunches
21 Rice husk 55.5 15.7 16.1 12.7 - - - - 452 5.8 1.02 47.6 0.21 [200]
22 Cotton stalks 71.0 16.6 3.5 8.9 39.4 19.2 23.2 - 46.8 6.4 0.3 46.8 0.2 [201]
23 Mustard stalk 70.0 12.3 7.9 9.7 39.5 18.7 22.5 - 43.8 5.9 0.3 43.8 0.3 [201]
24 Sugarcane bagasse 76.0 9.6 4.4 10.0 36.6 18.7 19.8 - 432 6.2 0.4 432 0.8 [201]
Industrial and municipal wastes
25 Tea Factory waste 68.60 2480 436 224 - - - - 51.82 6.31 2.46 39.22 - [181]
26 Coir pith O3 105967 867 - - - - 45.57 6.28 1.66 46.49 - [182]
034  +034 0.07  0.06
27 Black liquor 5392 3720 3.2 576 - - - - 34.12 421 0.41 32.99 5.60 [183]
28 Jute dust 72.11 1290 965 534  60.08  10.56 4.62 13.09  43.71 6.18 1.38 48.75 - [184]
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Acrylonitrile butadiene

29 98.13 0.46 1.41 - - - - - 83.63 13.68 0.00 - 0.15 [185]
styrene
30 Polyethylene 97.21 2.16 0.64 - - - - - 75.54 7.65 3.13 - 0.61 [185]
31 Polypropylene 98.54 1.26 0.20 - - - - - 72.38 8.14 1.94 - 0.12 [185]
32 Sewage sludge 4505 895  46.0 - - - - ; 253 42 3.3 66.7 0.5 [186]
QOil bearing Seeds, seed covers, and seedcakes
33 Miscanthus 76.16 7.55 5.49 10.8 13.63 43.34 26.29 17.62 - - - - - [187]
34 Mahua 91.76 1.1 1.49 5.65 553 3.7 11.1 57.16 55.87 7.94 2.74 33.20 0.25 [188]
35 Karanja 89.23 2.0 1.5 7.27 62.7 4.2 25.5 53.19 53.04 7.32 3.94 35.53 0.17 [188]
36 Niger 86.13 1.3 6.6 5.97 459 9.8 28.3 39.75 50.96 7.13 4.05 37.7 0.29 [188]
37 Jatropha 86.5 5.0 4.0 4.5 7.81 40 29.6 19.32 - - - - - [189]
78.1+0. 103+ 4.6+ 7.0+ 21.4+ 26.8+ 3.8+ 43.98+
38 Pongamia - 6.4+£0.12 39+0.23 41.5+£021 0.24+£0.02 [190]
24 0.31 0.13 0.16 0.99 2.01 0.23 0.15
75.56+ 1580 2.07+ 7.09+ 48.16+ 27.22 14.06+  30.12+
39 Gulmohar seed 53.5 6.93 6.99 32.55 - [192]
0.5 +0.2 0.12 0.05 0.13 +0.13 0.11 0.40
Cascabela thevetia 78.05+ 1478 2.19+ 497+ 36+0.1 21.01+ 1523+ 57.40+
40 54.93 9.99 3.33 31.07 0.66 [192]
(CT) 0.71 +0.11 0.14 0.10 2 0.16 0.13 0.60
41 CT seed cover 75.71 16.15 4.52 3.62 - - - - 47.50 6.44 1.75 44 .31 - [193]
42 CT deoiled cake 73.81 16.82 4.20 5.10 - - - - 46.08 7.20 6.43 40.29 - [193]
Mesua ferrea L. 82.63+ 846+ 4.82+ 4.08%
43 56.91 29 14.09 - 48.63 7.38 3.65 40.34 - [197]
deoiled cake (MFDC) 0.66 0.54 0.47 0.27
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Mesua ferrea seed

44 76.83 18.20 1.17 3.80 - - - - 47.5 5.43 1.15 459 - [198]
cover
Pongamia glabra seed
45 74.58 19.20 2.72 3.50 - - - - 44.0 5.46 1.61 48.8 - [198]
cover
Kayea assamica 22.56+ 2025+ 40.74+ 1645+
46 72.34 8.97 10.34 8.35 43.23 8.23 1.66 46.88 - [155]
seedcake 0.58 0.37 0.31 0.05
Aquatic plants and algae
47 Ipomoea carnea 70.30 17.65 4.65 8.40 38.81 23.98 33.20 4.01 42.54 6.22 0.56 50.55 - [156]
Lemna minor
48 78.0 8.8 9.5 3.7 - - - 39.11 6.13 5.52 37.74 0.67 [157]
(duckweed)
49 Eichhornia crassipes - - 19.2 93 - - - 2.6 34.5 4.9 45.7 0 - [144]
50 Eichhornia azurea - - 14.5 90 - - - 6.0 40.6 4.5 47.1 0 - [144]
51 Nymphaea spp. - - 13.0 89 - - - 2.4 38.3 3.9 42.5 0 - [144]
52 Azolla filiculoides 88 4.4 7.3 11 - - - - 46.2 7.4 3.0 43.2 0.2 [145]
53 Water hyacinth 77.8 0.4 21.8 9.5 - - - - 35.0 6.5 0.8 - 1.4 [135]
54 Sargassum tenerrium 61.5 11.9 23.2 13.5 - - - - 32.0 4.7 0.9 - 1.5 [135]
Scenedesmus
55 51.45 31.13  17.33  0.083 - - - - 52.0 6.21 8.75 31.92 - [160]
dimorphus
56 Azolla 88.3 4.4 7.3 11.0 - - - - 46.2 7.4 3.0 - 0.2 [135]
Shrubs / Invasive plants
57 Arundo donax L. 74.30 11.70 5.30 8.50 29.20 35.90 23.32 - 42.0 6.2 1.5 36.3 - [100]
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59

60

61

62

63

64

65

66

67

Saccharum

ravannae L. 7688
Parthenium 11.4+
hysterophorus 0.1
Ca.lotropzs 4.0
gigantea
Parthenium 70 £
hysterophorus 0.6
Reed
Canary (Phalaris 80.9
arundinacea)
Calotropis procera 69.15
stem
Ageratum conyzoides 71.02

(goat weed)

Xanthium strumarium -
Calotropis procera 71.83

Barnyard grass

(Echinochloa)

70.77

13.23
+0.3

13.0

14 +
04

3.67

17.50

19.23

16.83

20.89

14.67
+0.1

11.0

16
0.8

8.82

3.80

4.61

4913

2.02

7.06
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2.0

6.6

9.45

5.14

6.231

9.32

1.28

30.1

23.77+

1.40

30.05

40.89

34.7

26.8+1.

61

38.33

21.32

22.9

22.06+

1.31

10.41

26.19

27.37+

0.80

21.21

0.455

37.03+
4.61£0.2
0.2
36.93 4.45
3556+  4.83+
0.2 0.2
40.42 4.95
42.83 6.48
34.44 4.88
43.69 5.98
44.96 6.28
44.24 6.12
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1.40+ 0.1

2.17

283+

0.3

1.41

0.49

0.46

0.94

0.92

0.86

40.99+0.3

53.22

50.00

59.92

49.40

47.60

41.02

0.65

0.32+£0.1

<0.1

0.20

0.30

0.24

0.71
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[54]

[101]

[102]
[103]
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Retinispora

68 (Chamaecyparis 77.47 18.87 2.09 1.57 - - - - 36.34 6.21 0.29 54.58 0.50 [104]
obtusa)
6 Cynodon dactylon 70.89+ 1457 11.34+ 3.2+0. 41.63= 19.28+ 10.36x 7.10-10 44.86+ S57H0.1 123201 47.6440.2 0.7050.1 [105]
0.84 +0.17  0.18 6 0.26 0.24 0.18 20 0.2
70 Lantana camara 78.5 19.3 2.2 - 48.2 28.9 20.6 2.3 - - - - - [106]
71 Mimosa pigra 77.4 20.4 2.2 - 47.5 22.0 28.9 1.6 - - - - - [106]
72 Prosopis juliflora 78.45 - - 4.1 - - - - - 5.80-6.70 <0.5 - - [107]
73 Lantana camara 79.18 - - 3.6 - - - - 48.87  5.80-6.70 <0.5 44.82 - [107]
Animal wastes
74 Goat manure 58.90 12.09  29.01 6.00 - - - - 38.29 5.40 2.18 19.08 0.04 [108]
75 Swine manure 42.00 2430 32.20 1.5 - - - - 37.60 4.90 3.00 22.30 - [109]
76 Horse manure 70.40 11.00  10.50 8.20 - - - - 43.30 5.90 0.90 30.40 0.80 [110]
77 Chicken manure 69.23 19.13 11.64 - - - - - 31.54 4.52 3.34 60.18 0.56 [111]
78 Cattle Manure 70.5 15.3 14.2 5.6 28.1 11.9 12.9 40.89 6.72 1.51 50.12 - [112]
79 Human feces 50.2 25.1 14.8 - - - - - 43.5 6.4 - 30.1 0.7 [113]
80 Pig manure - - 22.30 - - - - - 40.40 6.3 - 50.6 0.4 [114]
41.1+
81 Yak manure - - - - - - - o1 6.1+0.1 3.6+0.1 39.7+0.1 - [115]
82 Cattle manure 53.43 5.59 40.68 0.30 - - - - 24.80 3.00 2.90 45.30 1.30 [116]
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2.3 Effect of Pyrolysis Parameters on Product Yield

Pyrolysis of biomass is a complex process in which biomass breaks down through
various reactions involving heat and mass transfer. This thermal decomposition occurs
under conditions with limited oxygen, leading to the formation of three main pyrolysis
products: biochar, bio-oil, and gases. The amount and characteristics of these products
are mainly influenced by factors like temperature, residence time of vapor, heating rate,
particle size, as well as the composition of the biomass and the presence of inorganic
elements in the feedstock. Understanding these factors is crucial for optimising the
conditions to achieve the highest possible yield of the desired product. The influence of
these pyrolysis parameters based on available literature sources has been discussed in the

following section.

2.3.1 Feedstocks Composition

The choice of biomass feedstock plays a central role in determining both the
quantity and characteristics of pyrolysis products. This intricate relationship between
biomass composition, characterized by the relative proportions of organic constituents
such as carbohydrates (hemicellulose, cellulose, and starch), lignin, fats, and proteins, as
well as the presence of extractives and minerals, exerts a profound influence on the
outcomes of pyrolysis [3]. The unique thermal decomposition behaviors of cellulose,
hemicellulose, and lignin are critical factors in shaping the results of pyrolysis [4, 5].
Lignin, recognized for its exceptional thermal stability, predominantly yields solid char
products during decomposition, while cellulose and hemicellulose contribute mainly to
liquid and gaseous products [6-9]. Additionally, the presence of extractives affects the
distribution of pyrolysis products, with higher extractive content favouring bio-oil
production at the expense of gas and char formation [10].

Yang et al. [11] unveiled that hemicellulose and cellulose undergo rapid pyrolysis
within specific temperature ranges, with hemicellulose decomposing primarily at 220—
315°C and cellulose at 315-400°C. In contrast, lignin decomposition spans a wider
temperature range, from 160 to 900°C, with only a portion of it volatilizing. These
findings also emphasize the exothermic nature of hemicellulose and lignin pyrolysis

reactions, contributing to increased solid residues, while the endothermic nature of
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cellulose pyrolysis reactions is associated with rapid devolatilization, leaving fewer solid
residues [12].

The significance of lignin content in determining pyrolysis outcomes for various
biomass feedstocks was also investigated and Burhenne et al. [13] underscored that
biomass with lower lignin content yielded the highest liquid product, whereas biomass
with higher lignin content produced larger amounts of solid residues. This emphasizes the
influence of lignin on the final temperature required to achieve maximum liquid product
yield.

Furthermore, the carbon and heteroatom content in biomass significantly impacts
fuel quality. Higher carbon content leads to increased char formation and higher calorific
value, while lower mineral content promotes bio-oil production. However, the mineral
content may also serve as a catalyst, influencing product distribution during pyrolysis [14,
15].

Moisture content in biomass is another pivotal factor. Elevated moisture content
enhances bio-oil production but may impede the heating rate due to energy consumption
during moisture evaporation [16-18]. In conclusion, comprehending the intricate
interplay between biomass composition and the various factors affecting pyrolysis is

imperative for optimizing the production of desired pyrolysis products.
2.3.2 Effect of Temperature

The temperature parameter is a critical factor in pyrolysis processes [19]. It
significantly influences both the yield and characteristics of the resulting products [20,
21]. The temperature difference between the reactor and the feedstock serves as the
driving force for heat transfer during pyrolysis, leading to increased thermal cracking as
the temperature rises [22]. Generally, fast pyrolysis occurs within the temperature range
of 400°C to 600°C, with the primary product being the liquid phase, specifically
condensed product vapors, which typically constitute approximately 60% to 70% of the
product [23-25]. It is noteworthy that while elevating the reaction temperature initially
enhances the yield of liquid products, exceeding 500 °C exerts an adverse impact,
resulting in a reduction in liquid yield [26, 27]. Typically, within the temperature range of
500 °C to 550 °C, the maximum bio-oil recovery is attainable, although this may exhibit
variability depending on the feedstock. Beyond this temperature threshold, the bio-oil

yield typically diminishes due to incomplete reactions at lower temperatures and an
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escalation in secondary reactions involving heavy molecular-weight compounds in the
pyrolysis vapors at higher temperatures. This leads to a decrease in bio-oil yield and an
increase in gas production [27].

In the context of solid products, it is essential to note that elevating the temperature
has an adverse effect on biochar yield. This is attributed to a gradual reduction in the
output of solid residue [28-30]. This reduction primarily stems from the thermal cracking
of high-molecular-weight hydrocarbons and the devolatilization of the primary char [31-
33]. It is important to emphasize that the optimum biochar yield is typically attained at
lower temperatures, specifically below 400°C. Beyond the critical threshold of 600°C,
there is an observable increase in the production of gaseous products, primarily due to the
secondary decomposition of char and oil [34-36].

Furthermore, temperature significantly influences the chemical properties of both
biochar and bio-oil. As temperature rises, the pH value increases due to the elevated
concentration of alkali salts derived from organic materials [37- 40]. Concurrently, the
carbon content in both biochar and bio-oil rises, while the levels of oxygen and hydrogen
decrease relative to the carbon content [41, 42]. High temperatures foster the formation
of polycyclic aromatic hydrocarbons (PAHs), including pyrene, phenanthrene,
anthracene, and naphthalene, primarily due to decarboxylation and dehydration reactions
[5]. Additionally, a significant decrease in organic functional groups with increasing final
temperature was also observed, although these groups remained stable in the liquid phase

[44].
2.3.3 Heating Rate

The rate at which biomass is heated within a pyrolysis reactor is a critical
parameter that profoundly affects the yield of bio-oil. This factor has a significant impact
on the composition of pyrolysis products, and its significance is particularly pronounced
in fast pyrolysis, where the production of liquid products exceeds that of conventional
pyrolysis processes. Rapid heating rates play a pivotal role in facilitating the rapid and
endothermic decomposition of biomass, resulting in an increased production of gases and
liquids. The rapid fragmentation of biomass induced by high heating rates enhances the
production of volatile compounds, which can be attributed to additional tar decomposition
[45]. Rapid heating rates alleviate heat and mass transfer limitations while promoting the

abundance of volatile compounds through the swift endothermic decomposition of
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biomass, thus reducing the time available for secondary reactions [46, 47]. Thus, a higher
heating rate has been considered as it is the preferred choice for maximizing liquid yield.

In order to comprehensively understand the impact of heating rate on pyrolysis
liquid yield, numerous experiments have been conducted by research groups globally [48-
52, 87]. Increasing the heating rate maximizes the rate of mass loss in the biomass
feedstock [53]. Conversely, a lower heating rate results in an increased production of
biochar, primarily due to the reduced occurrence of secondary pyrolysis reactions and
thermal cracking [33]. Several investigations [40, 51, 56] emphasize a reduction in
biochar yield with an increase in heating rate. Higher heating rates offer advantages in
terms of product quality due to lower oxygen and moisture content, as well as reduced

secondary reactions [48, 57].

2.3.4 Effect of Particle Size

Particle size plays a significant role in determining the yield of pyrolysis products.
As particle size increases, it tends to create larger temperature gradients within the
particle. Consequently, the core temperature remains lower than the surface temperature.
This effect often leads to higher char yields but can reduce gas and oil yields [59, 60].
Larger particles inherently require higher apparent activation energies, primarily due to
heat transfer limitations.

In contrast, smaller particles offer a higher surface area that promotes interactions
with the pyrolysis medium. This facilitates the formation of volatile products that can exit
the biomass matrix without significant secondary reactions [53]. However, in a study
conducted by Beaumont and Schwob [61], it was demonstrated that for slow pyrolysis,
particle size has minimal influence on product yield. Given the inherently poor thermal
conductivity of biomass, a preference for very small biomass particles is essential to
enable rapid heating and, consequently, achieve high bio-oil yield. While pyrolysis
reactors can achieve high heating rates, the low thermal conductivity of biomass restricts
the extent of temperature gradients throughout the particle.

Additionally, Shen et al. [62] showed that particle size has a significant effect on
the yield and composition of bio-oil. They documented that increasing biomass particle
size corresponds to higher water content in the resulting bio-oil. Salehi et al. [19]
investigated the impact of feedstock particle size on the distribution and quality of liquid

and char products derived from the pyrolysis of sawdust within a fluidized-bed reactor.
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The study encompassed a temperature range of 425-550 °C and categorized particle sizes
into three groups: <590 um, 590-1000 um, and 1000-1400 pum. They revealed that the
highest yield of bio-oil, approximately 62% by weight, was obtained when the pyrolysis
was conducted at 500 °C using sawdust particles smaller than 590 pm. It is worth
highlighting that, under these conditions, the bio-oil had the lowest water content, which
is a key consideration in optimizing the quality of the bio-oil product. In another study,
the optimal particle size range for bio-oil production while keeping water content low is
0.5-1.4 mm [221]. The study of Santiago et al. showed that particles larger than 0.5 mm
appear not to be completely pyrolyzed, contrary to particles with a diameter between
0.250 mm and 0.355 mm, at 1000 °C [222]. However, Varma and Mondal [117] obtained
maximum bio-oil from pine needles at a pyrolysis temperature of 550 °C with particle
size between 0.6-1 mm. Suriapparao, V. and Vinu, R. [88], in 2018 observed that fast
pyrolysis product yields and composition are influenced by particle size. They found that
the yield of phenolics and linear hydrocarbons decreased, while gas production (CO and
CO») increased with larger particle sizes. Interestingly, medium-sized particles (362.5 and
512.5 pm) yielded the highest amount of aromatics.

Hence, from the earlier investigation into the influence of particle size, it can be
deduced that the most effective particle dimensions for enhancing pyrolysis product
yields and composition depend on both the particular pyrolysis technology used as well

as the intrinsic traits of the biomass under consideration.

2.3.5 Effect of Inert Gas Flow Rate

The residence time of vapor within a pyrolysis reactor is a critical factor in
determining the type and composition of pyrolysis products. The interaction between hot
pyrolysis vapors and the surrounding solid environment leads to the exothermic reaction,
forming char. In order to minimize the impact of char formation, it is essential to optimize
process parameters that enhance rapid mass transfer. Strategies for achieving this include
employing vacuum pyrolysis, ensuring the swift removal of pyrolytic vapors, and using
a smaller particle size for the feedstock [59]. To facilitate these objectives, inert gases like
N», Argon, and water vapor are commonly employed. The use of inert gas flow serves a
dual purpose: it reduces the residence time of hot pyrolytic vapours inside the reactor;
minimizing secondary reactions such as thermal cracking, re-polymerization, and

recondensation, and thus maximizing the yield of liquid products [48]. However, it is
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crucial to note that while inert gas flow removes hot pyrolytic vapors from the reaction
zone, rapid quenching is also necessary to prevent the degradation of valuable initial
reaction products, as highlighted by Maggi and Delmon [65].

Aladin et al. [173] observed the impact of N> flow rate into the pyrolysis reactor
at a rate of 1 I/min using raw materials derived from wood sawdust biomass waste, with
a pyrolysis time of 2 hours and a pyrolysis temperature of 400°C. The results showed that
the yield of liquid smoke as well as the quality of charcoal was better when nitrogen gas
flow was employed compared to when it was not used. Putun et al. [66] observed only a
modest ~3% increase in liquid yield (from 27.77% to 30.23%) when increasing the N>
gas flow from 50 ml/min to 200 ml/min, with a slight decrease in pyrolytic oil yield
occurring at 400 ml/min. Similar observations were made by Acikgoz et al. [67] and
Demiral and Sensdz [68] within the range of 50-100 cm®/min and 50-150 c¢cm®/min
nitrogen flow rates, respectively, resulting in modest increases in pyrolytic oil production.
These studies collectively present a nuanced understanding of the impact of nitrogen gas
flow rates on the pyrolysis of various biomass feedstocks. While some observed modest
increases in liquid yield with incremental nitrogen flow, others noted diminishing returns
and even a decrease in liquid product yield at higher flow rates. This inconsistency across
studies underscores the sensitivity of pyrolysis processes to nitrogen flow dynamics.
Notably, Sensoz and Angin [51] found that the relationship between bio-oil yield and
nitrogen flow is not strictly linear, and has an optimum flow rate for maximum yield. The
bio-oil yield increased from 33.8% to 36.1% with a sweep gas flow rate of 100 cm*/min
but decreased to 33.0% with a flow rate of 200 cm?/min. Similarly, Mohammed et al [70]
investigated the effects of nitrogen flow rate (ranging from 20 to 60 mL/min) and reaction
temperature (from 400 to 600 °C) in the pyrolysis of Napier grass stem. The results
indicated that the yield of bio-oil and biochar decreased as the nitrogen flow rate exceeded
30 mL/min, while the gas yield increased. Thus, usually low gas velocity is sufficient to
achieve maximum liquid product yield, as higher gas velocities may lead to volatiles
leaving the system without effective condensation, resulting in increased gas formation
[5]. Saif et al. [174] achieved a maximum bio-oil yield of 45 wt% through sugarcane
bagasse pyrolysis in a semi-batch reactor. This yield was obtained at 500 °C with a
particle size of 0.5-1 mm and a nitrogen flow rate of 200 cm?/min. Their study revealed
that increasing the nitrogen flow rate from 100 to 200 cm cm?/min boosted bio-oil yield.
However, further increases beyond 200 cm ¢cm?®/min resulted in a decrease in yield. . The

results collectively suggest that the selection of a sweeping gas flow rate is a critical
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parameter in optimizing pyrolysis processes, with too high a flow potentially leading to
reduced liquid product yields due to ineffective volatile condensation. Overall, the
variations in outcomes underscore the complexity of the interplay between nitrogen flow,

reaction conditions, and biomass composition in pyrolysis systems.

2.4 Biochemical Components of Biomass and Pyrolysis Mechanism

The pyrolysis of biomass involves breaking down complex organic molecules into
simpler molecules, which can be further processed into products such as condensable
vapours i.e. bio-oil, biochar, and gases. In this process, numerous reactions, including
dehydration, depolymerization, isomerization, aromatization, decarboxylation, and
charring, occur concurrently and sequentially. The pyrolysis of biomass generally consists
of three main stages: initial evaporation of free moisture, primary decomposition, and
secondary reactions (oil cracking and re-polymerization). The pyrolysis reaction
mechanism is complex and depends on various factors. A few of these have already been
mentioned in this chapter, such as temperature, pressure, heating rate, and residence time.
The possible reaction with the desirable end-product of the pyrolysis process can be
depicted as [74]:

Biomass%ertb Liquid (Organict+ Aqueous) + Solid char (FC, VM, Ash) + Gas (CO»,
atmosphere CO, Ha, CHa)
(VM: Volatile Matter, FC: Fixed carbon)

Biomass pyrolysis can be divided into three stages which can be explained as
follows [59]:

During the first stage, internal rearrangements occur, including water elimination,
bond breakage, and the formation of free radicals, carbonyl, carboxyl, and hydro-peroxide
groups like:

Biomass — Water + non-reacted residue

The second stage corresponds to the primary decomposition process, which
occurs rapidly and produces pyrolysis products as follows:

Non reacted residue — (Volatile + Gases) + (Char)primary

In the third stage, char obtained at the above steps decomposes slowly into a
carbon-rich residual solid form, resulting in secondary charring as:

(Char)primary d (VOlatlle + GaseS) + (Char)secondary
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Lignocellulosic biomass, a composite of hemicellulose, cellulose, and lignin,
exhibits an uneven distribution within the cell wall. Cellulose forms tough microfibers,
serving as the structural component, with amorphous hemicellulose and lignin filling the
inner spaces. Interactions occur through hydrogen bonds between cellulose and
hemicellulose or lignin, and a combination of hydrogen and covalent bonds between
hemicellulose and lignin. This leads to the formation of lignin-carbohydrate complexes,
resulting in residual fragments of carbohydrates or lignin in extracted samples.

The thermal degradation order of the major biomass constituents is as follows [3]:
Hemicelluloses > Cellulose > lignin. Biomass pyrolysis is a complex process influenced
by the decomposition of these components, varying reaction mechanisms, and rates, all
of which depend on thermal processing conditions and reactor designs [40]. Interactions
between hemicellulose and lignin influence the production of lignin-derived phenols and
hydrocarbons [56]. The cellulose-hemicellulose interaction has a lesser impact on
pyrolysis product formation and distribution [57]. During biomass pyrolysis, a large
number of reactions take place in parallel and series, including dehydration,
depolymerisation, isomerization, aromatization, decarboxylation, and charring [48].

Both endothermic and exothermic reactions occur for biomass pyrolysis, with
cellulose pyrolysis being endothermic and lignin pyrolysis exothermic. Among the three
components, pyrolysis of cellulose has been extensively analyzed and understood [9],
with various models proposed to describe the reactions involved [12, 77-79]. These
models, such as the Broido-Shafizadeh model, Waterloo model, and Varhegyi-Antal
model highlight the competition between anhydrosugar formation and char production
reactions during cellulose pyrolysis. While all three models concur on the competition
between anhydrosugar formation through depolymerization and char formation reactions,

distinctions can still be identified among these three mechanisms.

2.5 Pyrolysis of Lignocellulosic Biomass

Lignocellulosic biomass, a readily abundant and cost-effective sustainable carbon
source, presents a promising feedstock to produce renewable fuels and commodity
chemicals [85]. Lignocellulosic materials comprise biopolymers with diverse cell types,
characterized by the presence of cellulose, hemicelluloses, and lignin within their cell
walls, which have been discussed in the above section. Their intricate structure and the

economic challenges associated with separating these components can hinder their
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utilization as feedstock. Notably, pyrolysis stands as one of the earliest and simplest
technologies used to convert lignocellulosic materials into an alternative class of fuels
and chemicals [86].

The following studies examine various aspects of lignocellulosic biomass
pyrolysis:

Yorgun et al. [20] reported the pyrolytic conversion of sunflower-extracted
bagasse in a fixed bed reactor over a temperature range of 400—700 °C and a heating rate
of 7-40 °C/min. The study explored the effects of temperature, heating rate, particle size,
and atmosphere on product yields and chemical compositions. The highest oil yield of 23
wt.% was obtained under the N> atmosphere at a pyrolysis temperature of 550 °C and a
heating rate of 7 °C/min. The chemical characterization indicated that the feedstock had
the potential as a valuable source of fuel and chemicals.

Ucar and Karagoz, [90] performed slow pyrolysis experiments on pomegranate
seeds within a temperature range of 400—800 °C. They found that maximum liquid yields
were obtained at temperatures of 500 and 600 °C, and the bio-oils contained phenols,
alkyl-benzenes, and high levels of non-aromatic hydrocarbons in water fractions. Also,
the composition of gaseous products was found to contain CO>, CO, CHs, and
hydrocarbons from C; to C7 and H»S. The resulting biochar showed promise as a carbon-
rich fuel with high bulk densities and calorific values.

Nayan et al. [91] explored the pyrolysis of Karanja (Pongamia glabra) seeds in a
semi-batch mode, varying temperatures from 450—550 °C and a heating rate of 20 °C/min.
Analysis of the liquid product revealed the presence of alkanes, alkenes, ketones,
carboxylic acids, and aromatic rings. GC-MS indicated hydrocarbons with carbon chains
ranging from 14 to 31 atoms. The pyrolysis liquid exhibited physical properties closely
resembling a mixture of diesel and petrol.

Nayan et al. [92] reported the pyrolysis of neem seeds in a semi-batch reactor,
varying temperatures from 400-500 °C with a heating rate of 20 °C/min. FTIR analysis
revealed alkanes, alkenes, ketones, carboxylic acids, and amines in the liquid products,
with key constituents including octadecanenitrile, oleanitrile, 9-octadecenoic acid methyl
ester, and stearic acid methyl ester. The resulting liquid product demonstrated potential
for use as valuable chemicals.

Park et al. [94] in 2019, conducted fast pyrolysis of Larch sawdust, studying the
influence of temperature, inlet gas velocity, feeding rate, and particle size on product yield

and pyrolysis oil quality in a Conical spouted bed reactor. The highest pyrolysis oil yield
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of 54.6 wt % was achieved at a reaction temperature of 500 °C, an inlet gas velocity of
4.75 m/s, a biomass feeding rate of 1.5 kg/h, and a particle size of 0.5—-1.4 mm. Operating
conditions affecting pyrolysis oil yield were ranked as (1) biomass particle size, (2)
reaction temperature, (3) biomass feeding rate, and (4) inlet gas velocity.

In 2021, Hu et al. [95], investigated the effects of pyrolysis parameters
(temperature, residence time, and heating rate) on the distribution of pyrolysis products
from Miscanthus samples using Py/GC-MS. Their results showed that pyrolysis products
from Miscanthus consisted primarily of ketones, aldehydes, phenols, heterocyclic
compounds, and aromatic compounds. Large-scale pyrolysis of Miscanthus commenced
at 400 °C, with pyrolysis products from Miscanthus reaching a maximum relative content
0f 98.34% at 700 °C.

The above-mentioned are a few examples of the pyrolytic valorization of
lignocellulosic bio-waste, which has garnered increasing attention due to its manifold

advantages from both energy and environmental standpoints.

2.5.1 Pyrolysis of Weed Biomass

In order to explore the potential of harnessing various invasive weed species for
energy and chemical recovery, several studies have investigated the use of these weedy
species in pyrolysis processes, including the effect of operating conditions on product
formation, and characterization of the products obtained. A selection of these studies is
discussed below:

Muradov et al. [96] conducted experiments focused on pyrolysis of Lemna minor.
Their research examined the impact of temperature, residence time, and sweep gas flow
rate on the yields of pyrolytic products. Their findings highlighted that temperature had a
significant effect on the quantities of products, whereas residence time had a negligible
influence on both yield and composition.

Promdee and Vitidsant [97] investigated the thermal degradation of cogongrass
(Imperata cylindrica) at various temperatures (400 °C, 450 °C, and 500 °C). They
discovered that the highest biochar yield (25 wt.%) was achieved at 400 °C, while the
highest oil production (33.67%) occurred at 500 °C. The bio-oil contained oxygenated
compounds such as phenols, hydroxyl, and carboxyl groups, suggesting its potential as a

fuel source following further processing through thermal or catalytic cracking methods.
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Aysu and Durak [225] conducted research on the thermochemical conversion of
Datura stramonium L., employing both supercritical liquefaction and pyrolysis processes.
In the liquefaction experiments, they used a cylindrical reactor with organic solvents
(isopropanol and acetone) under supercritical conditions, both with and without catalysts
(zinc oxide and calcium hydroxide) at temperatures of 275°C, 300°C, and 325°C. For the
pyrolysis experiments, they utilized a fixed-bed tubular reactor at temperatures of 400°C,
500°C, and 600°C, with a constant heating rate. The study investigated the influence of
process variables, including temperature and catalyst, on product yields. The composition
of bio-oils from liquefaction and pyrolysis was compared and evaluated. Analysis of the
liquids obtained at 300°C during liquefaction and at 500°C during pyrolysis was
conducted using techniques such as elemental analysis, GC-MS, and FT-IR. The results
identified 102 and 87 different types of compounds in acetone and isopropanol,
respectively, while pyrolysis liquids contained 57 different types of compounds. Bio-oils
from liquefaction consist of various organic compounds, including aromatics,
nitrogenated, and oxygenated compounds, with phenolics being the primary components

in pyrolysis liquids.

Saikia et al. [100] in 2015 investigated the effects of pyrolysis process parameters
on the perennial grass species Arundo donax L. in a fixed-bed reactor. In their research,
bio-oil yield achieved a peak of 26.18% at conditions of 500 °C, a heating rate of 40
°C/min, and a gas flow rate of 150 ml/min. The resulting bio-oil had an H/C atomic ratio
of 1.79 and a heating value of 24.70 MJ/kg. The biochar, produced under optimized
conditions, exhibited a calorific value of 24.21 MJ/kg and a porous structure. In 2019,
Oginni and Singh [226] also pyrolyzed Arundo donax in a batch reactor at 500 °C for 30
minutes and obtained 30.12% biochar, 45.62% bio-oil, and 24.26% non-condensable
gases. The biomass and biochar had calorific values of 18.96 and 29.51 MJ/kg,
respectively, which are different from the study conducted by Saikia et al. 2015 [100].
The biochar was alkaline, making it suitable for soil amendment, while the bio-oil was
acidic and would require further processing. The non-condensable gases were primarily
composed of CO, CO,, Oz, and CHs. The viscosity of the bio-oil decreased with
increasing temperature.

Mundike et al. [106] conducted pyrolysis experiments on invasive non-indigenous
plants, Lantana camara (LC) and Mimosa pigra (MP), at a milligram scale to assess the

effects of temperature on char yield and higher heating value (HHV). They obtained
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maximized HHVs of 30.03 MJ/kg (at 525°C) for LC and 31.01 MJ/kg (at 580°C) for MP.
Higher char yields and HHVs for MP were attributed to its increased lignin content.
Scaling up the process promoted secondary char formation, consequently increasing
HHVs to 30.82 MJ/kg for LC and 31.61 MJ/kg for MP. The analysis of incondensable gas
showed that temperature increases beyond preferred values led to dehydrogenation,
decreasing HHV.

Bhattacharjee and Biswas, [99] in 2018 conducted a study on the fast pyrolysis of
Alternanthera philoxeroides to evaluate its potential as a fuel source. Their research
revealed that the highest bio-oil yield was achieved at a temperature of 450 °C, a heating
rate of 50 °C/min, and a nitrogen gas flow rate of 0.2 L/min. The maximum liquid yield
reached 40.10% at a sweeping gas flow rate of 0.1 L/min at 450 °C, with a constant
heating rate of 25 °C/min. Bio-oil yield increased to 42.28% when the sweeping gas flow
rate was adjusted to 0.2 L/min with the same heating rate. Further variation in the heating
rate led to a bio-oil yield of 43.15% at 50 °C/min. Gas chromatography-mass
spectrometry (GC-MS) and Fourier-transform infrared spectroscopy (FT-IR) analysis
indicated higher percentages of phenol and oxygenated compounds in the bio-oil.
Remarkably, the biochar exhibited a higher heating value of 20.41 MJ/kg, surpassing that
of the bio-oil (8.88 MJ/kg) due to the presence of oxygenated compounds. Bio-oil was
recommended for chemical synthesis, while the high surface area of biochar made it
suitable for use as an adsorbent.

In 2020, Bhattacharjee and Biswas [101] also investigated the pyrolysis of
Ageratum conyzoides (goat weed) in a semi-batch reactor over a temperature range of
350°C to 600°C, varying heating rates from 25°C/min to 100°C/min, and sweeping gas
(N2) flow rates ranging from 0.1 L/min to 0.5 L/min. They achieved the maximum
pyrolytic oil yield of 37.55 mass% at a temperature of 525°C, with a constant heating rate
and a sweeping gas flow rate of 75 °C/min and 0.2 L/min, respectively. The empirical
formula of A. conyzoides pyrolytic oil and biochar was found to be CHi32005> and
CHo.8200.44, with high heating values of 17.79 MJ/kg and 22.93 MJ/kg, respectively. The
presence of various hydrocarbon compounds in the pyrolytic oil makes it suitable for the
production of chemicals, while the biochar’s high alkalinity and carbonaceous nature
make it suitable for soil modification or use as a solid fuel. The pyrolysis gas had a gross
calorific value of 5.32 MJ/m?® and could be utilized as an alternative gaseous energy

source.
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Qurat-ul-Ain et al. [229] investigated the utilization of the noxious weed
Parthenium hysterophorus as a feedstock for pyrolysis at varying temperatures of 300,
450, and 600 °C. Temperature significantly influenced the yield and properties of
pyrolysis products, including char, syngas, and bio-oil. The biochar yield decreased from
61% to 37% as the temperature increased from 300 to 600 °C, while the yield of gas and
oil increased with higher temperatures. It was observed that the pH, conductivity, fixed
carbon, ash content, bulk density, and specific surface area of the biochar increased with
rising temperature, while cation exchange capacity, calorific value, volatile matter,
hydrogen, nitrogen, and oxygen content decreased. The number of compounds decreased,

but the proportion of aromatic compounds increased with higher temperatures.

Aquatic weeds are also considered as potential feedstock for thermochemical
valorization. An undesired aquatic weed Ipomoea carnea had been used as feedstock by
Saikia et al. [156] for the production of bio-oil, using thermal pyrolysis at temperatures
ranging from 350°C to 600°C with a heating rate of 10°C/min. The maximum bio-oil
yield was 41.17%, with 11.45% being the oil phase, achieved at a pyrolysis temperature
of 550°C. The bio-oil contained various hydrocarbons and alcohols. The H/C molar ratio
(1.49) of the bio-oil was found to be comparable to petroleum-derived diesel. However,
the presence of oxygen (35.86%) in the form of oxygenates, especially organic acids,
made the bio-oil acidic and required further processing for use in internal combustion
engines. Gusain and Suthar, [98] explored the potential of aquatic weeds, including
Lemna gibba, L. minor, Pistia stratiotes, and Eichhornia sp., as a fuel source in their study
[98]. From FTIR analysis they confirmed the presence of high-energy molecules in these
aquatic plants. Proximate analysis results indicated their suitability for production of
ethanol, butanol, biodiesel, and more, thanks to their low ash content, high heating value,
and fixed carbon. Among the above-mentioned species, Eichhornia sp. has been mostly
studied for pyrolytic conversion. Santos et al. [144] evaluated the potential of invasive
aquatic plants, including Eichhornia crassipes (water hyacinth), Eichhornia azurea, and
Nymphaea spp., as sources of lignocellulosic biomass for bio-oil production using a
micropyrolysis reactor at 500°C. They collected the bio-oil using an adsorbent and eluted
it with various solvents, achieving the best recovery with tetrahydrofuran. Analysis of the
bio-oil solutions using GC-MS revealed the presence of glycerol, o-benzenediol, p-
benzenediol, arabinoic acid, levoglucosan, and hexadecanoic acid as the main

compounds. Similarly, Wauton & Ogbeide [232] also identified major compounds in the
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bio-oil of water hyacinth as phenols, alcohols, carboxylic acids, ketones, quinones,
alkenes, alkanes, aldehydes, and aromatics. The bio-oil exhibited specific fuel properties,
such as pH, water content, flash point, density, viscosity, and pour point, with values of
2.93, 58.58%, 220°C, 1004.3 kg/m?, 19.8 cSt, and -15°C, respectively. The higher heating
value of the bio-oil was determined to be 28.35 MlJ/kg, marking a significant
improvement over the original feedstock. Huang et al. [233] also evaluated the potential
of different portions of water hyacinth, i.e., its roots (WHR), stems, and leaves (WHSL)
for biofuel production by assessing their physicochemical properties, pyrolysis
performance, kinetics, and thermodynamics. The primary pyrolysis temperature for the
biomass ranged from 200 to 600 °C. The main gases produced from WHR and WHSL
pyrolysis included CO», CO, SO, H>O, and CHa. The primary pyrolytic by-products were
phenols (19.2%) and furans (12.4%) for WHR and nitrides (11.9%) and phenols (10%)
for WHSL. In a recent study (2023) on water hyacinth, Malagdn et al. [224] obtained bio-
oil with the composition of 44% hydrocarbons, 27% aromatic hydrocarbons, 6% alcohols,
and phenols, 4% acids, and 19% aldehydes, ketones, ethers, nitriles, and other
compounds, emerged bio-oil as a potential candidate for refined chemical product
production. Additionally, 48.84 wt% biochar was obtained, offering both energy and
active carbon.

A few studies have also been conducted on co-pyrolysis of these weed species
with the waste polymeric substance. Radhaboy and Pugazhvadivu [2] conducted
pyrolysis of Calotropis procera stem (CPS) and subsequently co-pyrolyzed CPS with
waste polystyrene (WPS) in a 50:50 weight ratio in a fixed bed reactor at 500°C. This
resulted in bio-oil yields of 6.28% for CPS and 47.34% for CPS-WPS co-pyrolysis. GC-
MS analysis indicated that CPS bio-oil primarily consisted of phenolic compounds along
with a few oxygenated, aliphatic, and cyclic compounds. In contrast, CPS-WPS bio-oil
contained mono-aromatics, esters, and nitrogenated compounds. Co-pyrolysis resulted in

bio-oil with reduced phenolic compounds and increased ester content.

This literature review underscores the potential of utilizing bio-wastes to produce
third-generation biofuels and chemicals. The pyrolytic transformation of these resources
offers a sustainable and viable approach to waste management. Converting bio-wastes,
such as invasive weed species, through thermo-chemical processes not only addresses
weed control in agriculture but also contributes to energy and chemical recovery.

Furthermore, the solid char generated serves various functions, including enhancing soil
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quality, rehabilitating polluted environments, and storing carbon, as mentioned in Chapter

1.

2.6 Catalytic Pyrolysis of Biomass

In the Introduction chapter, the potential applications of biomass pyrolytic liquid,
also known as bio-oil, were discussed, which can be served as an energy carrier, a source
for various commodity chemicals, or be upgraded to be used as a transportation fuel.
However, the effective utilization of bio-oil as a viable alternative to petroleum fuels is
hindered by several inherent drawbacks, including high acidity, density, viscosity, oxygen
content, instability, immiscibility, water and oxygen content, and a relatively lower
heating value compared to petroleum fuels [ 146-149]. Therefore, the improvement of bio-
oil quality is imperative, involving the removal of undesirable components or their
conversion into more desirable ones. Two primary methods employed for bio-oil
upgrading are hydrotreating and catalytic cracking. In addition to these, steam reforming
and esterification, etc can also be employed for upgradation of bio-oil. The use of
hydrotreating, although effective, is limited by economic considerations due to the
requirement for hydrogen input, high pressure, and catalyst deactivation issues [150,
151]. On the other hand, catalytic pyrolysis can be carried out at atmospheric pressure,
with the choice of catalyst dependent on the desired end products [150, 152]. The catalytic
pyrolysis can be categorized into two distinct processes based on the catalyst’s placement
within the reactor: (a) in-situ and (b) ex-situ. In the ex-situ catalytic pyrolysis process,
pyrolytic vapors generated through the thermal breakdown of biomass pass through a
separate catalytic bed, where they undergo further transformations into volatile organics,
gases, and coke. In contrast, the in-situ catalytic pyrolysis process involves bringing the
biomass feedstock and catalyst into direct contact by mixing them before initiating the
pyrolysis process. The ex-situ process is generally associated with higher amounts of
water and coke production compared to the in-situ process, which can result in a reduction
in the liquid product yield. This is due to the extended residence time of pyrolytic vapors
in the catalytic bed, leading to additional secondary reactions and coke formation.
However, the primary advantage of the ex-situ process lies in its ability to independently
control pyrolysis and catalytic temperatures. This independent control enhances the
distribution of product components by allowing optimization of conditions in each stage

of the process [130]. In comparison, in-situ catalytic pyrolysis involves simultaneous
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interaction between biomass and catalyst, offering advantages in terms of direct catalyst-
biomass contact and potential control over reaction pathways. It is important to note that
the choice between in-situ and ex-situ catalytic pyrolysis depends on specific process
goals, biomass characteristics, and desired product outcomes. Each approach has its
advantages and challenges, and the selection should be based on optimizing the overall
performance and efficiency of the pyrolysis process.

Catalytic pyrolysis, achieved through meticulous catalyst selection, aims to
improve bio-oil yield and quality by diminishing acidity, viscosity, and oxygen content,
and enhancing heating value. Simultaneously, it generates low-carbon chain compounds.
In catalytic pyrolysis, the primary goal is to deoxygenate and convert the heavy
oxygenated volatiles from biomass decomposition into lighter fuels and chemicals by
engaging with an appropriate catalyst. Biomass catalytic pyrolysis presents numerous
benefits, including the direct production of selective renewable hydrocarbons such as
benzene, toluene, and xylene. Furthermore, all essential chemical reactions occur within
a singular reactor. This method facilitates the production of liquid aromatics and olefins

that seamlessly integrate with existing infrastructure [128].

Biomass
Catalytic Non-catalytic
Pyrolysis | Pyrolysis
In-situ Ex-sita [
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Fig. 2.1: Catalytic upgrading of biomass

The application of heterogeneous catalysts in biomass pyrolysis draws inspiration

from the petrochemical industry, where they are extensively employed to convert heavy
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oil fractions into lighter fuels and chemicals [235]. An ideal catalyst for biomass pyrolysis
should yield high-quality bio-oil with minimal oxygen and water content while
simultaneously minimizing the presence of undesirable compounds such as acids,
ketones, and carbonyls [236]. Furthermore, the catalyst should demonstrate resistance to
deactivation and maintain thermal stability. Reducing the oxygenated components in bio-
oil can enhance its heating value and result in improved physical and chemical properties.
Oxygen is eliminated from pyrolysis vapours in the form of CO2, CO, and H:O.
Removing oxygen as CO; or CO is more favourable than H>O to preserve hydrogen for
hydrocarbon-forming reactions. CO»-based oxygen removal effectively enhances the H—

C ratio, thus reducing coke deposition.

Numerous research groups have shown significant interest in enhancing bio-oil
quality through heterogeneous catalysis. The main challenges in advancing this
technology pertain to the processing of lignocellulosic materials and the development and
optimization of advanced porous materials serving as efficient monofunctional and

bifunctional catalysts for producing transportation fuels from biomass.

2.6.1 Chemical Reactions in Catalytic Pyrolysis

The chemistry underpinning catalytic pyrolysis encompasses the examination of
reaction mechanisms, the catalyst’s function, and the impact of process conditions on bio-
oil yield and quality. Numerous catalytic materials, including zeolites, mesoporous
materials with uniform pore size distribution (such as MCM-41, MSU, and SBA-15),
microporous or mesoporous hybrids infused with noble and transition metals, and base
catalysts with bifunctional properties, have been explored as potential catalysts for
biomass pyrolysis. This literature review offers a brief insight into the chemistry of
catalytic pyrolysis and its potential for producing deoxygenated bio-oil. The pioneering
work in the field of biomass feedstock conversion using zeolite catalysts was carried out
by researchers at Mobil, who demonstrated that ZSM-5 could convert biomass feedstocks
into hydrocarbons [129]. Catalytic biomass pyrolysis using molecular sieves primarily
focuses on the generation of aromatic hydrocarbons. These hydrocarbons are highly
sought after due to their elevated octane ratings and their applicability as octane boosters
in gasoline. Furthermore, aromatic compounds serve as valuable precursors for various
high-end chemicals and polymers [131]. Bridgewater, [132] underscores the pivotal role

of aromatization in hydrocarbon reactions over zeolites, while Huber and Corma, [133]
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propose that this aromatization process may proceed through a Diels-Alder reaction, in
which olefins formed during thermal biomass cracking combine to create cyclic and
aromatic compounds. However, achieving selective aromatics production hinges on
minimizing the formation of undesired coke within the catalyst, as coke formation can
lead to catalyst deactivation. Coke can originate from various sources, including biomass
feedstock, volatile oxygenates, dehydrated species, or aromatics through homogeneous
gas phase thermal decomposition reactions, as well as from heterogeneous reactions
occurring on the catalyst [129].

As mentioned earlier, the pyrolysis process commences with the thermal
decomposition of biomass, resulting in the formation of volatile organic compounds,
gaseous products, and solid char. In the presence of catalysts, these organic volatiles
undergo dehydration reactions, yielding water and dehydrated species. The dehydrated
species subsequently infiltrate the pores of a zeolite catalyst, where they undergo a series
of transformations leading to the production of aromatics, carbon monoxide (CO), carbon
dioxide (CO»), water, and additional coke. These transformations involve reactions such
as cracking, decarbonylation, aldol condensation, decarboxylation, ketonization,
isomerization, oligomerization, hydrodeoxygenation, hydrogenation, re-polymerization,
and aromatization [175]. However, understanding the mechanisms of catalytic pyrolysis
remains a challenge due to several factors. These include the complex reaction pathways
influenced by the specific catalyst system and the diverse composition of biomass
feedstock. Additionally, the intricate structure of the biomass matrix, limitations in mass
transfer phenomena within the system, and potential catalyst immobilization further

complicate the process [175, 178].

2.6.2 Factors Affecting Biomass Catalytic Pyrolysis

Zeolite catalysts have received much attention due to its relatively low cost,
availability, and its potential to yield high quality bio-oil [175]. Extensive research has
been conducted on employing traditional zeolites for enhancing bio-oil, but their
utilization has been limited due to issues like coke deposition, low liquid yield, and the
generation of polycyclic aromatic hydrocarbons [153, 154]. Similarly, mesoporous
catalysts have been explored for bio-oil improvement, but their adoption has been
constrained by inadequate hydrothermal stability and high production costs. However,

efforts have been made to boost the production of aromatic compounds in the bio-oil
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upgrading process using molecular sieves catalysts like HZSM-5, ZSM-5, MCM-41,
SBA-15, HUSY, and their modified counterparts with varying porous structures. These
catalysts facilitate the conversion of biomass pyrolysis vapors/oil into olefins and
aromatics, which are fundamental components in the petrochemical industry. Amongst
different zeolite catalysts, ZSM-5 (exhibiting high acidity and pore size) demonstrated
excellent efficiency for bio-oil upgrading, producing less viscous, less acid, and high
energy value bio-oil [179]. ZSM-5 also increased the concentration of aromatic
hydrocarbons, organics, and gaseous compounds in bio-oil caused by aromatization,
decarbonization, and cracking reactions [151, 175, 180]. The distribution of catalytically
enhanced bio-oil hinges on several pivotal factors: characteristics of catalysts including
porosity and acidity of catalyst, catalyst surface area, catalyst-to-biomass ratio,

impregnation of metal into catalysts framework, etc.

2.6.2.1 Characteristics of catalysts

Porosity and acidity are two critical factors affecting the conversion of oxygenated
biomass products into aromatics using catalysts. A study by Jae et al. [134] explored the
impact of zeolite pore size and shape selectivity on the conversion of glucose to aromatics.
The study revealed that the yield of aromatics was closely linked to the catalyst’s pore
size. Zeolites with smaller-pores were found to predominantly produce oxygenated
products, CO, CO», and coke during glucose pyrolysis, with no significant aromatics
production. In contrast, medium-pore zeolites (with pore sizes ranging from 4 to 5.5 A).
yielded the highest amounts of aromatics. On the other hand, zeolites with larger pores,
such as SSZ-55, Beta zeolite, and Y-zeolite, resulted in higher coke formation, lower
aromatic yields, and reduced oxygenate production, indicating that larger pores favour
coke formation. Besides pore size, the internal pore space (i.e., pore intersections) and
steric hindrance also play significant roles in aromatic production during pyrolysis.
Zeolites with medium-sized pores, offering moderate internal pore space and steric
hindrance (e.g., ZSM-5 and ZSM-11), exhibited the highest aromatic production and the
lowest coke formation. In the catalytic pyrolysis of empty palm fruit bunches using Al-
MCM-41 and HZSM-5, it was observed that AI-MCM-41 generated a higher quantity of
phenols compared to HZSM-5 [137]. This difference can be attributed to the greater
porosity of AI-MCM-41, which encourages phenol production. The catalytic activity is

directly related to the structural and active site characteristics of the catalyst [138]. In a
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study by Ma et al. [139], a comparison was made between the aromatic yields obtained
through non-catalytic and catalytic pyrolysis of lignin using a porous catalyst silicate and
HZSM-5. In non-catalytic pyrolysis, coke formation was the predominant outcome.
However, the use of a porous catalyst without acid sites (silicate) resulted in the
adsorption and stabilization of intermediates, forming compounds like phenol alkoxy and
aromatic hydrocarbon alkoxy. This stabilization prevented re-polymerization reactions
and led to reduced coke formation and higher liquid yield.

In addition to porosity, the presence of acid sites is essential in a catalyst to achieve
a high yield of aromatics. Lignin is a particularly intriguing compound to study as a model
for biomass catalytic pyrolysis. Despite being the most challenging biomass component
to decompose, resulting in the highest production of solid residue [140-142], pyrolytic
lignin has significant theoretical potential for conversion into aromatics [143]. In the
catalytic cracking of lignin extracted from rice husks, catalyst activity followed the order
of ZSM-5 > HZSM-5 > MCM-41 ~ SBA-15 > Beta, based on higher liquid production
and reduced coke formation [143]. It was also noted that the formation of aromatics
decreased in the order of ZSM-5 > HZSM-5 ~ Beta > MCM-41 > SBA-15, suggesting
that microporous zeolites favor greater aromatic production. Phenols were significantly
deoxygenated and converted into aromatics such as toluene, naphthalene, and benzene,
with toluene, naphthalene, and benzene being the most abundant aromatic species
produced over the ZSM-5 catalyst. Moreover, an increased concentration of polyaromatic
hydrocarbons, including naphthalene, phenanthrene, fluorene, and their alkylated
variants, in catalytically upgraded bio-oil was observed by Williams and Horne [136].
Some of these compounds are known carcinogens and/or mutagens, representing
potential health hazards.

In addition to the above-mentioned influencing factors, the surface area of the
catalyst also plays a significant role in determining product distribution and selectivity. A
systematic and comprehensive study conducted by Lapps et al. [161] examined the impact
of catalyst surface area in biomass pyrolysis. The study revealed that the more active the
catalyst, meaning the higher the surface area, the less liquid was produced. However, the
effect of the catalyst on bio-oil yield was not linear. The effect of the total surface area on
gas yield was found to be logarithmic. Consequently, when using a less active catalyst,
gas yield increased significantly compared to using zero surface area silica sand.

However, further use of a higher surface area catalyst had a minor effect on gas yield. The
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total surface area of the catalyst had a dominant effect on char yield, with char yield
doubling when the highest activity catalyst was used.

Overall, the properties of catalysts such as porosity, acidity, surface area, etc. can
affect the yield and quality of pyrolysis products, as well as the formation of coke and
other byproducts. Catalysts with suitable porosity and acidity can help optimize the

process and improve the efficiency of biomass pyrolysis.

2.6.2.2 Biomass to catalyst ratio

In addition to the parameters mentioned earlier, the ratio of catalyst to biomass is
a crucial factor affecting both product formation and selectivity in biomass catalytic
pyrolysis. Carlson et al. [129] demonstrated that product selectivity in catalytic fast
pyrolysis of glucose with ZSM-5 is influenced by the catalyst-to-glucose weight ratio. As
the catalyst-to-glucose ratio decreases, the coke yield increases, while the aromatic yield
decreases. These thermally stable oxygenates act as intermediates in aromatic production
and are formed more as the catalyst-to-glucose ratio decreases. In an another study by
Zhao et al. [158], an increased catalyst-to-feed ratio led to a rise in aromatic hydrocarbon
yield from 54.32% to 56.71%. Du et al. [159] investigated the same parameter in the
catalytic pyrolysis of microalgae Chlorella. They observed a significant increase in
aromatics yield as the catalyst-to-feed ratio increased from 1:1 to 5:1.

Ma et al. in 2020 [171] studied the impact of commercial zeolite catalysts on Ulva
prolifera macroalgae pyrolysis for bio-oil yield and composition. They used catalysts like
ZSM-5, Mordenite, and Y-Zeolite and applied biomass-to-catalyst ratios of 10:0.2, 10:0.5,
and 10:1 at temperatures of 300, 350, 400, and 450 °C with a heating rate of 20 °C/min.
For the ZSM-5 catalyst, the highest bio-oil yield (37.4 wt%) was obtained with 0.5 g of
catalyst.

Rahman et al. [172] in 2020 investigated the effects of catalyst and biomass-to-
catalyst ratio on the high yield of aromatic hydrocarbons. They explained how acidic and
basic metal catalysts (i.e., ZSM-5 and CaO) influenced the yield of aromatic
hydrocarbons from pinewood using Py-GC/MS to identify the chemical compounds in
pyrolytic vapors. The highest aromatic yield of 42.19 wt% was reported for a biomass-
to-ZSM-5 catalyst ratio of 0.25:1. On the other hand, no aromatics were detected for CaO,
while a higher yield of phenolics (51.02 wt%) and a lower acidic fraction (1.35 wt%)
were observed at the ratio of 0.25:1 (pinewood: CaO). ZSM-5 proved to be an effective
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catalyst for aromatic hydrocarbons, while CaO showed the potential to reduce acidic

fractions by facilitating acid deoxygenation into ketones.

2.6.2.3 Incorporation of metal to catalyst

In recent time, research on bifunctional catalysts, such as zeolites doped with
noble metals, has been gaining popularity. The distribution of acid sites’ strength on
molecular sieve catalysts plays a crucial role in determining product distribution, and
selectivity during biomass catalytic pyrolysis. This essential factor can be optimized by
introducing metals into the catalyst. The incorporation of metals into the catalyst can
influence both the formation of aromatics and olefins in catalytic biomass pyrolysis [175].

Iliopoulou et al. [162] noted that impregnating transition metals, such as nickel
and cobalt, into ZSM-5 catalysts increased the production of aromatics from biomass
feedstock. This effect was attributed to the transition metals promoting dehydrogenation
reactions. Again, in an another study during the catalytic pyrolysis of pine wood in a pyro-
probe reactor under hydrogen pressure, 5 wt.% impregnated Mo/ZSM-5 catalyst
increased aromatics yield with increasing pressure. The production of aromatics from
Mo/ZSM-5 was lower than HZSM-5 below 300 psi pressure, likely due to the reduction
of zeolite acid sites occupied by Mo. However, at 400 psi, Mo-ZSM-5 led to higher
aromatics production, as the promotion of hydrogenation reactions caused by Mo
outweighed the reduction of zeolite acid sites [168].

The incorporation of metals into the catalyst can alter the operational conditions
for product selectivity in biomass catalytic pyrolysis. In an investigation, Gong et al. [163]
used a lanthanum-modified HZSM-5 catalyst in catalytic cracking of bio-oil and observed
that adding lanthanum to the zeolite efficiently adjusted the acid distribution among
strong, medium, and weak acid sites. This high percentage of medium acid sites was
found to be suitable for selectively producing light olefins.

In the catalytic cracking of fast pyrolysis vapors of poplar wood using a Palladium
(Pd) supported SBA-15 catalyst, it was found that the catalytic capabilities of the
Pd/SBA-15 catalyst improved with an increase in Pd content from 0.79 wt.% to 3.01 wt.%
[165]. Huang et al. [164] studied the catalytic conversion of various biomass feedstocks
into olefins using HZSM-5 impregnated with 6 wt.% lanthanum. They observed that

feedstocks with higher cellulose or hemicellulose content produced more olefins than
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those with higher lignin content. Increasing the percentage of lanthanum from 2.9 to 6.0
wt.% enhanced olefin production from rice husk by 15.6% to 26.5%, respectively.

Cheng et al. [166] investigated the catalytic pyrolysis of biomass model
compound (Furan) using Ga-ZSM-5 bifunctional catalyst to increase aromatic yield. They
found that Ga species promoted decarbonylation and olefin aromatization reactions, while
ZSM-5 was involved in oligomerization and cracking reactions. As a result, Ga-ZSM-5
yielded 15-23% more aromatics than HZSM-5 catalyst. The Ga species increased the rate
of aromatic production without altering the overall reaction mechanism.

In a study by Du et al. [167], the effect of metal incorporation (Co, Cu, Fe, Ga,
Mo, and Ni) on H-ZSM-5 on the aromatic yields of Chlorella and egg whites was
examined. Among the catalysts, Cu and Ga significantly enhanced aromatics yields,
indicating that certain transition metals can promote the aromatization function of HZSM-
5.

Veses et al. [169] explored the impact of different metals (Mg, Ni, Cu, Ga, and
Sn) impregnated in ZSM-5 zeolites on the properties of a catalytically upgraded organic
phase of bio-oil from the pyrolysis of woody biomass. They observed significant
improvements in the liquid’s properties, such as lower viscosity and oxygen content,
higher heating value, reduced acidic compounds, and an increased aromatic fraction when
using catalysts. Among all the catalysts tested, Ni-ZSM-5 and Sn-ZSM-5 showed promise
for catalytic upgrading of pyrolysis bio-oil.

Vichaphund et al. [170] investigated the influences of transition metals (Co, Ni,
Mo, Ga, and Pd) incorporated into HZSM-5 during the catalytic fast pyrolysis of Jatropha
waste. The addition of metals, including the catalysts, improved hydrocarbon production,
particularly aromatics, and reduced oxygenated and nitrogen-containing compounds.
Metal/HZSM-5 catalysts exhibited high selectivity for benzene, toluene, xylene, and
relatively low naphthalene selectivity.

Overall, these studies highlight the significant impact of metal impregnation into

catalysts on product selectivity and yield in biomass catalytic pyrolysis.
2.7 Exploring the Pyrolysis Kinetics through Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) has proved to be a useful tool for elucidating
the decomposition of various biomass materials. The temperature domains indicate the

decomposition of various components present in biomass, and it is proven that each kind
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of biomass has unique pyrolysis characteristics due to the specific proportions of the
components [118]. Kinetic study of biomass pyrolysis becomes useful for a better
understanding of the physicochemical process and proper design of industrial pyrolysis
units. Usually, two methods are highlighted in literature viz. model-fitting as well as
model-free methods to determine the kinetic parameters [119]. However, model-free
methods are considered to be more suitable due to the absence of some drawbacks that
are associated with model-fitting techniques. Model-free methods are based on the
principle that, at constant conversion, the reaction rate depends only on temperature.
Isoconversional methods are also model-free methods and using these methods it is
possible to determine the apparent activation energy without evaluating the reaction
model [182]. At the beginning of the century, the International Thermal Analysis and
Calorimetry Society (ICTAC) showed that using a single scan rate method to process
thermal analysis kinetic data gives results that are not reliable and cannot reflect the
complex nature of a solid-state reaction [121]. As a result, the international thermal
analysis community has called for the use of multiple scan rate methods to determine
thermal analysis data. In addition, as a way to determine the complex nature of the
reaction, it is necessary to determine the change in activation energy with conversion
using the iso-conversion method [122]. The isoconversional approach is the more
commonly adopted of the two main model-free methods and is increasingly being adopted
in biomass thermochemical conversion research [123]. Isoconversional methods have the
potential to estimate the behaviour of complex reactions; they are simple in nature; and
they minimize the risks of selecting an unsuitable kinetic model and finding the wrong
kinetic parameters [121]. Isoconversional methods have been widely used to examine the
non-isothermal kinetic parameters of solid feedstocks in the pyrolysis processes [121],
and they represent the most effective way with which to process thermogravimetric
analysis (TGA) data in order to calculate effective activation energies for biomass
pyrolysis [119]. In addition, isoconversional methods constitute an interesting and easy-
to-use solution for the estimation of kinetic parameters, providing rather accurate results
in the case of a one-step reaction, with errors lower than 1% [121]. All isoconversional
methods are based on the principle that the reaction rate at a constant conversion degree
is only a function of temperature [124].

As reported by Basu [176] pyrolysis process is composed of three stages drying,
devolatilization, and carbonization. The study showed that drying or dehydration occurs

within a temperature range of 30—150 °C. Devolatilization occurs due to the release of
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volatiles from the decomposition of hemicellulose and cellulose contents between 150 °C
and 400 °C. According to Vassilev et al. [177], cellulose is a long network of hydrogen
bonds that establishes a link between the long chains to provide thermal stability and
resistance. The cellulose devolatilization temperature is between 250-350 °C.
Carbonization and char formation occur at above 400 °C. According to Pasangulapati et
al. [237], lignin is the higher precursor of char, with about 50% yield, whereas the
contribution of cellulose and hemicellulose is very low, with 1% for cellulose and 7% for

hemicellulose.

2.7.1 Pyrolysis Kinetics, Reaction Mechanism, and Thermodynamics Studies of

Biomass

Numerous studies have explored the kinetics of biomass pyrolysis in different
feedstocks, providing valuable insights into the activation energy, reaction mechanisms,
and key parameters governing the pyrolysis process. For instance, studies on biochemical
components like cellulose, lignins, or biomass such as olive kernel, corn stover, brown
algae, cellulose, oil shale, elephant grass, Typha latifolia, Mesua ferrea tree, sawmill dust,
etc. have shed light on the diverse kinetic behaviors in these materials. Researchers have
employed a range of methods, such as isoconversional, non-linear, and model-fitting
approaches, to investigate this kinetics. The findings highlight the importance of
understanding the pyrolysis kinetics in diverse biomass materials and offer valuable
insights for the design and optimization of thermochemical biomass conversion
processes.

Saikia et al. [216] investigated the kinetic behavior of the biomass using
Friedman, KAS, and FWO methods at various heating rates (10, 20, 40, and 60 °C/min).
They determined an average activation energy of 151.45 kJ/mol, which was subsequently
employed to evaluate the reaction mechanism via the Criado master plot

Jeguirim and Trouvé [195], examined the thermal behavior of Arundo donax using
thermogravimetric analysis under an inert atmosphere. The heating rates used ranged
from 5 to 20 °C/min, covering a temperature range from room temperature to 750 °C. The
thermal degradation process of Arundo donax was found to manifest in two distinct
phases. The initial phase, known as the “active zone”, primarily involves the breakdown
of hemicellulose and cellulose polymers. This phase commenced at a relatively low

temperature of 200 °C when compared to traditional wood samples and concluded at 350

Chapter 2:Review of Literature 67|Page


http://www.sciencedirect.com/science/article/pii/S096085241501024X#b0160
http://www.sciencedirect.com/science/article/pii/S096085241501024X#b0115
http://www.sciencedirect.com/science/article/pii/S096085241501024X#b0115

°C. The subsequent phase, named the “passive zone”, encompassed the pyrolysis of the
lignin polymer and occurred between 350 and 750 °C. During the active zone, carbon
oxides were released, while the passive zone primarily led to the formation of volatile
organic compounds (VOCs). Variations in heating rates significantly impacted mass
losses, mass loss rates, and emission factors within the active zone. The study revealed
that the overall pyrolysis of A. donax could be accurately characterized using a global
independent reactions model for hemicellulose and cellulose in the active zone. The
activation energy for hemicellulose remained relatively constant, approximately 110
kJ/mol, even with changes in heating rates, and exhibited a reaction order of around 0.5.
On the other hand, an increase in heating rate was associated with a decrease in the
activation energy for cellulose, although a first-order reaction was observed for cellulose
decomposition.

Li et al. [196] explored the pyrolytic characteristics and kinetics of two brown
algae, Laminaria japonica and Sargassum pallidum. Their experiments carried out in an
inert atmosphere at various heating rates, revealed three stages: moisture evaporation,
primary devolatilization, and residual decomposition. Significant differences were
observed in average activation energy, thermal stability, final residuals, and reaction rates
between the biomass samples. The activation energies for L. japonica and S. pallidum
were 207.7 and 202.9 kJ/mol, respectively. The reaction mechanism followed by L.
Jjaponica and S. pallidum was Avrami—Erofeev function (n = 3).

In 2013, Sanchez-Jimenez and coworkers [199] investigated the kinetics of
cellulose pyrolysis using various heating schedules, including linear heating rate,
1sothermal, and constant rate thermal analysis (CRTA). They applied isoconversional and
master plot methods to identify the kinetic model governing the reaction. Their results
indicated an activation energy of 191 kJ/mol and a kinetics mechanism governed by a
chain scission reaction. The analysis provided accurate and consistent results without
assuming a specific kinetic model, reducing the risk of inappropriate model fitting.

In 2013, Chutia et al. [197], the physicochemical properties of Mesua ferrea
deoiled cake (MFDC) were explored, and the pyrolytic characteristics and kinetics of
MFDC were assessed using TGA at three different heating rates (10, 20, and 40 °C/min).
They applied various kinetic models, including Arrhenius, Coats-Redfern, Flynn-Wall
Ozawa (FWO), and the Global Independent Reactions model. The average activation

energies were determined to be 43.77-54.12 kJ/mol for active pyrolysis zone-1 (SII) and
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146.98- 256.82 kJ/mol for active pyrolysis zone-2 (SIII). The reaction order for the
feedstock was found to be 0.97.

Mishra et al. [202] investigated model-free kinetic of pinewood pyrolysis in 2015,
using a TGA analyzer in an inert atmosphere. Non-isothermal model-free kinetic methods
were employed at six different heating rates (5—40 °C/min). The study revealed three
distinct zones in the isoconversional plot. Average activation energies of 134.32 kJ/mol,
146.89 kJ/mol, and 155.76 kJ/mol were determined for conversion ranges of 1-22%, 24—
84%, and 85-90%, respectively, in zones I, II, and III. The decomposition mechanism
followed a diffusion mechanism up to a conversion value of 0.7, after which it transitioned
to a 1% order reaction. Both methods fit a 2D diffusion mechanism well across a wide
range of conversions, and the isoconversional analysis was validated by close agreement
with isothermal predictions at 400 °C.

Collazzo et al. [204] conducted a comprehensive non-isothermal kinetic
investigation of elephant grass at various heating rates (5-50 K/min) spanning
temperatures from 473 to 773 K. Activation energy was assessed using both model-free
(Isoconversional KAS and FWO) and non-linear (Vyazovkin advanced isoconversional)
methods. The results indicated a relatively consistent activation energy up to a conversion
of 0.6, with an average of 185.28 + 6.87 kJ/mol using Vyazovkin advanced
1soconversional methods. The decomposition mechanism was characterized by two
successive reactions: diffusion followed by a reaction-order model. Activation energy
values ranged from 46.5 to 65.5 kJ/mol for hemicellulose, 108.0 to 127.2 kJ/mol for
cellulose, and 45.6 to 53.5 kJ/mol for lignin. These findings have potential applications
in bench or pilot-scale thermochemical biomass conversion processes.

Ahmad et al., [208] evaluated the kinetics, thermodynamic parameters, and
pyrolysis reaction mechanism for Typha latifolia using thermogravimetric analysis and
artificial neural networks (ANN). They employed Flynn-Wall-Ozawa (FWO), Kissinger-
Akahira-Sunose (KAS), and Coats-Redfern methods to describe the reaction mechanism,
encompassing order-based reactions, diffusion, and contracting geometry. The average
activation energy values, determined by both KAS and FWO methods, were
approximately 184 kJ/mol and 182 kJ/mol. Furthermore, the analysis revealed the
pyrolysis process as having two distinct regions: Region-I (0.1 < a < 0.4) characterized
by diffusion, and Region-II (0.4 < a < 0.8) dominated by order-based reactions.

In Gogoi et al. investigation [205], they studied the pyrolysis kinetics and

mechanisms of Mesua ferrea tree and sawmill dust using thermogravimetric methods.
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They explored a temperature range of 30-800 °C with heating rates of 5, 10, and 20
°C/min. Activation energies were calculated using differential and integral
isoconversional methods, including the Friedman method, KAS method, FWO method,
and Tang method. The apparent activation energies for both biomass types fell within the
range of 180380 kJ/mol. These values were dependent on fractional conversions and the
non-parallel nature of Friedman plots, which supported the results obtained from the
master plot method. The Z(a) master plot method indicated that the initial thermal
decompositions of both biomass types followed nucleation models, transitioning to three-
dimensional diffusion models. Arrhenius constants derived from Friedman activation
energy values ranged from 1.74 x 10'® to 5.78 x 10?* min! for Mesua ferrea tree and 1.61
x 10%° to 5.31 x 10* min"! for sawdust. This study demonstrated the potential of using a
combination of FWO or KAS methods with the Friedman method to calculate apparent
activation energies of biomass residues more effectively.

Arenas et al. [121] studied the kinetics and mechanism of pyrolysis for various
materials, including pineapple, orange, and mango peel wastes, agro-industrial by-
products, rice husk, and pine wood, were analyzed using five isoconversional methods
(KAS, FWO, Starink, Vyazovkin, and Friedman) and one model-fitting method (DAEM).
Activation energy patterns were similar across all six methods. Notably, fluctuating
activation energy levels were observed for fruit peel wastes in the entire conversion range
(150-550 kJ/mol), while agro-industrial by-products exhibited a stable profile (180
kJ/mol) up to 80% conversion. These fluctuations and the high number of reactions were
associated with the high extractive content in the peel samples (approximately 30 wt %).

Sahoo et al. [107] evaluated the kinetics of thermal decomposition for Prosopis
juliflora (PJ)) and Lantana camara (LC) using thermogravimetric analysis. The kinetic
and thermodynamic parameters of the pyrolysis process were determined under four
heating rates (5, 10, 20, and 40 °C/min) through Non-linear integral (NL-INT), non-linear
differential (NL-DIF), and model-free (M-FRM) methods. The average activation energy
(Ea) values were found to be in the range of 140-157 kJ/mol for PJ and 149-170 kJ/mol
for LC, depending on the method. The overall pyrolysis process for PJ and LC followed
order-based models (Fn) and diffusional models (Dn). The thermodynamic parameters AH
and AS indicated positive and negative values, respectively, suggesting non-spontaneous
reactions at all temperatures.

Pandey et al. [238] in 2021 investigated the pyrolysis kinetics of Argemone

mexicana seeds, which are commonly found as naturalized weeds in agricultural fields.
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They conducted thermogravimetric analysis under a nitrogen (N2) atmosphere, subjecting
the seeds to heating rates of 10°C/min, 20°C/min, and 30°C/min. To assess the kinetic
parameters, including activation energy, pre-exponential factor, and thermodynamic
properties, the researchers employed five kinetic methods: Kissinger—Akahira—Sunose
(KAS), Ozawa-Flynn-Wall (OFW), Friedman (FRM), Starink (STR), and Vyazovkin
(VYZ), as well as a model-fitting approach known as the Kennedy and Clarke method.
The activation energies obtained from the KAS, OFW, FRM, STR, and VYZ methods
were found to be 174 kJ/mol, 185.08 kJ/mol, 212.86 kJ/mol, 175.11 kJ/mol, and 174.36
kJ/mol, respectively. Additionally, the researchers identified an appropriate reaction
mechanism using the master plot method. When using the Kissinger approach at different
heating rates, the average pre-exponential factors were calculated to be 8.23x10%,
1.68x102%, and 8.05x10%' s!. At a lower heating rate of 10°C/min, the average values for
the thermodynamic parameters (AH, AG, and AS) were determined to be 169.28 kJ/mol,
212.64 kJ/mol, and -70.95 J/mol. Their study suggests that the Argemone mexicana seeds

have the potential to serve as a promising alternative source for biofuel production.

Ahmad et al. [223] also elucidate the pyrolysis reaction mechanism of desert plant
Calotropis procera, pyrolyzed at four heating rates including 10 °Cmin’!, 20 °Cmin’, 40
°Cmin’!, and 80 °Cmin™'. The pyrolysis reaction kinetics and thermodynamics parameters
were assessed using isoconversional models namely Kissenger-Akahira-Sunose, Flynn-
Wall-Ozawa, and Starink. Major pyrolysis reaction occurred between 200 and 450 °C at
the conversion points (a) ranging from 0.2 to 0.6 while their corresponding reaction
parameters including activation energy, enthalpy change, Gibb’s free energy, and pre-
exponential factors ranged from 165 to 207 kJ mol™!, 169-200 kJ mol!, 90-42 kJ mol !,
and 10'-10%° 5!, respectively. The narrow range of pre-exponential factors indicated
uniform pyrolysis, while lower differences between enthalpy change and activation

energies indicated that reactions were thermodynamically favorable.

2.7.2 Exploring the Kinetics and Thermodynamics in Catalytic Pyrolysis

The use of catalysts in biomass pyrolysis brings about changes in the kinetic
parameters, thermodynamics, and reaction mechanisms of the pyrolysis process.
However, there is a notable scarcity of literature addressing the kinetics and

thermodynamics of catalytic biomass pyrolysis.
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In a study by Xu et al. in 2017 [210], the pyrolysis kinetics and mechanisms of
catalysts blended with C. pyrenoidosa algal biomass were investigated through thermal
gravimetric analysis (TGA). Various catalysts, such as HZSM-5, rare earth metal
impregnated ZSM-5 (Ce(I1)/HZSM-5, Ce(I1)/HZSM-5, La(I)/HZSM-5, La(Il)/HZSM-5,
and Pr-Nd/HZSM-5), were mixed into the biomass solution at a 5% biomass weight ratio.
Kinetic analysis, based on the Arrhenius equation, revealed that all the metal-loaded
HZSM-5 catalysts, except for La(Il)/HZSM-5, improved their catalytic activity.
Furthermore, the catalytic pyrolysis processes could be well described by first-order
kinetic reactions, with Ce(I)/HZSM-5 exhibiting the lowest activation energy for catalytic
pyrolysis of C. pyrenoidosa.

In 2018, Wang et al. [211] examined both the pyrolysis and catalytic pyrolysis
behavior of Douglas fir (DF) using TGA. They developed kinetic models using Model-
Free (Friedman) and Model-Fitting (Coats—Redfern) methods. DF and ZSM-5 were
blended at a 1:3 mass ratio, and TGA was conducted within a temperature range of 25 to
600 °C with heating rates of 10, 20, 30, and 40 °C/min. Py-GC/MS was employed to
analyze the chemical composition of the bio-oil product. The addition of a ZSM-5 catalyst
slightly reduced the thermal degradation temperature of the biomass. ZSM-5 also
significantly enhanced the production of aromatic hydrocarbons by reducing oxygen-
containing compounds during DF pyrolysis. It led to an increased reaction rate and
decreased energy requirements for the decomposition process. Notably, the activation
energy calculated from Coats—Redfern and Friedman methods was higher for DF
pyrolysis compared to catalytic pyrolysis.

Lietal. in 2020 [212] also investigated the influence of Lime mud (LM) as a CaO
catalyst on the pyrolysis of herbaceous corncob (HC) and woody aspen sawdust (WS)
was analyzed at a biomass-to-catalyst ratio of 1:1. Kinetic parameters were determined
using the iso-conventional methods FWO and KAS, and the reaction order was calculated
using the Avrami Theory. The catalyst was found to reduce the energy barrier of pyrolysis,
and the variation interval of AH for HC and WS was significantly reduced by LM
addition. However, AG was minimally affected by LM throughout the entire pyrolysis

process.
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2.8 Methodology for the Optimization of Process Parameters

Process parameter optimization in any process or methods aims to reduce the
number of experiments, minimize time requirements, and cut costs. Traditional or
classical optimization methods involve varying one parameter at a time while keeping
others constant. Due to the length, large number of experiments, and failure to develop
an understanding of the interaction effect; the classical or traditional approach has some
disadvantages. In addition to that, the classical way is a time-consuming as well as
expensive approach to attain optimum conditions. On the contrary, statistical optimization
or mathematical modeling entails the simultaneous optimization of all parameters through
a mathematical algorithmic process [191, 203, 206]-244]. This methodology is
considered an important tool for gathering knowledge on the significance of the factors
affecting pyrolyser performance. Generally, response surface methodology (RSM) and
artificial neural network (ANN) are two statistical tools, which are employed for
experimental design, statistical modelling and optimization of all the process parameters
together [212, 213]. They enable us to predict and establish a relationship between one or

more responses with independent factors [214, 215].

2.8.1 Response Surface Methodology (RSM)

Response Surface Methodology (RSM) was introduced by Box and colleagues
[191] back in 1951, with its name originating from the graphical representation produced
as a result of fitting a mathematical model. RSM is a suite of mathematical and statistical
techniques employed for modelling and analyzing engineering or science problems in
research. The primary goal of this methodology is to optimize an output variable (termed
“response”) that is influenced by several input variables (termed “independent
variables”). This technique involves a series of experimental tests, known as “runs”;
during which adjustments are made to the input variables in order to discern the factors
responsible for changes in the output response. Numerical errors may arise due to factors
like incomplete alignment of repeating processes, round-off errors, or differences in the
representation of continuous physical phenomena [203].

RSM plays a pivotal role in developing a robust empirical model for gaining
insights into the underlying mechanisms of any subject under study. It helps in
minimizing the number of experimental trials needed to evaluate various parameters. It is

also valuable for predicting the individual and interactive effects of various experimental
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parameters. RSM blends statistical techniques with mathematical algorithms to address
problems influenced by numerous potential factors and provides a more precise,
insightful, and efficient approach to experimental design and optimization [203].
Optimization, in this context, refers to identifying the levels of independent variables that
result in the maximum value of the output variable [203]. Furthermore, optimal designs
are those constructed based on a certain criterion, often involving the “closeness” of the
predicted response. Optimization serves to reduce the impact of noise. In multi-response
experiments, the term “optimum” can sometimes be ambiguous, as there is no one-size-
fits-all method for resolving the data. Conditions that are optimal for one response may
differ from other responses or may even be physically impractical from an experimental
standpoint. Subsequently, the response can be visually represented, either in three-
dimensional space or as contour plots, aiding in the visualization of the shape of the
response surface.

As bio-oil holds numerous applications, particularly as an alternative fuel source
or for chemical recovery, researchers focused on enhancing both the quantity and quality
of bio-oil yields from biomass pyrolysis. The high bio-oil yield hinges on several
parameters, including temperature, particle size, heating rate, gas flow rate, etc.
Determining the optimal conditions for bio-oil production entails testing the effects of
various parameters on the pyrolysis process. Yet, the complexity arising from the
combination of multiple parameters can make it challenging to identify the optimal
combination through traditional experiments. In this context, a statistical experimental
design approach such as Response Surface Methodology (RSM) has been applied to
pinpoint the best parameter combination with the fewest experiments [125]. To date, there
have been only a handful of studies focusing on the statistical optimization of
experimental design using RSM in pyrolysis. Several notable examples are highlighted
below:

Kilic et al. [126] conducted experiments to optimize the pyrolysis of Euphorbia
rigida for bio-oil production, utilizing RSM based on a central composite design (CCD).
The optimum conditions involved a reaction temperature of 600 °C, a heating rate of 200
°C/min, and a nitrogen flow rate of 100 mL/min, resulting in a maximum bio-oil yield of
35.3%.

Abnisa et al. [212] explored the pyrolysis of palm shell waste for bio-oil
production and employed RSM based on CCD to determine the optimal conditions. The

results, explained by a second-order polynomial equation, showed an optimal bio-oil
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yield of 46.4 wt.% under the conditions of 500 °C temperature, 2 L/min N> flow rate, 2
mm particle size, and 60 minutes of reaction time.

Isa et al. [127] employed a CCD design matrix in response surface methodology
to determine the optimum pyrolysis conditions for rice husks. The optimal conditions
were found to be a pyrolysis temperature of 473.37 °C, a heating rate of 100 °C/min, a
particle size of 0.6 mm, and a holding time of 1 minute.

Jamaluddin et al. [231] reported the pyrolysis of palm kernel shells (PKS) using
microwave-assisted pyrolysis. They used response surface methodology based on a
central composite rotatable design (CCRD) to identify the predicted optimum conditions,
resulting in calorific value, fixed carbon content, volatile matters content, and yield
percentage of 29.9 MJ/kg, 59.8 wt%, 36.4 wt%, and 40.0 wt%, respectively.

Abnisa et al. [228] studied the co-pyrolysis of palm shells and polystyrene waste
to obtain high-quality pyrolytic liquid. Using RSM, they determined that the maximum
liquid yield, around 68.3%, was achieved at optimum conditions of a temperature of 600
°C, a palm shell/polystyrene ratio of 40:60, and a reaction time of 45 minutes.

Jung et al. [230] performed fixed-bed reactor pyrolysis of lignin and used RSM to
optimize operating variables. The maximum bio-oil yield of 30.1% was predicted and
29.3% was achieved under the optimum conditions: 669 °C temperature, 15 °C/min
heating rate, and 6.97g loading mass. The bio-oil produced in these conditions contained
a higher amount of 2-methoxyphenol.

Saikia et al., in 2018 [84], focused on the pyrolysis of perennial grass (Saccharum
ravannae L) in a fixed bed reactor. By employing RSM based on CCD, they identified
the optimal conditions: a temperature of around 550°C, a heating rate of around
20°C/min, and a nitrogen flow rate of around 226 mL/min, resulting in a maximum bio-
oil yield of 39.8%. The experimental yield of 38.1% aligned well with the predicted value.

Tripathi et al., in 2020 [217], utilized microwave pyrolysis for oil palm shells to
synthesize microporous and carbonaceous char. They applied Response Surface
Methodology (RSM) to optimize operating parameters, resulting in a maximum char yield
of 60.93% and a BET surface area of 250.03 m?/g at the following conditions: Microwave
power (MWP) of 1080.81 W, radiation time (RT) of 29.95 minutes, and nitrogen flow rate
(NFR) of 133.48 cm3/min. Experimental results deviated only slightly from the predicted
values, with a 6.75% deviation in OPS char yield and a 6.23% deviation in BET surface

arca.
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In a recent investigation, Ilo et al. (2023) [227] placed a strong emphasis on
utilizing the response surface methodology provided by Design-Expert to enhance the
liquid fraction yield in the pyrolysis of a well-studied aquatic weed, water hyacinth by
optimizing key process parameters, particularly temperature and particle size.
Experiments were carried out across a temperature spectrum spanning from 273.22 to
676.78 °C, encompassing a range of particle sizes between 380 and 2620 pum, and
maintaining a consistent heating rate of 30 °C/min along with a nitrogen flow rate of 25
/min. The findings indicated that elevating the temperature and increasing the particle
size resulted in a higher yield of the liquid fraction, while simultaneously reducing the
char production. Specifically, the liquid fraction saw an increase from 24.36 wt.% at
273.22 °C to 48.45 wt.% at 575 °C and then decreased to 25.56 wt.% at 626.78 °C.
Concurrently, char content decreased from 58.21 wt.% to 33.84 wt.% at 626.78 °C.
Consequently, the researchers determined that the quadratic model was well-suited for
the optimization of these variables. The statistical analysis of variance confirmed a strong
alignment between the actual data and the model’s predictions. This study argues that the
valorization of water hyacinth if complemented by appropriate policies and strategic
approaches, has the potential to generate a range of comprehensive socio-economic and
environmental benefits. By identifying and implementing the optimal conditions for
achieving an enhanced liquid fraction, the commercial potential of water hyacinth can be
significantly influenced.

These studies collectively demonstrate the efficacy of RSM in optimizing
pyrolysis processes for enhanced bio-oil yield and product quality. The insights derived
from the above-mentioned literature will provide valuable input for policy discussions

and the formulation of strategies aimed at leveraging the full potential of biomass.

2.8.2 Artificial Neural Network (ANN)

An artificial neural network (ANN) is a promising alternative modeling technique
inspired by biological neural systems e.g., the brain [207]. It consists of a large number
of neurons or processing elements or units in different layers that are interconnected to
one another through weights. Through adjusting connecting weights, bias, and
architecture; neurons are trained to perform a particular task [120]. The network
architecture of neural networks was determined by how artificial neurons were mutually

connected, and more than fifty types of network architecture could be found in the
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literature [76]. The systems showing nonlinearities and complex behavior can be well
predicted using neural networks due to their ability to learn from a set of experimental
data (e.g., process conditions and responses) with minimal prior knowledge about their
further properties and mechanisms.

A feedforward or backpropagation network is a widely used neural network
consisting of several inputs and one output in each processing element [76]. A multilayer
perceptron (MLP) is a feedforward ANN that is comprised of three or more layers of
neurons. Independent input variables from the first layer of neurons (i.e. input layer) are
connected to neurons of hidden layers. Propagation of the data from the input layer to the
first hidden layer within the network occurred via the connections and the associated
activation functions combined and modified those. Each layer has a certain number of
neurons with corresponding weight and bias; and the ANN model for a particular task
was dependent upon the nature of these connections, which provides additional adjustable
parameters. In this way, the signals were propagated through each layer until they reached
the output layer. The impact of each input neuron and its complex interactions can be
identified by employing learning algorithms. Optimized ANNs are capable of
approximating any continuous non-linear function, being highly resistant to missing or
noisy data [207].

Both RSM and ANN are statistical tools that are employed for experimental
design, statistical modelling, and optimization [213]. They enable us to predict and
establish a relationship between one or more responses with independent factors [214,
215]. Out of these two, RSM is the most widely adopted statistical tool for the modelling
and optimization of bio-oil yield in the pyrolysis process [182]. Although Neural
Networks have been extensively used in many areas of prediction and modelling research
in engineering and sciences [80, 84, 121, 207, 209], their use is limited in the pyrolysis
process. Only a few research articles were dedicated to the application of ANN in the
prediction of biochar yield or for the evaluation of kinetic parameters in the pyrolysis
process [76, 80, 234]. But ANN can simply overcome the drawbacks of RSM due to its
flexible nature and it is possible to build a trustable ANN model by allowing the addition
of new experimental data. Also, ANN inherently captures almost any form of non-
linearity [148]. There are no specific equations generated in the ANN model. However,
ANN model generation involves a large number of iterative calculations, while the RSM
model is calculated on a single step. Moreover, an ANN model can take a high

computational time to construct and cost more than a response model. RSM is based on
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mathematical relations for predicting the desired output, while ANN is based on
algorithms which makes it more suitable for data fitting, modeling, and prediction [89,
93]. RSM is a verified technique used for the optimization and modelling of various
processes at reasonable precision and accuracy with a lesser number of experiments that
are adequate to obtain statistically acceptable results [83, 84]. RSM used regression
equation to analyze the interaction factors and to identify the insignificant factors in the
model and thus can reduce the intricacy of the problem [82]. However, the major
drawback of RSM is that sometimes it is incapable of representing a given relationship at
a desired level of accuracy.

Angin and Tiryaki in 2016 [81] employed both ANN and RSM to determine the
mathematical correlation between temperature and heating rates of pyrolysis on the
product yield of safflower seed press cake. They reported that ANN can be an alternative
to RSM. However other than that there is no other established information on the
comparative performance assessment of fixed bed-pyrolysis system on bio-oil yield using
RSM and ANN. Therefore, to eradicate the knowledge gap due to the scarcity of the
literature on the comparative analysis of both models attracts us to investigate the efficacy
of both models for the prediction of bio-oil yield from a biomass sample taking more
variables.

Aydinli et al., in their 2017 study [218], employed an Artificial Neural Network
(ANN) model to predict the distribution of solid, liquid, and gas products in the pyrolysis
process using various biomass components and process parameters as input. Specifically,
they considered Cellulose, hemicelluloses, lignin, ash, fixed carbon, volatiles, moisture,
and Pyrolysis temperature as input variables. With this approach, they successfully
estimated the percentages of biomass pyrolysis products, including char, tar, and gas.
Notably, this ANN model allowed for rapid predictions without the need for extensive
experimental work.

Madhu et al., in their 2017 study [219], delved into the effects of pyrolysis
parameters on the distribution of pyrolysis products in Flash pyrolysis and the
characterization of bio-oil. They utilized the ANN methodology in conjunction with
Rotatable Central Composite Design. In their model, they considered process parameters
such as Temperature, Particle size, and sweep gas flow rate as inputs. The ANN model
predicted that the maximum bio-oil yield, approximately 52.2 wt%, could be achieved
under optimal conditions, which included a temperature of 450°C, a particle size of 0.8

mm, and a sweep gas flow rate of 1.75 m*/h. Furthermore, their analysis revealed that
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temperature had the most significant influence on the optimization process, surpassing
the impact of particle size and sweep gas flow rate.

In the above-mentioned studies, Artificial Neural Network models served as
powerful tools for predicting and optimizing the outcomes of pyrolysis processes, making
it possible to streamline experimentation and gain valuable insights into the distribution
of pyrolysis products and bio-oil characteristics. These models demonstrated their
efficacy in providing quick and reliable results, ultimately contributing to the

advancement of pyrolysis research and applications.

2.9 Summary of the Literature Review and Scope of Research

Pyrolysis garners attention for its potential to yield diverse products from a wide
array of biomass feed stocks including invasive weed species, and there are a lot of weedy
plants still available, the viability of which needs to be checked. Tithonia diversifolia is
one such invasive plant and there is no prior literature regarding the thermochemical
conversion of this weed species, despite its global abundance, making it a worthwhile
candidate for pyrolytic valorization.

Recent literature highlights pyrolysis as a cost-effective, eco-friendly, and
versatile method for converting different biomass into valuable products, and pyrolysis
outcomes heavily depend on factors like feedstock, kinetics, reactor configuration,
temperature, particle size, heating rate, residence time, and more. While the effects of
process parameters, such as temperature, particle size, heating rate, and nitrogen flow
rate, have been studied globally, they may vary from feedstock to feedstock. Also, there
is a notable gap in knowledge concerning the comparative analysis of optimization
methods like Response Surface Methodology (RSM) and Artificial Neural Networks
(ANN) for predicting product yield in fixed bed pyrolysis processes. Investigating the
effectiveness of both models in predicting product yield (such as bio-oil yield) from
biomass while considering multiple process variables would contribute significantly to
filling this knowledge void.

Although biomass pyrolytic liquid holds promise as an energy source and
commodity chemical feedstock, it poses challenges as a low-grade fuel due to properties
like corrosiveness, high density, acidity, water content, and instability. Consequently, bio-
oil upgrading is imperative for transportation and commercial applications, necessitating

catalytic upgrading. Several catalysts, including zeolites, exhibit potential in enhancing
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bio-oil quality, albeit with a slight reduction in yields. Thus, research in biomass catalytic
pyrolysis is vital for identifying optimal catalysts to improve downstream bio-oil
upgrading processes, and ZSM-5 is one such catalyst on which there is a scarcity of
studies on the use of ZSM-5 catalysts impregnated with transition metals for upgrading
pyrolytic oil.

Understanding the kinetics and thermodynamics of biomass pyrolysis is also
essential for process scaling, reactor design, and optimization. While significant research
has explored biomass kinetics using model-free and model-fitting methods, only a limited
number of investigations have been conducted to comprehend the pyrolysis kinetics of
lignocellulosic biomass using the Combined Kinetics model, along with the
Isoconversional methods. Bridging these knowledge gaps would enhance our
understanding of biomass pyrolysis. It is imperative to conduct research that explores the
interaction between pyrolysis kinetics, reaction mechanisms, and experimental pyrolytic

studies of biomass when utilizing catalysts such as metal-impregnated ZSM-5.
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