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4A.1 Introduction 

Various invasive plant species available in different regions are considered a threat 

to the biodiversity of that particular area. It’s ability to spread quickly into the ecosystems 

is linked to adverse consequences like damage to agricultural ecosystems which affects 

food production, breakdown of natural ecosystems, and alteration of the survival of 

different species through competition or predation [3, 4]. Tithonia diversifolia (TD) or 

Mexican sunflower, is such an invasive weed species often seen in neglected farmlands, 

vacant lots, roadside areas, field margins, riverbanks, etc. [3, 5, 6]. Investigations have been 

performed on biofuel production from different invasive weeds such as Ageratum 

conyzoides, Prosopis juliflora, Sachharum ravanae, Parthenium, algae, and different 

aquatic biomasses such as duckweed, Ipomea carnea, water hyacinth, etc. [7-10]. While no 

previous literature deals with the thermochemical (pyrolytic) conversion of Tithonia 

diversifolia into bio-oil and other products, its wide abundance throughout the world makes 

it a potential candidate to explore its suitability for pyrolytic valorization. The objective of 

the current study is to investigate this biomass to explore its potentiality for sustainable 

energy, as well as biomaterials/chemicals production. Also in this chapter, an attempt has 

been made to assess the effect of process parameters on both the product distribution as 

well as their physicochemical characteristics. 

4A.2 Physicochemical Characterization of Biomass 

Table 4.1 depicts proximate and ultimate analyses results for TD biomass. Thermal 

conversion efficiency and heating value of biomass are highly dependent on moisture 

content (MC), which directly affects the energy value during storage. The MC of T. 

diversifolia was found to be low (6.26±0.21%), indicating its suitability for thermal 

processing such as combustion and pyrolysis [11-13]. TD biomass possessed high volatile 

matter (VM) contents i.e., 70.25±0.36% which shows its high reactivity and is a suitable 

property for achieving high power output during combustion [11]. A smaller amount of ash 

content (AC) (7.04±0.09 %) of the feedstock favors the thermochemical conversion process 

[13, 14]. The fixed carbon (FC) content (16.45±0.39%) is not particularly high, suggesting 

a fuel source with a significant portion of volatile matter that burns readily. However, this 

value alone does not definitively indicate exhaustion during thermochemical conversion. 

While low FC content can be associated with fuels that burn quickly, other factors, such as 

process conditions, also play a crucial role in determining how much fuel is consumed [13]. 
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Table 4.1: Physicochemical characterization of biomass 

Proximate Analysis (%) Ultimate Analysis (%) 

Moisture (MC) 6.26±0.21 Carbon (C) 42.69 

Volatile matter (VM) 70.25±0.36 Hydrogen (H) 5.85 

Ash content (AC) 7.04±0.09 Nitrogen (N) 0.93 

Fixed carbon (FC) 16.45±0.39 Oxygen (O) 51.53 

Calorific Value 

(MJ/kg) 

15.95   

 

During the ultimate analyses of TD, the nitrogen content was found to be as low as 

0.93%, which means lower NOx emission during combustion [7]. The obtained calorific 

value for the feedstock is 15.95 MJ/kg, which is comparable to few other lignocellulosic 

biomass such as tamarind residues [15], jackfruit wastes [16], etc. These results indicate 

the suitability of the feedstock for the thermochemical conversion process like pyrolysis. 

These findings are indicative of feedstock’s suitability for the thermochemical conversion 

process.  

The biochemical analysis of the TD biomass is shown in Table 4.2. For the TD 

biomass, cellulose (42.58 %) was the predominant component while both the hemicellulose 

(20.06 %) and lignin (21.21 %) content was in a similar range. The results from this study 

suggest that the TD biomass is a promising candidate for thermochemical conversion 

processes such as pyrolysis. 

Table 4.2: Bio-chemical characteristics of biomass 

Biochemical properties 

Components Wt. (%) 

Hemicellulose 20.06 

Cellulose 42.58 

Lignin 18.21 

Extractive 19.15 
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4A.3 Fourier Transform Infrared Spectroscopy (FTIR) Analysis of Biomass 

 

Fig. 4.1: Spectroscopic Analysis of Biomass 

The spectroscopic characterization of TD is depicted in Fig. 4.1, which shows the 

presence of some significant functional groups of bioenergy relevance in TD. The wide 

band at 3413 cm-1 is related to O-H stretching vibrations of bonded and non-bonded 

hydroxyl groups from the glucoside linkages of cellulose or the hydroxyphenyl, guaiacyl, 

and syringyl groups of lignin or water [47]. The band around 2924 cm-1 is identified with 

stretching vibrations of the aliphatic C-H bond. These peaks around 3400 and between 

2960-2850 cm-1 are also observed for other biomass such as paddy straw, spent mushroom 

straw, and Parthenium hysterophorus [17]. The band at 1640 cm-1 is ascribed to C=C 

vibrations in aromatic rings of lignin. The band at 1415 cm-1 is attributed to the presence 

of CH2 groups in cellulose and lignin. The peak in the spectral region at 1250 cm-1 suggests 

the presence of C–H and O–H bending vibrations, indicating the presence of lignin. Similar 

observations have been reported for other biomass types, such as forest residues, energy 

crops, and agricultural residues [48]. The fingerprint region is more complex due to the 

presence of cellulosic materials in biomass. This region was mainly dominated by C–H, N–

O, and O–H vibrations [17]. The broad peak at 662 cm−1 may be due to the β-glycosidic 

linkage between sugar units of cellulose and hemicellulose.               
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4A.4 Effects of Operating Parameters on Products Yield 

4A.4.1 Temperature (T) 

 

Fig. 4.2: Effect of temperature on pyrolysis product yield 

Fig. 4.2, represents the effect of temperature on product yield. In this study, it was 

noticed that the biochar yield gradually decreased from 46.25±0.05 wt.% to 34.15±0.20 

wt.% as T increased from 400 ºC to 600 ºC. Production of char (or char path) was more 

favored or dominated at lower temperatures which was similar to the findings of various 

researchers [18, 19]. VM exhaustion due to the higher breakdown of organic matter at a 

high temperature could explain the decrease in biochar generation at those temperatures. 

Another cause of this reduction is the char residues’ secondary decomposition at elevated 

temperatures [30]. 

At moderate T, higher bio-oil generation took place which is depicted in Fig. 4.2 

(Table S1 in appendices). At T= 400°C, 17.65±0.09 wt.% of bio-oil was obtained which 

increased to 24.64±0.06 wt.% at 500°C. However, bio-oil yield reduced to 22.72±0.10 and 

22.4±0.11wt.% with the further increase in pyrolysis temperature to 550 °C and 600 °C 

respectively, which may be ascribed to secondary cracking reactions [45]. At T> 500 °C, 

secondary reactions of condensable vapors occur, which contribute to the enhancement of 

the gas yield [18, 19]. The gas yield increased from 36.09±0.14 wt.% at 400 °C to 

43.45±0.31 wt.% at 600 °C.  
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4A.4.2 Heating Rate (HR) 

 

Fig.4.3: Effect of heating rate on pyrolysis product yield 

Fig. 4.3 (Table S2 in appendices) illustrates that a lower heating rate of 10 °C min-

1 resulted in a lower gas and liquid yields, concomitant with an increase in char yield. This 

phenomenon can be attributed to the incomplete pyrolysis of biomass at lower heating rates. 

The lower production of liquid fuels at low HRs is due to resistance toward heat as well as 

mass transfer within biomass. As HR increases, this constraint is overcome and as a result, 

higher conversion rates and a higher yield of bio-oil are observed [21]. Additionally, a 

higher HR causes faster depolymerization of solid material to primary volatile components, 

resulting in a decrease in biochar production [20]. Furthermore, as the HR was increased 

the occurrence of a faster endothermic degradation of biomass leads to high gas yield [22]. 

The highest bio-oil yield was obtained at the HR of 40 °C min-1 and is considered as 

optimum among all the HRs employed in the current investigation.  

4A.4.3 Particle Size (PS) 

Fig. 4.4 illustrates the consequences of the PS on product distribution (Table S3 in 

appendices). The highest bio-oil yield of 27.63±0.05 wt% was achieved at 0.25-0.5 mm 

particle sizes, which is attributed to the high heat and mass transfer that results in complete 

biomass conversion. There is a minor rise in bio-oil yield obtained from PS of less than 

0.25 mm (27.28±0.2 wt%).  
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Fig.4.4: Effect of particle size on pyrolysis product yield 

As the PS increases from 0.25-0.50 mm to >0.84mm, bio-oil yield decreases. 

Reduced heat and mass transfer within larger particles at lower heating rates hinders 

complete pyrolysis. This results in lower bio-oil yields and higher char yields, as the 

biomass may not reach the temperatures necessary for complete devolatilization [23, 24].    

The smaller PS is also favourable for higher gas formation, which reduced gradually 

with the increase in PS of less than 0.25 mm (41.16±0.12 wt.%) to a PS of greater than 0.84 

mm (35±0.06 wt.%). A high gas yield is a result of the breakdown of larger molecules into 

smaller ones, facilitated by extended residence times for volatiles within the reactor. This 

is particularly evident when biomass with smaller particle sizes is used, as it receives more 

heat within the reactor and promotes the condensable vapors into gases [25].  

Whereas, with the increase of PS from <0.25 mm to >0.84 mm, the char yield 

increased from 31.55±0.12 to 40±0.04 wt.%. The highest bio-oil production was achieved 

for this biomass with PS between 0.25-0.50 mm, and may be considered as the most suitable 

PS range for liquid fuel production which is consistent with reported literature [26].   
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4A.4.3 Inert Gas Flow Rate (NFR) 

 

Fig.4.5: Effect of N2 gas Flow Rate on Pyrolysis Product Yield 

Fig. 4.5 and Table S4 (in appendices) depicts the pyrolytic product yield versus 

NFR. During the study, it was observed that the NFR had also an affirmative influence on 

bio-oil yield from 50-150 ml/min. The bio-oil yield rises from 27.63±0.05 wt % (FR= 50 

ml/min) to a maximum of 30.16±0.09 wt % (150 ml/min) and then reduced to 29.56±0.40 

wt % for the FR, 200 ml/min. This bio-oil yield reduction with the NFR increases from 150 

to 200 ml/min was reportedly due to the lack of sufficient time for condensation of the hot 

vapors by the cooling condenser in the system. The higher NFR reduces the pyrolysis 

vapors’ residence time inside the reactor, and that leads to the discontinuation of chemical 

reactions, thereby inhibiting the degradation of the valuable initial reaction products [26].  

4A.5 Product Characterization 

4A.5.1 Physicochemical Characterization of Bio-oil  

Physico-chemical characteristics of bio-oil obtained from T. diversifolia has been 

shown in Table 4.3. Elemental analysis depicts low oxygen content (42.85 %) of the bio-

oil compared to raw biomass feedstock (51.53 %). Oxygen content is an influential factor 

since higher oxygen content lowers bio-oil’s HHV than the transportation fuel [27]. The 

HHV of bio-oil was 23.84 MJ/kg which is lower than the HHV of diesel as the O content 

of bio-oil was much higher than that of diesel [28]. The high O content in bio-oil 

necessitates its upgradation. Bio-oil’s higher amount of C (48.75 %) and H (7.25 %) in 
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comparison to the raw biomass feedstock (42.69 % and 5.85 %) indicate the higher energy 

density of bio-oil [29]. Bio-oil’s H/C molar ratio of 1.78 is quite similar to that of petroleum 

products (1.5 to 2.0) [28]. 

Table 4.3: Physico-chemical analysis of TD bio-oil 

Properties Methods Value 

Appearance  Dark brownish color 

Density, @15 °C (kg/m3) ASTM D1298-99 1008 

Viscosity (cP)  86.1 

Pour point (°C) ASTM D5853-09 +8 

Cloud point (°C) ASTM D1310-01(2007) 20 

Fire point (°C) ASTM D1310-01(2007) 57 

Flash point (°C) ASTM D6450-05(2010) 45 

Calorific value (MJ/kg)  23.84 

Ultimate analysis 

O N H C H/C O/C 

42.85 1.15 7.25 48.75 1.78 0.66 

Density, viscosity, and flash point are considered standard properties for various 

combustion applications. The bio-oil’s density was higher (1008 kg/m3) in comparison to 

that of the transportation fuels (820-860 kg/m3 at 15 °C). The higher density of bio-oil can 

be attributed to its complex chemical composition, including high-molecular-weight 

oxygenated compounds, and its inherent water content. The high density of bio-oil is 

disadvantageous which severely affects the engine’s pumping and injection processes at 

low temperatures and therefore, blending of bio-oil with transportation fuels is essential for 

its use as a transportation fuel [30]. Bio-oil was more viscous than diesel fuel [31]. 

However, the higher flash point of bio-oils (45 °C) ensures its safe storage, and the pour 

point (8 °C) of bio-oils is ideal for many environmental conditions [21]. 
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4A.5.2 FTIR Analysis of Bio-Oil 

Fig. 4.6: FTIR of TD Bio-oil 

Bio-oil consists of a large number of complex organic chemicals. Fig. 4.6 depicts 

the FTIR spectra of TD bio-oil obtained under the process conditions that produced the 

maximum bio-oil yield. The broad O–H absorption peak at 3420 cm⁻¹ indicates the 

presence of phenolic and alcoholic compounds [32]. A weak, broad peak at 2065 cm⁻¹ 

suggests the presence of alkynes or cyanide groups. These peaks are also observed in bio-

oil derived from biomass such as coir pith [49]. However, the characteristic peak of 

methylene or the stretching vibration of alkanes, typically observed in the region 2850–

2900 cm⁻¹, is absent in TD bio-oil. In contrast, bio-oil from other feedstocks, such as coir 

pith and perennial grass (Arundo donax L.), exhibits peaks in this region [12]. The peak at 

1700 cm⁻¹ suggests the presence of carbonyl groups, which may be attributed to ester or 

carboxylic acid structures [33]. The presence of alkenes and aromatic compounds is 

indicated by the C=C stretching vibration at 1640 cm⁻¹. This peak is comparable to the peak 

observed for coir pith at 1602 cm⁻¹ and for freshwater algae (Spirogyra) at 1556.55 cm⁻¹ 

[49, 50]. Peaks in the region 1300–950 cm⁻¹ may result from O–H bending and C–O 

stretching, indicating the presence of primary, secondary, and tertiary alcohols, as well as 

phenols [32]. The C–H deformation vibration band at 1384 cm⁻¹ is indicative of alkanes. 

Additionally, absorption peaks between 900–650 cm⁻¹ and 1610–1420 cm⁻¹ suggest the 

presence of mono-, polycyclic, and substituted aromatic groups [34]. These peaks are also 

observed in the FTIR spectra of bio-oils derived from Arundo donax L., coir pith, and 

various other biomass feedstocks. While the overall spectral features of TD bio-oil are 

largely similar to those of bio-oils derived from other biomass sources, such as coir pith 
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and Arundo donax, subtle differences in peak intensities and positions can be attributed to 

variations in the composition of the feedstock. 

4A.5.3 1H NMR Analysis  

 

Fig. 4.7: 1H-NMR Spectrum of the Bio-Oil 

Bio-oil comprises different organic compounds such as aldehydes, sugars, phenols, 

and other alcohols, compounds with hydroxyl and ketone functional groups, and organic 

acids, etc. which show a widespread chemical functionality [8, 35]. Analytical methods 

including spectroscopic (MS, IR) and chromatographic (HPLC, GC) are unable to do a 

complete evaluation of bio-oil compounds [18, 36] because of its chemical complexity. To 

overcome these mentioned drawbacks, NMR spectroscopy was used (Fig. 4.7). Table 4.4 

presents integral data pertaining to distinct segments of the 1H-NMR spectra of bio-oil, 

organized by % H content. 

The integrated regions in the spectra are divided according to different chemical 

shift ranges from 0.5-10.1 ppm as shown in Table 4.4. The region within the spectral range 

of 6.0 to 8.5 ppm is attributed to the protons within the aromatic rings (4.60 %), likely 

derived from lignin-derived compounds. It also indicates hydrogen atoms' existence in 

benzenoids and the presence of heteroatom i.e. O and N. Additionally, the integrated region 
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within the range of 4.4 to 6.0 ppm encompasses the methoxy protons (39.93 %), which are 

again often associated with lignin-derived compounds. The proton signals within the 

chemical shift range of 3.0 to 4.4 ppm signify alcohols and aromatic ring-joining methylene 

groups (13.81 %), indicating the presence of compounds like phenols, alcohols, and other 

oxygenated compounds. Whereas, the signals between 1.5 - 3.0 ppm indicate CH3, CH2, 

and CH proton in alpha and aromatic ring (34.67 %). Also, the alkane presence (8.37 %) is 

depicted by the leftmost region, ranging from 0.5 to 1.5 ppm on the chemical shift scale. 

Table 4.4: 1H-NMR result of the bio-oil 

Chemical Shift Range (ppm) Assignment Hydrogen, % 

0.5-1.5 Alkanes 8.37 

1.5-3.0 Aliphatics -α to heteroatom or unsaturation 34.67 

3.0-4.4 Alcohols, methylene- dibenzene 13.81 

4.4-6.0 Methoxy, carbohydrates 39.93 

6.0-8.5 (Hetero-) aromatics 4.60 

9.5-10.1 Aldehydes 1.59 

 

4A.5.4 GC-MS 

 

Fig. 4.8: Total ion chromatogram of TD bio-oil 

Table 4.5: GC-MS compounds for non-catalytic pyrolysis oil 
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RT Compounds name Molecular 

formula 

Area 

% 

8.419 Butanedioic Acid, Hydroxy-, Dibutyl Ester C12H22O5 1.606 

9.314 Cyclohexene, 1-Isopentyl C11H20 0.501 

9.409 3-Furanmethanol C5H6O 0.597 

9.619 1H-Pyrazole, 3-Methyl C4H6N2 0.688 

11.19 1-Ethylcyclopentene C7H12 0.669 

11.66 3-Cyclobutene-1,2-Dicarboxylic Acid, Dimethyl Ester C8H10O4 3.189 

13.105 Benzene, (1,1-Dimethylethoxy) C10H14O 0.704 

13.181 Benzene, (2-Methylpropoxy) C10H14O 0.694 

14.141 Pentane, 1,1'-Oxybis- C10H22O 0.878 

14.916 2-Cyclopenten-1-One, 2-Hydroxy-3-Methyl-  C6H8O2 1.076 

15.226 Bicyclo[4.1.0]Heptan-2-One  C7H10O 0.928 

16.682 Phenol, 2-Methoxy C7H8O2 3.68 

17.492 Cyclohexanol, 1-Ethenyl C8H14O 0.54 

19.488 Benzene, 1,2-Dimethoxy- C8H10O2 1.171 

21.794 Phenol, 4-Ethyl-2-Methoxy C9H12O2 1.593 

23.055 Bicyclo[3.1.1]Heptan-3-One, 6,6-Dimethyl-2-(2-Methylpr C13H22O 0.805 

23.22 Phenol, 2,3,5,6-Tetramethyl- C10H14O 2.046 

24.085 Phenol, 2-Methoxy-3-(2-Propenyl) C10H12O2 0.5 

25.055 Phenol, 2,6-Dimethoxy C8H10O3 6.563 

26.721 Phenol, 2-Methoxy-4-(1-Propenyl) C10H12O2 1.821 

26.946 Phenol, 3,5-Bis(1,1-Dimethylethyl) C14H22O 0.507 

27.176 1,2,3-Trimethoxybenzene C9H12O3 1.868 

28.937 Benzene, 1,2,3-Trimethoxy-5-Methyl- C10H14O3 3.16 

29.932 Benzene, 1,2,3-Trimethoxy-5-Methyl C10H14O3 0.775 

30.242 4-Methyl-2,5-Dimethoxybenzaldehyde C10H12O3 1.816 

30.693 2,4-Dimethoxybenzyl Alcohol C9H12O3 0.622 

30.858 Benzene, 2-(1,1-Dimethylethyl)-1,4-Dimethoxy- C12H18O2 0.773 

32.158 Benzene, 1,4-Dimethoxy-2,3,5,6-Tetramethyl- C12H18O2 0.639 

33.234 Benzene, 1,4-Dimethoxy-2,3,5,6-Tetramethyl- C12H18O2 2.314 

35.745 Benzene, 1,1'-Butylidenebis C16H18 0.851 
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Bio-oil is a complex mixture of several hundred organic compounds with a wide 

range of chemical functions. GC-MS analyses of bio-oil, as shown in Fig. 4.8 were 

tabulated in Table 4.5. A total of 30 compounds were identified having more than 0.5% of 

peak area; and it has been observed that bio-oil consisted mainly of phenols, aliphatic 

hydrocarbons, aromatic hydrocarbons, alcohols, and some acids, etc. The carbon 

distributions of the identified compounds were found to be in the range of C4–C16. Phenols 

present in the bio-oil were more than 16.71%, which were made up of various phenol 

derivatives such as methoxy phenols and alkylphenols (methyl phenols, methyl-ethyl 

phenols). Aromatic hydrocarbons in the bio-oil accounted for about 12% of the bio-oil and 

consisted mainly of several benzene derivatives. Out of these compounds, a few 

compounds like 4-ethyl-2-methoxyphenol can be used as a flavouring agent. Moreover, 

1,2-dimethoxybenzene is used as a building block for the organic synthesis of other 

aromatic compounds. 

4A.6 Characterization of Biochar 

4A.6.1 Physico-chemical characterization 

Biochar possesses various characteristics that impact its interactions with the 

environment and the organisms that it comes into contact with. The physicochemical 

properties of biochar are essential in assessing its possible applications and efficacy in 

different domains. Proximate analysis includes moisture content, volatile matter, fixed 

carbon, and ash content of the biochar. These factors are crucial for comprehending its 

capacity for carbon storage, enhancement of soil fertility, and remediation of pollution. The 

presence of ash in biochar can influence its pH level and reactivity. The reactivity and 

calorific value of biochar are greatly influenced by its elemental composition and carbon 

quantity, which play a crucial role in determining its applicability for many purposes, 

including energy production. Evaluation of biochar’s electrical conductivity (EC) is 

considered important in terms of its potential application in varied fields ranging from soil 

amendments to supercapacitor.  

Table 4.6 represents the physicochemical compositions of the TD biochar prepared 

at 400, 500, and 600 °C. Both MC and VM of the biochars were found to be reduced from 

4.06±0.05 wt.% to 3.25±0.02 wt.% and 19.41±0.12 wt.% to 10.52±0.11 wt.% with rise in 

temperature. Lignin availability in biomass partly inhibits the pyrolytic breakdown at 400 

°C, which is not seen at higher temperatures, resulting in a high VM of biochars at low 
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temperature. Furthermore, with the temperature rise the ash content increased which is 

caused by the higher concentration of minerals, as well as the destructive volatilization of 

lignocellulosic materials at higher temperatures [37]. The FC content of the biochars 

increased from 65.08±0.09 wt.% to 72.45±0.12 wt.%. with the rise in temperatures from 

400 – 600 °C (Table 4.6). 

Table 4.6: Variations in biomass and biochar characteristics across different temperatures  

 
Properties 

Raw 

biomass 

Biochar 

400 °C 500 °C 600 °C 

U
lt

im
a
te

 A
n

a
ly

si
s 

O (wt. %) 51.53 40.95 37.52 31.21 

N (wt. %) 0.93 0.50 0.31 0.16 

H (wt. %) 5.85 2.90 2.48 2.21 

C (wt. %) 42.69 55.65 59.69 66.42 

O/C - 0.55 0.47 0.35 

H/C - 0.63 0.50 0.40 

P
ro

x
im

a
te

 A
n

a
ly

si
s 

VM (wt. %) 70.25±0.36 19.41±0.12 15.78±0.14 10.52±0.11 

MC (wt. %) 6.26±0.21 4.06±0.05 3.62±0.04 3.25±0.02 

AC (wt. %) 7.04±0.09 6.15±0.03 7.54±0.05 8.48±0.08 

FC (wt. %) 16.45±0.39 65.08±0.09 68.05±0.11 72.45±0.12 

Calorific value 

(MJ/kg) 

15.95 18.62 20.10 22.63 

pH  7.25 9.18 10.38 

EC (dS/m)  0.76 1.01 1.24 

Oxygen contents in biochar obtained at all the temperatures were found to be lower 

than the parent feedstock, while the reverse was true for C-contents (Table 4.6). Biochars 

had a CV of 22.63 MJ/kg (at 600 °C), compared to 15.95 MJ/kg for the parent biomass 

feedstock. The assessment of aromaticity levels, and carbonization, is expressed by the H/C 

and O/C ratios [38]. In this context, the H/C and O/C ratios decreased as pyrolysis 

temperature increased, owing to a rise in the aryl C proportion and biochar carbonization 

[39]. The decomposition of decarbonylation and decarboxylation, accompanied by the 
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conversion of alkyl-aryl carbon-carbon bonds involves the linkage of compact aromatic 

rings through cross-linking and is also attributed to O/C ratio reduction [40]. Biochars have 

a lower H/C ratio, indicating greater aromaticity, which implies higher resistance towards 

decomposition and thus, becomes recalcitrant. This property of biochar helps it to stay in 

the soil for longer periods thereby sequestering carbon [1]. The pH of biochars increased 

from 7.25 to 10.38 as the pyrolysis temperature rose from 400 to 600 °C, likely due to the 

release of alkali salts from organic matrix and their subsequent accumulation in the biochar. 

This temperature-dependent increase in pH can also be attributed to the formation of basic 

inorganic compounds, such as carbonates and oxides, as well as the reduction of acidic 

functional groups during pyrolysis [2]. As all the resulting biochar was alkaline, 

demonstrating that the most of acidic groups were lost during the pyrolysis process. The 

elevated pH levels of biochar can be advantageous for addressing soil acidity concerns and 

serve as a soil amendment. Biochar has the potential to be utilized as a liming agent in 

agricultural soils in India’s northeastern region because the soils of this region are generally 

acidic in nature. The electrical conductivity (EC) of biochars also increased as pyrolysis 

temperature rises signifying higher degree of aromatization, and higher ash content [46]. 

4A.6.2 FTIR Analysis  

The presence of functional groups and the chemical characteristics of biochar can 

have an impact on its interactions with microbes and other substances. Biochars possessing 

distinct functional groups and chemical characteristics have the ability to facilitate 

microbial proliferation, enhance nutrient accessibility, and promote various biological 

activities. 

The FTIR spectra of biochar and biomass exhibit distinct differences due to the 

thermal decomposition and chemical transformations occurring during pyrolysis. Biomass 

typically shows strong absorption bands corresponding to hydroxyl (O–H) stretching, 

cellulose and hemicellulose (C–O, C–H), and lignin-derived aromatic groups. In contrast, 

biochar spectra reveal a progressive reduction in functional groups as the pyrolysis 

temperature increases, reflecting the transformation of organic matter into more thermally 

stable structures. 
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Fig. 4.9: FTIR analysis of biochar at different temperatures 

The FTIR spectra of biochars obtained at temperatures between 400 °C and 600 °C 

(Fig. 4.9) indicate that increasing pyrolysis temperature significantly alters functional 

group composition. For instance, the O–H stretching vibrations (3600–3200 cm⁻¹), 

attributed to hydroxyl groups and bound water in biomass, decrease due to dehydration and 

water release during pyrolysis. Similarly, the weak aliphatic C–H stretching bands (2940–

2840 cm⁻¹) diminish as temperature rises, reflecting the thermal breakdown of alkyl groups, 

leading to the release of hydrocarbons like CH4 and C2H4. The absorbance associated with 

carbonyl (C=O) groups (1850–1650 cm⁻¹) also decreases at higher temperatures, indicating 

the decarboxylation reactions that release CO and CO2 gases. Likewise, the intensities of 

bands corresponding to C=C stretching (1650–1580 cm⁻¹) and C–O stretching (1350–950 

cm⁻¹) decline, showing a reduction in oxygenated functional groups and volatile formation 

with increasing temperature. 

At 600 °C, the biochar spectra are dominated by bands indicative of aromatic 

structures, highlighting the conversion of biomass into a highly aromatic, thermally stable 

material. This transition reflects the loss of labile and oxygenated groups in the biomass, 

leaving behind condensed aromatic structures that are characteristic of biochar at elevated 

temperatures. The differences in FTIR spectra between biomass and biochar, and the 

temperature-dependent reduction in functional groups, underscore the significant impact of 

pyrolysis conditions on the chemical properties and reactivity of biochar. 
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4A.6.3 SEM Analysis  

 

 

(a) 

(b) 
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Fig. 4.10: SEM imagery of biochar at (a) 400 °C, (b) 500 °C and (c) 600 °C 

The SEM was useful for the evaluation of biochar’s surface characteristics. Fig. 

4.10 (a)-(c) show the SEM images depicting the biochars produced under different 

temperatures, specifically 400 °C, 500 °C and 600 °C, respectively.  

The pyrolysis of TD biomass at varying temperatures alters the morphology of the 

surface in the resulting biochar. As illustrated in Fig. 4.10, pyrolysis temperatures 

significantly impact the biochar’s structure. Micrographs reveal the amorphous and 

heterogeneous nature of the biochars. During the pyrolysis process, increased surface 

inhomogeneity, along with the formation of additional depressions, channels, and porous 

structures can be observed on the biochar surface. The porous structures are formed as 

volatile matter is released, creating pores and cracks [41]. The SEM image of biochar 

produced at 600 ℃ shows a knaggy surface with some crater formations. Generally, the 

surface area of biochar increases with increase in temperatures due to deformation. This 

suggests that the rate of pore formation exceeds that of pore destruction, with pores 

enlarging and collapsing at the early stage, and the opposite occurring later in the pyrolysis 

process [42]. The presence of pores indicates the biochar's potential for soil amendment, as 

its porosity can facilitate root movement, provide habitats for microorganisms, retain soil 

nutrients, and enhance water holding capacity [43, 44]. Larger pores allow easier 

(c) 
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penetration of water, plant roots, and fungal hyphae into the soil particles. Typically, 

biochar porosity of less than 30 μm is effective in retaining water [44]. 

4A.7 Summary 

The present study was conducted to examine how various pyrolysis parameters 

affect the bio-oil derived from Tithonia diversifolia along with the pyrolytic valorization of 

invasive weed for fuels, chemicals, and energy sources. Temperature ranging from of 400-

600 ºC was used for performing pyrolysis with different operating conditions. The 

production of bio-oil was found to increase until temperatures reached 500 °C, after that it 

began to decline upon further increase in temperature. The best conditions for optimal bio-

oil production of yield 30.16±0.09 wt.% were found at 500ºC (temperature), 150 ml/min 

(nitrogen flow rate), 0.25-0.50 mm (particle size), and 40 ºC/min (heating rate). 

Furthermore, the bio-oil exhibited a calorific value of 23.84 MJ/kg, which was greater than 

the biomass feedstock (15.95 MJ/kg), and this enhancement could be attributed to lower 

oxygen and higher carbon content of bio-oil (31.49 and 57.75 wt.%, respectively) than the 

original biomass feedstock (51.53 and 41.69 wt.%, respectively). Yield of biochar 

decreased with increasing final pyrolysis temperature. The biochars were subjected to 

physico-chemical evaluation to assess their suitability as a fuel source and for various 

additional uses. The biochar had a higher calorific value than the biomass it came from. 

The calorific value increased as the pyrolysis temperature increased. The H/C and O/C 

ratios of the biochar suggest that charring leads to an increase in aromaticity. This outcome 

suggests that the produced biochar is suitable for use as a source of energy and also may be 

useful for applications such as soil amendment and adsorbent for various impurities. 
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4.B.1 Introduction 

Pyrolytic conversion of biomass into fuel is considered one of the most sustainable 

and economical conversion processes [2, 3]. The liquid product obtained from pyrolysis 

may be used as a fuel or feedstock for many commodity chemicals. Pyrolysis depends on 

various factors viz., temperature, heating rate, particle size, residence time, and the method 

of condensation of vapors [5]. Most of the available literature deals with the understanding 

of the influence of specific parameters on the feedstock and its product yield while the other 

process parameters are kept constant. Although this approach provides in-depth 

information about the mechanism involved but requires multiple number of experiments to 

arrive at the conclusion and lacks integration of the interaction effect between the process 

parameters. In view of the above, the classical approach as applied in the previous chapter 

may not be suitable for all purposes. In addition to that, the classical way is a time-

consuming as well as, an expensive approach towards attaining optimum conditions. Hence 

to overcome these limitations, mathematical modeling is considered an important tool to 

gather knowledge on the significance of the factors affecting the pyrolysis process 

performance. Generally, response surface methodology (RSM) and artificial neural 

network (ANN) are being used which enables the modelling and optimization of all the 

process parameters together [5]. Although these methods also suffer from some inherent 

disadvantages, but both of these have several advantages and are widely used [1, 4, 8]. 

However, there is a lack of established information on the comparative performance 

assessment of fixed bed-pyrolysis systems on bio-oil yield using RSM and ANN. 

Therefore, to bridge the knowledge gap on the comparative analysis of both models, the 

current investigation aims to evaluate the efficacy of both models for the prediction of bio-

oil yield from a biomass sample taking several variables. 

In the current study, four factors five levels central composite design (CCD) has been 

employed for RSM; and a multilayer perceptron (MLP) neural network consisting of 4 

neurons in input, 14 neurons in hidden, and 1 neuron in output layer models has been 

employed. These models were used to predict the experimental variables like temperature, 

inert gas flow rate, rate of heating, and size of biomass particles on pyrolysis oil yield from 

biomass. The results obtained from both models were compared based on the coefficient of 

determination (R2), mean average error (MAE), root mean square error (RMSE), standard 

error of prediction (SEP), and absolute average deviation (AAD).  
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4B.2 Experimental Design and Statistical Analysis by RSM 

RSM was carried out to achieve a realistic model between the investigated factors 

with experimental response i.e., the yield of pyrolysis oil. A total of 30 experimental runs 

were conducted, utilizing various variables as prescribed by the Design Expert software, 

which is detailed in Chapter 3. The outcomes of these runs are presented in Table 4.7. 

Table 4.7: Experimental and predicted bio-oil yield as per the CCD experimental design 

matrix 

Expt No. Experimental Bio-oil yield (%) Predicted Bio-oil yield (%) 

RSM ANN 

1 22.13 22.18 22.10 

2 15.71 15.23 15.71 

3 25.41 25.35 25.41 

4 29.54 30.29 30.38 

5 28.18 28.26 28.08 

6 27.27 26.73 27.26 

7 20.08 19.47 19.99 

8 23.89 23.86 23.89 

9 30.84 30.29 30.37 

10 27.23 27.95 27.23 

11 26.92 26.21 26.92 

12 24.55 24.71 24.55 

13 23.47 24.35 23.47 

14 22.48 23.5 22.48 

15 30.16 30.29 30.37 

16 23.65 23.89 23.65 

17 22.74 22.51 22.55 

18 30.93 30.29 30.37 

19 26.47 25.72 26.47 

20 28.65 28.18 28.65 

21 24.33 24.68 24.82 

22 24.57 24.43 24.13 

23 28.08 27.12 28.08 
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24 25.18 26.03 25.18 

25 31.02 30.39 31.02 

26 29.31 28.75 29.19 

27 29.65 30.29 30.37 

28 26.93 27.54 26.93 

29 24.71 25.9 24.71 

30 30.61 30.29 30.37 

A polynomial equation of second-order defines the overall relationship between 

independent variables, which can be presented by Eq. (1) and Eq. (2) in coded and actual 

factors, respectively. 

𝐵𝑖𝑜 − 𝑜𝑖𝑙 =  +30.29 + 1.06 ×  𝐴 + 0.80 ×  𝐵 − 0.67 ×  𝐶 − 0.51 ×  𝐷 − 0.069 ×

 𝐴𝐵 − 0.22 × 𝐴𝐶 − 0.25 ×  𝐴𝐷 − 0.26 ×  𝐵𝐶 + 0.63 ×  𝐵𝐷 + 0.033 × 𝐶𝐷 − 3.23 ×

 𝐴2 − 0.12 × 𝐵2  − 1.13 × 𝐶2 − 0.64 ×  𝐷2    (1) 

𝐵𝑖𝑜 − 𝑜𝑖𝑙 = −159.10625 + 0.63944 ×  𝑇 + 0.091292 ×  𝐻𝑅 + 0.16591 ×  𝐹𝑅 +

12.22833 ×  𝑃𝑆 − 9.25000𝐸−005 ×  𝑇 ×  𝐻𝑅 − 5.85000𝐸−005 ×  𝑇 ×  𝐹𝑅 −

0.013233 ×  𝑇 ×  𝑃𝑆 − 5.11250𝐸−004 ×  𝐻𝑅 ×  𝐹𝑅 + 0.25225 ×  𝐻𝑅 ×  𝑃𝑆 +

2.65000 𝐸−003 ×  𝐹𝑅 ×  𝑃𝑆 − 5.75093 𝐸−004 ×  𝑇2 − 1.24896 𝐸−003 × 𝐻𝑅2 −

4.50958𝐸−004 ×  𝐹𝑅2 − 10.17833 ×  𝑃𝑆2     (2) 

The statistical model was tested using F-tests, and the result from ANOVA has been 

summarized in Table 4.8.  

From the results obtained it was observed that both regression and model are 

statistically significant with p<0.05 and F-value=37.26. The probability of occurrence of 

such a large Model F-value due to noise is 0.01. “Prob>F’’ values suggest that the terms of 

the model are statistically significant. Also, it has been observed that A, B, C, D, BD, A2, 

C2, and D2 are significant model terms, and among all the individual parameters 

temperature is the most significant term, followed by HR, FR, and PS. “Lack of Fit” is not 

significant with an F-value of 2.48 which indicates the fitness of the model. There is a 

16.41% chance that noise could be a possible reason for such a large value for the “Lack of 

Fit F-value”. The R2 for the model was 0.9720. Moreover, the predicted R2 is in reasonable 

agreement with the adjusted R2. Adeq Precision was found as 27.009, which indicates the 

signal-to-noise ratio and its value of more than 4 is desirable. 
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Table 4.8: ANOVA for Response Surface Quadratic model 

Sources Sum of squares df Mean square F-value P-value 

Prob>F 

 

Model 373.60 14 26.69 37.26 < 0.0001 significant 

A- T 26.90 1 26.90 37.56 < 0.0001  

B-HR 15.47 1 15.47 21.60 0.0003  

C-FR 10.84 1 10.84 15.13 0.0014  

D-PS 6.13 1 6.13 8.56 0.0104  

AB 0.077 1 0.077 0.11 0.7475  

AC 0.77 1 0.77 1.08 0.3162  

AD 0.99 1 0.99 1.38 0.2592  

BC 1.05 1 1.05 1.46 0.2457  

BD 6.36 1 6.36 8.88 0.0093  

A2 287.03 1 287.03 400.72 < 0.0001  

B2 0.43 1 0.43 0.60 0.4516  

C2 34.86 1 34.86 48.67 < 0.0001  

D2 11.10 1 11.10 15.50 0.0013  

Residual 10.74 15 0.72    

Lack of Fit 8.94 10 0.89 2.48 0.1641 not significant 

Pure Error 1.80 5 0.36    

Cor Total 384.34 29 
    

R2= 0.9720, Adjusted R2= 0.9460, Pred R2= 0.8593, Std. Dev.= 0.85, C.V.= 3.23 % 
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4B.2.1 Response Plots 

  

 

Fig. 4.11 3D-response surface plots showing the effects of different parameters on bio-oil 

yield (%) (A: T, Temperature (°C); B: HR, Heating rate (°C/min); C: FR, Nitrogen flow 

rate; D: PS: Particle size (mm)) 

The three-dimensional response surface plots vs. two variables at a time are 

presented in Fig. 4.11. The plots are very useful in providing valuable information about 

the simultaneous effect of independent parameters on the production of bio-oil in the 
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experimental temperature range of 375–675 ºC, N2 flow rate of 50-250 mL/min, heating 

rate of 10–50 ºC/min, and particle size of 0.25-1.25 mm. From Fig. 4.11, it has been 

observed that with the increase in temperature, there has been an increase in bio-oil yield 

which declined beyond 525 °C. The disintegration of organic compounds into non-

condensable smaller compounds due to high temperature may be held accountable for the 

decline [9]. However, with the increasing heating rate increase in the bio-oil yield was 

observed which may be due to the depolymerisation of biomass at a higher heating rate [4]. 

It can be observed that an increase in the nitrogen flow rate from 50 to 150 mL/min results 

in an increase in the bio-oil yield, however, a further increase in the flow rate has a negative 

impact on bio-oil yield. One of the possible reasons for such an outcome could be the escape 

of uncondensed volatiles with non-condensable gas from the reactor due to the increased 

flow rate. Again, when the particle size falls within the range of 0.25 mm to approximately 

0.75 mm, a higher yield of bio-oil is obtained. However, beyond this range, the yield begins 

to decrease. This was related to the heating rate of particles, where the larger particles were 

heated more slowly than the smaller ones resulting in less volatile material release, which 

results in lower yields [10]. 

4B.2.1.1 Optimization and validation of model 

The optimal condition values for the designated parameters were obtained by using 

Design expert tools to solve the regression equation. There were 15 solutions with a 

desirability of 0.953, found based on the provided experimental conditions. As predicted 

by the software, the optimal condition for bio-oil yield was a temperature of 536.74 °C, 

flow rate of 129.55 mL/min, heating rate of 40 °C/min, and particle size in the range of 0.5 

to 0.85 mm to produce 31.65 % bio-oil. However, due to apparatus limitation, some 

correction has been done with some parameters such as temperature has been set as 537 °C 

and a flow rate of 130 mL/min has been maintained. Triplicate experiments were performed 

at above condition and an average yield of 31.33 ± 0.19 % of bio-oil has been recovered, 

which was very much similar to the predicted value. 

4B.2.2 Prediction of Bio-Oil Yield by ANN 

ANN has proved to be a more effective modeling and simulation method in different 

fields over the past two decades to predict the behaviour of a non-linear multivariate system 

[11]. Generally, ANN requires larger sets of experiments to construct an acceptable model 
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than the RSM. However, even with relatively small data, ANN can also work well if the 

data are statistically significant in the input and output domains, as is the case with the 

design of experiments (DOE). Thus, the experimental data obtained through RSM could be 

sufficient to construct effective ANN models [6, 11]. 

In this study, the LM back-propagation algorithm was employed using two hidden 

layers with varying the number of neurons from 1 to 16 through training of the feedforward 

network. Weight parameters were continuously iterated to achieve the best possible fit 

model and the best values were achieved after several performances of the iteration. Here, 

the performances of network topologies or the optimum neurons in the hidden layer were 

selected based on MSE values and correlation coefficient values (Fig. 4.12). A correlation 

value of 1 means a perfect relationship among the factors while, a value equating to 0 

implies absence of a linear relationship. Low MSE, on the other hand, prefers the best 

possible model.  

 

Fig. 4.12. Evaluation of the optimal number of neurons depending on the selected 

algorithms. 

From Fig. 4.12, it has been observed that the best neural network topology was 4-

14-1. The regression coefficient values for training, testing, validation, and all were 0.9977, 

0.9980, 0.9993, and 0.9976, respectively as shown in Fig. 4.13 (a-d). 
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Fig. 4.13 (a) Training, (b) Test, (c) Validation, and (d) the best fit for all expected data 

sets for the ANN model and (e) all expected data sets for the RSM model 

4B.3 Comparative Evaluation of RSM and ANN Models 

The predictive capabilities of the RSM and ANN models were evaluated and 

measured according to certain statistical parameters: R2, SEP, RMSE, AAD, and MAE, and 

the results are shown in Table 4.9. With an RMSE value of 0.5987; RSM showed more 

deviation compared to ANN prediction RMSE value of 0.2503. For RSM and ANN, R2 

values were found as 0.9712 and 0.9950 respectively, while the AAD values were found to 

be 1.98% and 0.53%. SEP, MAE, and AAD were used to check the significance and 

accuracy of the models [8]. The higher precision of the ANN model over the RSM model 
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was judged based on the higher value for R2 and lower values for other statistical 

parameters obtained for both models. 

Table 4.9: Comparison of RSM and ANN models using statistical parameters for design 

data 

  RSM ANN 

R2 0.9712 0.9950 

RMSE 0.5987 0.2503 

SEP 0.02286 0.0096 

MAE 0.5117 0.1052 

AAD 1.98% 0.53% 

 

  The following figure represents the values of both experimental and predicted bio-

oil yield in each experimental run for the bio-oil yield and from the results; it was observed 

that both models were fitted well to experimental data. However, from Fig. 4.13 (d) & (e), 

all the predicted values of the ANN model were observed close to the straight line relative 

to that of the RSM model, indicating the superior predictability of the ANN model.  

 

Fig. 4.14 Comparison of ANN and RSM predictive capabilities per experimental run. 

The generalization capability can be best judged only with an unseen data set. 

Hence, the prediction capabilities of developed models were also tested for some additional 

data (Table 4.10). Some statistical parameters were again evaluated from these additional 

data for both the models and it was observed that the ANN model shows a higher R2 value 

and lower RMSE and AAD value compared to the RSM model. Although RSM has the 
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benefit of having a predictive regression equation, showing and distinguishing insignificant 

major factors and interaction variables or insignificant quadratic terms in the model and 

thus the complexity of the problems can be reduced compared to ANN; higher accuracy in 

prediction of ANN model indicates its universal ability to approximate the nonlinearity of 

the system, whereas RSM is only restricted to second-order polynomials. 

Table 4.10: Validation of RSM and ANN model for additional experimental data 

Sl 

No. 

Temp 

(°C) 

HR 

(°C/min) 

FR 

(ml/min) 

PS 

(mm) 

Bio-oil yield (%) 

Experiment. Predicted 

RSM ANN 

1 400 10 100 >1 17.22 13.85 19.77 

2 450 20 200 <0.25 20.05 22.84 17.73 

3 500 30 150 0.25-0.5 30.30 29.36 30.37 

4 500 10 200 <0.25 25.01 26.97 24.96 

5 550 40 100 0.25-0.5 30.32 29.43 30.41 

6 600 10 50 <0.25 27.01 24.01 27.30 

 R2 0.816 0.9099 

RMSE 1.05 0.63 

AAD 1.85% 0.93% 

 

4B.4 Relative Importance of Parameters on Bio-Oil Yield 

 The Garson equation as shown in eq. (10) was used to evaluate the influence of 

input parameters on the output predictions, in which all the connection weights were used 

[7] 

𝐼𝑖 =

∑ ((
|𝐼𝑊𝑗,𝑖|

∑ |𝐼𝑊𝑗,𝑖|𝑖=4
𝑖=1

).|𝐿𝑊𝑗,𝑖|)
𝑗=𝑛
𝑗=1

∑ {∑ (( 
𝑗=𝑛
𝑗=1

|𝐼𝑊𝑗,𝑖|

∑ |𝐼𝑊𝑗,𝑖|𝑖=4
𝑖=1

).|𝐿𝑊𝑗,𝑖|)}𝑖=4
𝑖=1

   (10) 

Where i is the input variables, Ii is the relative influence of each input variable (T, 

HR, PS, and FR), j is the hidden layer neurons, n is the number of neurons, IWj,i  is the 

weight to hidden layer from the jth neuron of the input layer, and LWj,i is the weight to 

output layer from the jth neuron of the hidden layer. In the equation, the sum of the absolute 

product of weights for each input is presented by the numerator while the denominator 

describes all the absolute weights feeding into a hidden unit. 
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Fig. 4.15: Level of importance of process variables on the bio-oil yield. 

Fig. 4.15 depicts the influence of input variables on each of the outputs for the 

developed ANNs. It is observed that variables accounting for temperature had the strongest 

effect as it represents 33.68 % of the influence on the bio-oil yield. Heating rate and gas 

flow rate also have a strong influence on the outputs with variations in the range of 22-

25%, and the particle size had the lowest effect among the four variables with a value of 

18.71%. 

4B.5 Optimization and Modelling of Bio-oil Yield: A Comparison of Classical 

Approach vs. RSM and ANN Modelling 

The traditional approach involves conducting experiments with different process 

parameters and identifying the combination that produces the highest bio-oil output. During 

the present study, as described in Chapter 4(a), the highest yield of 30.16% was obtained 

when conducted at a temperature of 500 °C, a nitrogen flow rate of 150 ml/min, a particle 

size ranging from 0.25 to 0.50 mm, and a heating rate of 40°C/min. While the RSM model 

predicted slightly lower yield (29.43%) but the predicted yield (30.01%) by ANN model 

was almost identical to the experimental yield of 30.16%. This may be attributed to inherent 

limitations of the models or potential inaccuracies in the conventional approach. 

Nevertheless, the real power of RSM lies in its capacity to determine the optimal 

conditions for achieving the highest possible yield, and in this investigation RSM model 

predicted a maximum yield of 31.65 % at a temperature of 536.74 °C, a flow rate of 129.55 

ml/min, a particle size range of 0.5-0.85 mm, and a heating rate of 40°C/min. This implies 
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that by modifying the process parameters according to the RSM model, it is possible to 

achieve a potentially greater yield compared to the traditional or classical approach. The 

ANN model also predicted a yield of 31.57 % under the specified scenario. However, 

experimental results show that the measured yield is 31.33 ± 0.09 %, which is quite near to 

the ANN predicted results. 

While the improvement in yield on employing RSM is not dramatic as compared to 

classical methods, however, it can be economically relevant depending on the scale. RSM 

offers a more systematic approach and might lead to further optimization in the future. 

However, the cost-effectiveness and potential limitations of the RSM model also need to 

be considered. 

Therefore, it can be concluded that the classical approach yields reliable empirical 

findings but requires significant resources. RSM provides a statistical technique for 

correctly predicting the optimal conditions, resulting in a slightly higher predicted yield of 

31.65% compared to the conventional approach’s 30.16 %. ANN modeling demonstrates 

exceptional proficiency in accurately predicting output, closely approximating actual 

outcomes. Collectively, these techniques can be used collaboratively to improve the 

efficiency and efficacy of bio-oil production optimization. 

4B.6 Summary 

During this comprehensive investigation, the focus has been on developing two 

distinct models that could effectively predict and analyze the biomass pyrolysis outcomes 

i.e., bio-oil yield. To achieve a robust and accurate analysis, a Four factors-five levels 

Response Surface Methodology-Central Composite Design (RSM-CCD) and an Artificial 

Neural Network-Multi-Layer Perceptron (ANN-MLP) model, employing the Levenberg-

Marquardt (LM) training algorithm, have been used. The ANN-MLP model was 

specifically configured with a structure comprising 14 neurons in the hidden layer. Both 

the mentioned models were rigorously evaluated and subsequently compared for their 

respective predictive capabilities within the context of biomass pyrolysis. The utilization 

of the RSM-CCD technique provided insights into the individual and interactive effects of 

four key factors, each varied at five different levels, on the pyrolysis process. 

Simultaneously, the ANN-MLP model, with its sophisticated architecture and training 

algorithm, offered a complementary perspective by capturing complex non-linear 

relationships inherent in the biomass pyrolysis process. The comparison of these models 
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not only enhances the reliability of predictions but also provides a nuanced understanding 

of the interplay between experimental factors and outcomes.  

Based on statistical parameters such as R2, RMSE, SEP, MAE, and AAD, it was 

found that the ANN was more efficient than the RSM model in predicting bio-oil yield. 

Better accuracy, as well as the generalization capability of ANN, was also observed even 

after feeding some additional data. Thus, it can be established that even though RSM is the 

most widely used method for modeling biomass pyrolysis, the ANN methodology can also 

satisfactorily model the pyrolysis process. From the relative importance of process 

parameters, as calculated from the ANN model, it was observed that the pyrolysis 

temperature was the most significant factor for bio-oil yields, followed by heating rate, 

nitrogen flow rate, and particle size. A similar finding was observed for the RSM model as 

well. 

References 

1. Thoai, D.N., Tongurai, C., Prasertsit, K. and Kumar, A. Predictive capability evaluation 

of RSM and ANN in modeling and optimization of biodiesel production from palm 

(Elaeis guineensis) oil. International Journal of Applied Engineering 

Research, 13(10): 7529-7540, 2018. 

2. Mehmood, M.A., Ibrahim, M., Rashid, U., Nawaz, M., Ali, S., Hussain, A. and Gull, 

M., 2017. Biomass production for bioenergy using marginal lands. Sustainable 

Production and Consumption, 9: 3-21, 2017. 

3. Premjet, S. Potential of Weed Biomass for Bioethanol Production. In Basso, T.P. and 

Basso, L.C. (Eds)  Fuel Ethanol Production from Sugarcane. IntechOpen., 2018. doi: 

10.5772/intechopen.77507  

4. Saikia, R., Baruah, B., Kalita, D., Pant, K.K., Gogoi, N. and Kataki, R. Pyrolysis and 

kinetic analyses of a perennial grass (Saccharum ravannae L.) from north-east India: 

optimization through response surface methodology and product 

characterization. Bioresource technology, 253: 304-314, 2018.  

5. Abnisa, F., Daud, W.W. and Sahu, J.N. Optimization and characterization studies on 

bio-oil production from palm shell by pyrolysis using response surface methodology. 

Biomass and bioenergy, 35(8): 3604-3616, 2011.  

6. Desai, K.M., Survase, S.A., Saudagar, P.S., Lele, S.S. and Singhal, R.S. Comparison of 

artificial neural network (ANN) and response surface methodology (RSM) in 



 

Chapter 4B: Comparative assessment of RSM and ANN  167 | P a g e  

 

fermentation media optimization: case study of fermentative production of 

scleroglucan. Biochemical Engineering Journal, 41(3): 266-273, 2008.  

7. Garson, D.G.  Interpreting neural network connection weights. AI Expert 6: 47-51, 

1991. 

8. Samuel, O.D. and Okwu, M.O. Comparison of Response Surface Methodology (RSM) 

and Artificial Neural Network (ANN) in modelling of waste coconut oil ethyl esters 

production. Energy Sources, Part A: Recovery, Utilization, and Environmental 

Effects, 41(9): 1049-1061, 2019.  

9. Onay, O. Influence of pyrolysis temperature and heating rate on the production of bio-

oil and char from safflower seed by pyrolysis, using a well-swept fixed-bed 

reactor. Fuel processing technology, 88(5): 523-531, 2007.  

10. Montoya, J.I., Valdés, C., Chejne, F., Gómez, C.A., Blanco, A., Marrugo, G., Osorio, 

J., Castillo, E., Aristóbulo, J. and Acero, J. Bio-oil production from Colombian bagasse 

by fast pyrolysis in a fluidized bed: An experimental study. Journal of Analytical and 

Applied Pyrolysis, 112: 379-387, 2015. 

11. Maran, J.P. and Priya, B. Comparison of response surface methodology and artificial 

neural network approach towards efficient ultrasound-assisted biodiesel production 

from muskmelon oil. Ultrasonics Sonochemistry, 23: 192-200, 2015.  



 

 

 

 

 

 

Chapter 4C  

Assessment of Kinetic Parameters, 

Mechanisms, and Thermodynamics of 

Tithonia Diversifolia Pyrolysis 

 



 

Chapter 4c: Assessment of Kinetic Parameters, Mechanisms  168 | P a g e  

 

4C.1 Introduction 

Thermochemical conversion methods, especially pyrolysis, are versatile and 

efficient in processing biomass for biofuels and chemicals [1, 2]. Thermogravimetric 

analysis is a profoundly precise technique for the investigation of pyrolysis, and it is proven 

that each kind of biomass has unique pyrolysis characteristics due to the specific 

proportions of the components [3]. Kinetic parameters obtained from such analysis using 

several methods like model-fitting and model-free methods aid in optimizing biofuel 

production processes. Isoconversional methods, being model-free, offer advantages in 

determining apparent activation energy without assessing the reaction model, making them 

effective for analyzing complex pyrolysis reactions in solid feedstocks [4]. From the kinetic 

data, it is also possible to determine the thermodynamic parameters which are important to 

define the availability of the process and understand the variation of enthalpy (ΔH), entropy 

(ΔS), and Gibbs free energy (ΔG) with conversion [5]. These parameters in addition to 

kinetic parameters (such as activation energy, and pre-exponential factor) are useful in 

determining the nature of the pyrolysis process in terms of energy requirements and energy 

balance [6, 9]. For example, the information of ΔH provides an estimation of the energy 

consumed by pyrolysis to convert the biomass into bioenergy products. A deeper 

understanding of the reaction kinetics and thermodynamic aspects is indispensable to the 

design and optimization of a large-scale pyrolysis system [6]. 

While previous chapters have demonstrated the potential of Tithonia diversifolia 

(TD) as a feedstock for bioenergy through pyrolysis, a critical gap exists in the literature 

regarding the detailed kinetics, mechanism, and thermodynamics of this promising biomass 

source [10]. Hence, the objective of this investigation is to comprehend the detailed 

pyrolysis kinetics and degradation mechanism of TD with the help of thermogravimetric 

analysis (TGA). On the basis of these TGA data, kinetic parameters including apparent 

activation energy, and pre-exponential factor of TD were explored by various model-free 

methods and Craido’s master plot method. The CK model offers significant advantages 

over conventional kinetic analysis techniques, allowing for more accurate and 

comprehensive determination of kinetic parameters and models for solid-state reactions 

[32]. The application of the CK model to biomass pyrolysis kinetics remains relatively 

unexplored in the literatures. In the current investigation, CK model was used to evaluate 

the kinetic parameters and equations obtained from the CK model at three different heating 
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rates are also numerically solved to compare experimental and theoretical conversion 

values. Thermodynamic parameters such as Enthalpy (ΔH), Gibbs free energy (ΔG), and 

Entropy change (ΔS) were also determined. The results obtained may provide useful 

knowledge to the research community working in the field of biofuel and bioenergy. 

4C.2 Thermogravimetric Analysis 

 

Fig. 4.16 TG/ DTG curves of TD at various heating rates 

Fig. 4.16 shows the TG/DTG curves of TD at various heating rates. As can be seen 

from the figure, similar curves were obtained for all the heating rate conditions. The peak 

observed in the DTG curves indicates the maximum weight loss rate (dm/dt) as well as the 

maximum peak temperature (Tm) of a disintegration process. The pyrolysis process can be 

divided into three zones in the entire temperature range. The mass loss curves of TD exhibit 

three principal weight loss regions, which correspond to dehydration, devolatilization, and 

solid decomposition. Among the three zones, the dehydration zone (zone 1) took place in 

low-temperature region (below 130 °C) and it may be ascribed to the evaporation of 

physically adsorbed water [16]. This stage can be attributed to the loss of water and light 

volatile compounds as observed in the TG curve. For this region, a small peak was 

distinguished in the DTG curve at the temperature range of 40-60 °C. In this investigation, 

diminishing sample mass in zone 1 was around 6-8%, which correlates with the proximate 

analysis as the water content of the dry sample was 6.26±0.21 %. The slight increase in 
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weight loss in this zone compared to the moisture content may be due to the degradation of 

a few organic components before being released into light volatiles [16]. 

Table 4.11: Thermal characteristics of TD biomass for active pyrolysis zone (zone 2) 

Heating Rate 

(°C min-1) 

Ti (°C) Tm (°C) Tf (°C) -(dm/dt)max 

(%.min-1) 

10 191 313.17 358 6.79 

20 197 329.33 362 13.01 

40 203 346.33 369 28.98 

Ti = Starting temperature of the active pyrolysis zone; Tf= Final temperature of the active 

pyrolysis zone; Tm =maximum decomposition temperature, -(dm/dt)max =maximum mass loss 

rate 

Large mass loss was observed in Zone 2, which covers a temperature range from 

190-370 °C with a peak at about 330 (±15) ºC. In this zone hemicellulose and cellulose 

components of the biomass decomposed. The characteristics of thermal curves and the 

weight losses (%) of this stage under heating rates of 10, 20, and 40 °C.min-1 are further 

summarized in Table 4.11. The weight loss for Zone 2 ranged from 54% to 60%, indicating 

that this zone is the main pyrolysis stage. As revealed by the biochemical analysis of TD 

biomass (Table 8), cellulose and hemicellulose are the major components, and the major 

weight loss region is in accordance with the experimental results. Thus, the pyrolytic 

characteristics and kinetics of Zone 2 are further investigated in this study. The 

decomposition in this stage could be attributed to the devolatilization of TD. 

From the TGA graph, it has been seen that the third stage starts from around 380 

°C, which is described by gradual mass loss due to the slow degradation of the biomass. It 

demonstrates that at that temperature region, carbonaceous matter is continuously 

decomposed. It was shown by the horizontal portion of the DTG curve, and this zone is the 

characteristic of the decomposition of lignin. 

From the DTG diagram (Fig. 4.16), it can be seen that the curves generally shift to 

the right along the horizontal axis as the heating rate gradually rises. This phenomenon is 

typical for all non-isothermal experiments. The heating rate played an important role in 
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determining the characteristic temperatures as shown in Table 4.11. The characteristic 

temperatures were shifted to higher values with the increasing heating rate. The effect on 

characteristic temperatures is predominantly ascribed to the limited rate of heat conduction 

into the sample brought about by the thermal obstruction of biomass. The increase in the 

heating rate prompts a concurrent reduction of the temperature effect and an increase in the 

heat effect [16].  

4C.3 Determination of the Thermal Decomposition Model  

 

Fig. 4.17: Y(α) master plots 

The Y(α) master plot for TD for the whole conversion range is presented in Fig. 4.17. 

Theoretical mechanisms that are suited most to the experimental results are presented in 

these figures. The results indicated that the degradation of TD follows a few order-based 

and diffusion models. For the conversion range of 0.20 to 0.725 three types of order-based 

chemical reaction models were observed. The conversion range of 0.20-0.375 follows the 

fourth order (F4) model followed by the third order model (F3) and second order model 

(F2) for the conversion range of 0.375-0.575, and 0.575-0.725, respectively. For the 

remaining conversion range up to 0.9, three-dimensional diffusion (D3) mechanisms were 

observed. Various other literatures are also available on biomass following diffusion and 

order-based models. Pyrolysis of invasive weed biomass, Phalaris arundinacea, was found 

to follow a global reaction mechanism of order F5, which had the main effect on the overall 

pyrolysis reaction [31]. For another herbaceous biomass, elephant grass or Pennisetum 
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purpureum, Collazzo et al. [8] observed that the experimental plot of the biomass overlaped 

with the plot of the diffusion (D3) mechanism for conversion (α) below 0.5, followed by 

an order-based model (F3 third order) thereafter. Sahoo et al. [7] found that Prosopis 

juliflora degradation followed an order-based (order=2–5) and diffusion (D3) reaction 

mechanism along with the nucleation model. Similarly, the thermal degradation of Lantana 

camara also followed order based (order=1–5), diffusion Dn (n: 3–4), nucleation, and 

geometrical contraction reaction model [7]. 

Similar reaction mechanisms were also observed for the thermal degradation of other 

biomass. For example, Guo and Lua [17] observed a two-step devolatization process during 

the pyrolysis of extracted oil palm fibers: a 3D diffusion (D3) model for the first stage of 

conversion and a first-order chemical reaction (F1) model for the later stage of conversion. 

Similarly, a two-stage mechanism with the same diffusion (D3) and order-based (F1) 

mechanism was also observed for the pyrolysis of Coir pith [9]. Gogoi et al. [15] obtained 

three-stage mechanisms of order base (F2), power law, and diffusion (D3) model for Mesua 

ferrea wood and sawmill dust. Carvalho and Tannoushen [18] also obtained the F4, F3, and 

F2 mechanisms in addition to the F7 mechanism for energy cane Saccharum robustum 

feedstock. Moreover, the n-order mechanism was also observed by Alves et al. [6, 36] for 

the pyrolysis of Pine-Fruit Shell and açaí seed. Therefore, by utilizing the master plots 

approach to interpret the reaction model, it becomes clear that the active pyrolysis zone in 

TD follows specific reaction orders and the diffusion model. 

4C.4 Evaluation of Kinetic Parameters 

The plots of various Y-axis functions as described by Friedman, FWO, and KAS 

methods against 1/T for TD in the fractional conversion range of 0.025-0.900 at three 

heating rates are presented in Fig. 4.18. 
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Fig. 4.18 (a) Friedman, (b) FWO and (c) KAS plots 

The minimum energy required to start a chemical reaction or to produce an activated 

complex is considered as the activation energy of the reaction. Lower activation energy 

demonstrates that a higher reaction rate can be accomplished with lower energy supplies, 

while higher activation energy values indicate that product formation would require more 

energy to make a start [19]. The plots of apparent activation energies (Eα) as a function of 

(c) 

(a) 

(b) 
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fractional conversions (α) for TD as determined by various methods are introduced in Fig. 

4.19. The R2 values of different linear plots presented in Fig 4.18 are found to be ≥0.98 for 

a fractional conversion range of 0.025-0.900. It demonstrates the precision of kinetic data. 

Slightly lower R2 values (but greater than 0.91) for Friedman plots have appeared for a 

conversion range of >0.90. It could have occurred as a significant error during the analysis 

due to the lesser difference in weight loss data [11]. The apparent activation energies (Eα) 

determined by the FWO and KAS methods are almost equal and slightly different from the 

corresponding values as determined by the Friedman method. The reliance of activation 

energies on fractional conversions, as observed in these methods demonstrates that the 

decompositions of TD follow various disintegration mechanisms. The thermal 

transformation of biomass to products is not a simple process because different chemical 

reactions are generally involved during the pyrolysis depending on the chemical complexity 

of the biomass [19]. The pre-exponential factors may vary from 1013 to 1025 min-1 for 

different methods in this investigation, and a higher A-value at higher conversions indicates 

the dependability on the fractional conversion (α) [19].  

The average activation energies and Arrhenius constants for the thermal 

decompositions of TD are presented in Table 4.12. Based on the recommendation given 

by Vyazovkin et al. [13], the Eo values were calculated by excluding Eα values which 

differed by more than 30% from the average activation energy value obtained by evaluating 

all the Eα values within the conversion range of 0.025-0.900.  The Eo values for the thermal 

decompositions of TD determined by the Friedman method are 198.13 kJ mol-1. Similarly, 

the corresponding values determined by the FWO method is 195.54 kJ mol-1 and by the 

KAS method is 196.15 kJ mol-1. Nearly similar values of energy of activation were obtained 

with the integral isoconversional methods such as KAS and FWO methods. A similar range 

of values of activation energy was also observed for the differential method - Freidman 

method, and the result obtained are consistent with other published literature [33]. 

However, as mentioned earlier, the correlation coefficients were higher for the lineal 

integral methods at almost every conversion value.The Arrhenius constants of TD 

determined by the Miura-Maki method fluctuate between 2.27×1016 – 2.51×1024 min-1 for 

the conversion range of 0.025-0.900. The mean apparent Arrhenius constant (Ao) 

determined by the Miura-Maki method is 6.44×1022 min-1. This value falls within the 

proximity of other reported invasive weed species, such as Parthenium hysterophorus 

(8.38×1023 min–1) [20]. As the A values of the TD pyrolysis were larger than 1010 min-1, it 
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indicates the active pyrolysis zone of TD was a simple complex process [21]. The Eo values 

obtained for TD are higher than few other weed plants such as Parthenium hysterophorus 

(145-148 kJ mol-1) [20]; Prosopis juliflora (138-157 kJ mol-1) [12]; Reed Canary (Phalaris 

arundinacea) (160 kJ mol-1) [31], coastal Plant Species - Artemisia annua (169.69 kJ mol-

1) and Chenopodium glaucum (170.48 kJ mol-1) [10]. Also, the Eo values are in close or 

within the range of other biomass such as L.  japonica (117.4 to 295.3 kJ mol-1) [22]; and 

Camel grass (96–192 kJ mol-1) [23]. Likewise, the obtained Eo values were lower than 

water hyacinth (238.57 kJ mol-1) [24]; Spartina anglica (291.57 kJ mol-1) [14], and swine 

manure digestate (206.45–209.51 kJ mol-1) [25], etc. These values indicated the feasibility 

of TD biomass for co-pyrolysis with several other biomass types. 

Table 4.12: Mean activation energies and frequency factors determined by various 

methods 

Methods Results 

Stage I Fourth-order (F4) reaction model 

Stage II Third-order (F3) reaction model 

Stage III Second-order (F2) reaction model 

Stage IV Three-dimensional diffusion (D3) model 

Average Activation energy (kJ mol-1)  

Friedman 198.13 

KAS/Miura-Maki 196.15 

FWO 195.54 

Average Pre-exponential factor (min-1) 

Miura-Maki 9.51×1022 

Friedman 1.77×1020 

KAS 5.25×1018 

FWO 4.10×1018 
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Fig. 4.19: Apparent activation energies (Eα) and lnA as a function of fractional 

conversions (α) for Friedman, KAS, FWO, and Miura-Maki method 

4C.5 Evaluations of Thermodynamic Parameters 

The thermodynamic parameters indicate the presence of favorable conditions for 

the pyrolysis of TD. Fig. 4.20 shows the plots of enthalpy, entropy, and Gibbs free energy 

changes as a function of α for the TD degradation process for the Miura Maki method. 

Enthalpy change (ΔH) of a thermal conversion process reflects the energy contrasts 

between the activated complex and the reactants. As the ΔH>0 (Fig. 4.20), the pyrolysis of 

TD is an endothermic reaction, i.e., external energy is required to occur the reaction [21]. 

In addition, a small difference of ΔH and Ea value (5.01 kJ mol-1) was obtained at a different 

conversion rate, indicating that the product formation is being favored in an energy-

efficient manner due to lower potential energy [21, 26]. Similar differences were also 

observed for a few previously studied biomasses including microalgae, aquatic biomass, 

and other lignocellulosic biomasses [6, 19, 27]. 
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Fig.4.20: Plot of various thermodynamic parameters as a function of fractional 

conversion. 

Gibbs free energy (ΔG) is the energy deposited in a material during thermal 

transformation. Gibbs free energy change (ΔG) represents the usable energy available in a 

reaction at constant temperature and pressure. It reflects the balance between enthalpy and 

entropy of a system. A negative ΔG indicates a spontaneous reaction that releases usable 

energy and proceeds readily. The more negative the ΔG, the greater the driving force for 

the reaction and the easier it is to form the products. Conversely, a positive ΔG signifies a 

non-spontaneous reaction requiring an energy input to occur [26]. The ΔG of TD 

decomposition is 123–180 kJ mol−1 (Fig 4.20), which is well within the values reported for 

some other biomass sources such as wolffia, camphorwood, and water hyacinth [26-28]. 

The positive ΔG value also indicates that TD pyrolysis is a nonspontaneous process.  

Change in entropy (ΔS) can be used to foresee the product properties.  While a 

negative ΔS (-ΔS) shows the products are more ordered compared to the reactants, a 

positive ΔS (+ΔS) reflects the opposite, indicating the products are more disordered than 

the reactants [26]. In the context of TD pyrolysis, both negative and positive ΔS values 

were observed, pointing to the complexity of the biomass and associated reactions. 

The negative ΔS signifies proximity to thermodynamic equilibrium, suggesting a 

higher order in products like biochar than in the initial reactants. Conversely, positive ΔS 
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values across the conversion range suggest a high degree of disorder in the final product 

compared to the initial biomass, limiting the system’s energy available to form the activated 

complex. Additionally, the positive entropy change suggests a less stable activated 

complex, leading to a dissociative pathway in biomass conversion [29, 34]. This may 

further indicate the formation of more gas and liquid products during TD pyrolysis. The 

values of thermodynamic parameters have shown that it has great significance in designing 

the pyrolysis reactor and choosing the target biofuels. 

4C.6 Combined Kinetic Model 

The TG data obtained for TD was also analyzed by using the Sestak-Berggren 

combined kinetic model (CK model). For obtaining the meaningful kinetic parameters 

namely, activation energy, Arrhenius constant, and parameters related to the mechanism of 

the conversion process (m, n, and p), optimization of eq. (29) was done by considering all 

the three heating rates. The m, n, and p parameters of the CK model provide information 

regarding the reaction order model, power law model, and nucleation model respectively 

and therefore a combination of these parameters in a single equation is quite useful for 

understanding kinetics and the mechanism of a conversion process. Considering the results 

obtained from Y(α) master plots, the mechanism parameters for this investigation are set 

within the intervals, nϵ{0, 7}, mϵ{-8, 8} and pϵ{-8, 8}. Fig. 4.21 shows the plots of the left-

hand side of eq.(31) as a function of -1/T for one-step thermal degradations of TD. 

Pearson’s ratio of linear regressions for the sample is > 0.995, which indicates that the one-

step mechanism parameters can be used to explain the pyrolysis of biomass.  

 

Fig. 4.21: Single-step combined kinetic model fit results 
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The activation energy of TD as determined by the CK model is 204.99 kJ mol-1, 

which is similar to the values predicted by Friedman and other isoconversional methods 

with <5% deviations. The combined kinetic equations of the TD single-step devolatilization 

process can be expressed by the following equation: 

𝑑𝛼

𝑑𝑇
=  

3.12×1015

𝛽
exp(

−204988

𝑅𝑇
)(1 − 𝛼)1.1585𝛼−3.02[− ln(1 − 𝛼)]0.80        ……(32) 

The n-values greater than unity indicate that the devolatilizations of TD can be 

described by considering the order-based model as the primary devolatilization mechanism 

along with diffusion and geometrical contraction as weak counterparts. The negative m-

value (-3.02) also indicates that the devolatilization of TD is controlled by diffusion 

mechanisms [30]. This supports our finding, i.e., the pyrolysis mechanism of TD is mostly 

an order-based model with a small part following a diffusion model. Although the p-value 

indicates the devolatilization of TD follows the nucleation mechanism, there is no 

nucleation mechanism observed in the master plot method. 

 

Fig. 4.22: Experimental and calculated curves obtained at different heating rates for 

single step devolatilization process 

Eqn. (32) at three different heating rates are numerically solved by 4th-order Runge-

Kutta and Milne-Simpsons predictor-corrector methods to compare experimental and 

theoretical conversion values. Both methods give comparable results and the comparisons 
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of experimental and calculated curves obtained from the Runge-Kutta method at different 

heating rates for the single-step devolatilization process are presented in Fig. 4.22.  

The standard deviation as calculated from the experimental and calculated curves is 

±0.6. It can be seen from Fig. 4.22 that the theoretical model gives a very slight deviation 

for 20 °C/min heating rate, compared to experimental model. Such minor discrepancies 

between theoretical and experimental data are very common in complex processes like 

biomass devolatilization, suggesting the potential application of a multistep model in 

biomass pyrolysis for more accuracy. 

4C.7 Kinetic Compensation Effect 

The pre-exponential factors (Aα) were calculated by substituting the value of f(α) =

 (1 − α)1.1585α−3.02[− ln(1 −  α)]0.80 into Eq. (18). As can be seen from Fig. 4.19, pre-

exponential factors (ln Aα) are not constant (lnA=32.14–49.50) but varies in a wide range, 

9.14×1013–1.00×1034 min−1. A similar range of A (or Aα) values was also shown by smoked 

cigarette butt [35], plastic solid waste [34], etc. The linear dependence of ln Aα values and 

the apparent activation energies (Eα) (i.e., kinetic compensation effect) on α permits us to 

determine the Eo and Ao values from the following equations: 

ln Aα =  b +  aEα …..(33) 

ln Ao =  b +  aE𝑜 …..(34)  

where a and b are unknown parameters that can be obtained from the slope and 

intercept of the plot of lnAα vs Eα, respectively.  

The observed weakness in linear regressions of energy compensation effects across 

the entire pyrolysis process indicates that a one-step reaction model is insufficient to 

describe biomass pyrolysis complexity. Therefore, we divided the active pyrolysis zone 

into three stages. Interestingly, as depicted in Fig 4.23, the ln(A) vs. Ea plot exhibits three 

distinct stages, each with a strong linear correlation.  
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Fig. 4.23: Plots of Eα as a function of lnAα for different pyrolytic decompositions 

stages of TD 

The conversion range of stages are 0–0.30; 0.30–0.625; 0.650–1, representing 1st 

stage, 2nd stage and 3rd stage respectively. The R2 values presented in Table 4.13 

demonstrate the presence of strong linear relationships for all steps. The correlation 

parameters (i.e., a and b) for different steps were determined from the slope and intercept 

of the straight lines of Fig. 4.23 and presented in Table 4.13. The degradation in the 1st, 

2nd, and 3rd stages may primarily indicate the breakdown of pseudo-hemicelluloses, 

cellulose, and lignin, respectively [30].  

 

Table 4.13: Kinetic parameters of different stages of the one-step thermal decomposition 

process of TD determined by Friedman methods. 

Stage I Stage II Stage III 

A b R2 a b R2 a b R2 

0.2355 -8.5670 0.9841 4.5549 23.3436 0.9872 5.1739 -1.2027 0.999 

Kinetic parameters* 

Eo Ao Eo Ao Eo Ao 

200.24 1.56×1019 178.90 1.95×1013 248.44 1.30×1031 

* Eo, in kJ mol-1, Ao in min-1 
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4C.8 Summary 

The assessments of thermo-kinetic and thermodynamic parameters as well as the 

degradation model of TD pyrolysis affirm that it is a multistep thermal devolatilization 

process. The outcomes demonstrated that the average activation energies (Ea) for Friedman, 

FWO, and KAS methods were 198.13, 196.12, and 195.54 kJ mol−1, respectively. Further, 

the reaction chemistry of the main decomposition stage elucidated that the most probable 

pyrolysis kinetic model for devolatilization of the TD went through a set of order-based 

(F4, F3, and F2) and diffusion (D3) reactions, indicating the complex mechanism of the 

biomass pyrolysis. The appearance of both positive as well as negative entropy change 

values also supports the formation of complex products from the TD pyrolysis. A smaller 

difference between the enthalpies and apparent activation energies suggests that the 

potential energy barrier needed to generate an activated complex and subsequent product 

formation can be easily overcome. The values of kinetic parameters provided useful 

information for designing a pyrolytic processing system using Tithonia diversifolia as a 

feedstock, and establishing this weed as a potential feedstock for bioenergy and biofuel 

generation. Sestak-Berggren combined kinetic model (CK model) results reveal that the 

single-step pyrolysis of biomass can be described by f(α) = (1 − 𝛼)1.1585𝛼−3.02[− ln(1 −

𝛼)]0.80. The activation energies and Arrhenius constants predicted from CK models are 

almost equal to the value predicted by isoconversional methods. 
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4D.1 Introduction 

Various technologies, including biological conversion and thermochemical 

conversions, have been explored for liquid fuel production from biomass. Pyrolysis, a 

sustainable thermochemical method, operates at moderate temperatures (400–700°C) 

without oxygen, yielding liquids, gases, and char [3]. The quantity and quality of pyrolysis 

products depend on experimental parameters and feedstock properties [4]. Although bio-

oil, a key pyrolysis product, contains a rich variety of organic compounds that hold promise 

for industrial use, its high oxygen content makes it unsuitable as a direct fuel source [5, 6]. 

Advanced technologies (e.g., hydrogenation, catalytic pyrolysis, catalytic cracking, 

emulsification) are essential to reduce oxygen content in bio-oil and enhance its quality [1, 

6-8]. In recent times, catalytic pyrolysis has gained attention for improving bio-oil quality 

through several reactions like cracking, decarbonylation, decarboxylation, and 

deoxygenation [9]. The catalytic pyrolysis is operable at atmospheric pressure, and hence 

cost-effective and it improves the quality of the bio-oil and increases product yields [3, 7]. 

Zeolites, among various catalysts, stand out due to their abundance, cost-effectiveness, and 

tunability [8]. Over the past three decades, zeolites, particularly ZSM-5, have proven to be 

preeminent catalysts, efficiently converting carbohydrates into aromatics and olefins, 

influencing oxygen reduction in pyrolytic vapors, and enhancing the carbon-to-oxygen 

ratio [3, 8, 10]. 

While there has been extensive research conducted on biomass pyrolysis applying 

ZSM-5 catalyst, there is limited literature available on the effects of metal-impregnated 

ZSM-5 catalysts on the resulting pyrolytic products using Fixed bed pyrolysis reactor. The 

utilization of thermogravimetric analysis (TGA) provides unique insights into biomass 

characteristics, aiding in the optimization of biofuel production processes, including 

evaluation of kinetic and thermodynamic parameters [11]. Furthermore, the kinetic study 

of biomass catalytic pyrolysis, which discusses the relationship between the pyrolysis 

mechanism and the obtained experimental data, has received very little attention. The 

primary objective of this research is to compare the production of pyrolytic oil or bio-oil 

through non-catalytic and catalytic pyrolysis of TD in a fixed-bed reactor. Our investigation 

aims to explore the significance of transition metals (Co and Ni) impregnated ZSM-5 

catalysts on pyrolytic products distribution, and pyrolytic oil properties using different 
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analytical techniques. Furthermore, the study included an analysis on how these catalysts 

impacted the kinetics and thermodynamics of biomass. 

4D.2 Characterization of Catalysts 

4D.2.1 XRD 

 

Fig. 4.24: Powder X-ray diffraction pattern of different catalysts (HZSM-5, Co/ZSM-5, 

and Ni/ZSM-5) 

Fig. 4.24 depicts the XRD patterns of the catalysts. As all catalysts were calcined 

during synthesis, added metals are supposed to be in the oxide phase. All the samples have 

identical characteristic peaks (2θ= 7-9° and 23-25°) of the MFI structure (JCPDS no. 44–

0003).  However, there are only a slight variation is observed in diffraction peak intensities 

for the metal-impregnated catalysts [15, 16]. The low angle diffraction peak (2θ<10°) for 

all the samples indicates metal impregnation does not affect the orderly crystalline structure 

of ZSM-5. Notably, only a few diffraction peaks attributed to metal species are observed, 

possibly due to their very low content or uniform dispersion of Co and Ni on the ZSM-5 

zeolite. Two small peaks of cobalt can be seen in the XRD pattern of Co/ZSM-5, in 2θ 

31.6° and 47.3°; corresponding to the detection of Co3O4, in accordance with the existing 
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literature on cobalt-containing ZSM-5 zeolites [23]. Similarly, a small peak of NiO is 

observed at 2θ 43.2° [30]. 

4D.2.2 SEM and EDX Analysis 

 

(A) 

 

(B) 

 

(C) 

Fig. 4.25: SEM images of (A) HZSM-5, (B) Co/ZSM-5 and (C) Ni/ZSM-5 
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SEM was used at different magnifications (from 2000x to 10000x) to analyse the 

morphology of catalysts as shown in Fig. 4.25 (A)-(C), which depicted the even surface of 

the original HZSM-5 catalyst, which slightly changes upon introduction of metals. Fig. 

4.25 (B) & (C) depict that the metal oxides observed as agglomerates, resulting from the 

integration of the respective metal oxide and HZSM-5 particles. This observation indicates 

the effective metal ion dispersion on the support surface. However, the microstructure of 

HZSM-5 was retained even after metal impregnation. 

 

Fig. 4.26: EDX analysis of (A)HZSM-5, (B) Co/ZSM-5 and (C) Ni/ZSM-5 

Fig. 4.26 displays the EDX graphs and Table 4.14 depicts the metal content in each 

HZSM-5 catalyst. The measured metal loading on the impregnated catalysts was lower than 

the intended loading (1 wt.%). This discrepancy may be due to partial loss of the salt 

solution during the laboratory impregnation process, possibly caused by the equipment 

limitations [16]. 

  

(A) (B) 

(C) 
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Table 4.14: Impregnated metal content in M/ZSM-5 catalysts as per the EDX analysis  

Catalysts Co (%) Ni (%) 

Co/ZSM-5 0.93 - 

Ni/ZSM-5 - 0.73 

 

4D.2.3 Surface Analysis  

 

 

Fig.4.27: (A) N2 adsorption-desorption isotherm of different catalysts, and(B) BJH Pore 

distribution 

(B) 
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According per Brauner et al. [2] and IUPAC classifications, Adsorption isotherm 

curves of HZSM-5 and metal-modified HSZM 5 can be categorized as Type I isotherms 

with an H3 hysteresis loop (Fig. 4.27), characteristics of microporous solids. Upon 

introduction of metal content, the shape of the adsorption-desorption isotherms changed in 

contrast to the HZSM-5 catalyst in its original, unaltered state. The modification of HZSM-

5 likely has a minor impact on the pore shapes of the HZSM-5. The parent HZSM-5 

exhibited a Type I isotherm with an H3 hysteresis loop at high relative pressure (P/Po). 

However, after metal addition, N2 adsorption decreased as the relative pressure (P/Po) 

increased. Table 4.15 illustrates that Brunauer-Emmett-Teller (BET) and Barrett-Joyner-

Halenda (BJH) surface areas of catalysts were slightly different. The BET surface area 

pertains to the measurement of multilayer coverage, whereas the BJH surface area relates 

to the surface areas of mesopores and small macropores. Furthermore, the introduction of 

metal impregnation into HZSM-5 leads to alterations in both BET and BJH surface areas, 

as well as changes in pore volume. 

Table 4.15: Surface area (BET and BJH) and Pore volume for different catalysts 

Sample BET surface area BJH Surface Area Pore Volume 

HZSM 5 329.931 m²/g 353.086 m²/g 0.454 cc/g 

Ni-HZSM 5 318.885 m²/g 342.364 m²/g 0.418 cc/g 

Co-HZSM 5 295.269 m²/g 330.855 m²/g 0.391 cc/g 

 

The results indicated that the original HZSM-5 exhibited the highest BET surface 

area, measuring 329 m2/g as well as BJH (353.086 m²/g) surface area. Adding Co and Ni 

to HZSM-5 led to a slight reduction in surface area. These alterations suggest that the 

metals were effectively entered into the pores of HZSM-5 [17]. The reduction in surface 

area after metal impregnation in HZSM-5 is due to the deposition of the metal on the 

external surface and could have blocked some of the micropores. Similarly, the pore 

volume was observed to decrease as a result of impregnation. This decrease in size can be 

ascribed to metal oxide deposition into the HZSM-5 pores, as confirmed through SEM 

analysis [18, 19]. 
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4D.3 Fixed-Bed Pyrolytic Conversion and Products Distribution 

The following conditions have been considered for the pyrolysis experiments of the 

samples: Temperature: 500 °C at heating rate of 40 °C/min. Different catalysts were 

blended with the biomass at a 1:10 ratio. 

 

Fig. 4.28: Product distribution of the non-catalytic and catalytic pyrolysis process 

The product distributions are shown in Fig 4.28 as listed in the Table 4.16. Catalysts 

showed a noteworthy influence on biomass pyrolysis by altering product yield. All the 

catalyst behaves differently during pyrolysis. On using the catalysts, amounts of liquid 

product decreased compared to non-catalytic pyrolysis. 

Nonetheless, use of cobalt-doped catalyst resulted in the reduction of the aqueous phase 

and surge in the organic phase (23.24±0.03%) compared to unmodified ZSM-5 

(23.07±0.17%). All the catalyst’s use in the pyrolysis process results in lower production 

of the aqueous phase of bio-oil, and among these, use of Ni-doped ZSM-5 catalysts resulted 

in the lowest production of aqueous phase (5.85±0.06%) as well as the lowest organic phase 

(20.27±0.22 %) bio-oil production, however, the gas yield was the highest (41.9±0.15%). 

Higher gas yield may be attributed to an increase in hydrogen yield as reported by 

Iliopoulou et al. [20]. On using metal into ZSM-5 the decrease in the aqueous fraction may 

be due to consumption of water in catalytic reforming reactions [21]. 

Solid yield for biomass pyrolysis also increases with the use of catalysts from 

31.11±0.20 % to 32.88±0.05 %. This could be attributed to the added deposition of coke 
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materials in the catalytic sample. In a more detailed explanation, the volatiles released were 

likely to be exposed to active acid sites on the catalyst, leading to their repeated 

polymerization and the formation of coke within the pores and external surface of the 

catalyst, which potentially obstruct the diffusion route for volatiles, impeding their reaction 

in the pore channel. This obstruction ultimately resulted in a faster catalyst deactivation. 

Thus, the yield of solids is higher for all catalysts. 

Table 4.16: Product distribution of the pyrolysis process 

Products No-catalyst  HZSM-5 Co/ZSM-5 Ni/ZSM-5 

Solid yield (%) 31.11±0.20 32.88±0.05 31.85±0.03 31.98±0.05 

L
iq

u
id

 

P
ro

d
u

ct
 Oil phase (%) 23.07±0.17 21.29±0.05 23.24±0.03 20.27±0.22 

Aqueous phase (%) 7.95±0.05 7.47±0.07 6.38±0.05 5.85±0.06 

Gas yield (%) 37.87±0.08 38.36±0.03 38.53±0.08 41.9±0.15 

 

4D.3.1 Bio-oil Characterization 

4D.3.1.1 Physicochemical characterization 

Table 4.17: Characteristics of non-catalytic and catalytic bio-oil 

Properties Non-catalytic HZSM-5 Co/ZSM-5 Ni/ZSM-5 

O 42.85 35.61 34.51 34.09 

H 7.25 8.32 8.57 8.89 

N 1.15 0.83 0.12 0.09 

C 48.75 55.24 56.80 56.93 

pH 3.87 4.08 4.17 4.02 

HHV (MJ/kg) 23.84 27.65 28.68 28.76 

Viscosity (cP) 86.1 80.5 79.6 79.5 

Density @     

15 °C (kg/m3) 

1008 956 940 936 
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Table 4.17 lists elemental analyses, calorific value (CV), and several other bio-oil 

properties acquired from non-catalytic and catalytic pyrolysis. On blending the catalysts 

with TD in pyrolysis, the oxygen content decreased to 35.61%, 34.56%, and 34.09% for 

HZSM-5, Co/ZSM-5, and Ni/ZSM-5, respectively in comparison to non-catalytic pyrolysis 

bio-oil (42.85%). This was due to the deoxygenation reactions on the catalyst surface. 

Concurrently, the carbon content increased from 48.75% (in non-catalytic bio-oil) to 

approximately 56.93% in Ni/ZSM-5 catalysed bio-oil. While catalytic pyrolysis oil 

exhibited a increase in hydrogen content due to decarboxylation and dehydration processes 

[31], it remained relatively unchanged among all catalyst driven bio-oils. Furthermore, 

higher calorific values of catalytic bio-oils exhibited a significant surge in carbon content, 

signifying their superiority. The high acidity of pyrolytic oil negatively affects its heating 

value and can lead to corrosion in storage vessels and fuel liners [3]. However, the acidity 

of catalytic oil improves with the rise in pH (pH up to 4.17), in comparison to non-catalytic 

oil (pH=3.87). 

Characterization of non-catalytic pyrolytic oil confirmed its higher viscosity (86.1 cP) 

and density (1008 kg/m3). The presence of strongly oxygenated compounds mostly causes 

the high viscosity of non-catalytic bio-oil. These compounds substantially impact the bio-

oil’s viscosity by causing it to crystallize over time at ambient temperature. Further, the 

unsaturated oxygenate compounds’ availability also adversely affects its stability and 

engine performance. These properties render bio-oil as an unsuitable transportation fuel 

[3]. However, the utilization of catalytic pyrolysis reduces the viscosity and density of bio-

oil which is due to the facilitation of cracking reactions as well as enhanced deoxygenation.  
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4D.3.1.2 NMR analysis of non-catalytic and catalytic pyrolytic oil 

 

Fig. 4.29: 1H-NMR analysis of different bio-oil: (A) non-catalytic, (B) HZSM-5, (C) 

Co/ZSM-5, and (D) Ni/ZSM-5 

Fig 4.29 illustrates 1H-NMR analysis of non-catalytic and catalytic bio-oils, and 

Table 4.18 includes the compounds. Proton NMR study suggests the catalytic bio-oils 

comprise of higher aromatics and phenols than non-catalytic bio-oil (Ni/ZSM-5 > Co/ZSM-

5>HZSM-5> non-catalytic bio-oil). More aliphatic compounds were observed for catalytic 

bio-oils than the non-catalytic one, and the order of their availability is as follows: HZSM-

5 exhibits the highest performance in terms of presence of more aliphatic compounds, 

followed by Co/ZSM-5, Ni/ZSM-5, and lastly, the non-catalytic bio-oil. Nevertheless, the 

alcohols, ethers, and carbohydrates percentages decreased in catalytic pyrolysis oils than in 

non-catalytic oil. This reduction may be ascribed to the major occurrence of dehydration 

and deoxygenation reactions in catalytic pyrolysis. 

 

 

  

Fig S1: 1H-NMR of different bio-oil: (A) Non-catalytic (B) HZSM-5 (C) Co/ZSM-5 and (D) 

Ni/ZSM-5 

(B) (A) 

(C) (D) 
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Table 4.18: Percentage of H based on 1H-NMR analysis of bio-oil 

 

4D.3.1.3 GC-MS 

 

 

Chemical Shift 

range (ppm) 

Proton 

assignments 

% Distribution 

Non-catalytic HZSM-5 Co/ZSM-5 Ni/ZSM-5 

0-4.4 Aliphatics 33.33 50.31 49.05 44.29 

4.4-6.0 Alcohols, Ethers, 

Carbohydrates 

42.58 33.62 26.63 23.14 

6-8.5 Aromatics, 

Olefins, Phenols 

12.63 15.23 21.17 21.68 

8.5-11.0 Aldehydes, 

Ketones, Acids 

11.46 0.83 3.14 10.89 

(A) 

(B) 
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Fig. 4.30: Total ion chromatogram of different bio-oil: (A) Non-catalytic (B) HZSM-5 

(C) Co/ZSM-5 and (D) Ni/ZSM-5 

GC-MS was utilized to conduct a comprehensive examination of bio-oil, 

encompassing both quantitative and qualitative analyses. The GC-MS thermogram was 

compared to the National Institute of Standards and Technology (NIST) database. The 

pyrolytic oils consists of a complex mixture containing various organic compounds, 

including poly-aromatics, mono-aromatics, nitrogenates constituents, oxygenates, 

heterocyclic, and aliphatic [3]. These compounds as displayed in the total ion 

chromatogram (Fig. 4.30) present in non-catalytic and catalytic oils are illustrated in Fig 

4.31, whereas major compounds, representing more than 0.5% of peak area, are listed in 

the Appendices (Table S5-S7). The identified compounds were then categorized. This study 

observed that both catalytic and non-catalytic bio-oils mostly consist of aliphatic and 

aromatic hydrocarbons, phenols, other alcohols, ethers, esters, and ketones, among others. 

The identified compounds had carbon distributions within C5–C16. 

(C) 

(D) 
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Fig. 4.31: Effect of catalyst on different types of compounds according to GC-MS data 

Fig. 31 suggests that non-catalytic pyrolytic oil primarily composed of 16.71% 

phenols, which include various phenol derivatives like methoxy phenols and alkylphenols 

(e.g., methyl phenols, and propyl phenols). It also contains 2% hydrocarbons (aliphatic and 

aromatic), a small number of nitrogen compounds, 4.80% esters, 3% ketones, and 12.98% 

ethers. The phenolic compounds in non-catalytic pyrolytic oil have diverse uses like 

antiseptics, dye synthesis, and aspirin production [3]. Additionally, pyrolytic oil is a 

potential candidate for direct utilization in boilers for electricity and heat production. 

However, the utilization of bio-oil as transportation fuel requires blending with diesel, and 

appropriate upgrading methods like catalytic cracking may be required.  

As per GC-MS analysis, catalyst utilization enhanced the total hydrocarbon content 

while significantly reducing the percentage of oxygenated compounds in terms of ethers, 

and esters in catalytic pyrolytic oil. This effect was attributed to decarboxylation and 

dehydration reactions [3]. Aromatic and aliphatic hydrocarbons, as well as alcohols, are 

termed as ideal biofuel- components. Phenols and furans are also regarded as important 

chemicals for various end-uses [22]. This investigation revealed that catalytic pyrolysis oil 
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could be a more ideal biofuel product and a source of value-added chemicals compared to 

non-catalytic pyrolysis oil. Carbonyl compounds, including ketones, aldehydes, esters, and 

ethers are undesirable due to their corrosiveness, instability, and reduction of bio-oil’s 

heating value [7] and GC-MS analysis confirmed that catalytic pyrolysis oil had fewer 

undesirable products than non-catalytic pyrolysis oil. These findings align with the 

increased calorific value observed in catalytic pyrolysis oils. Additionally, Fig. 4.31 

illustrates that catalytic pyrolysis oils contain a greater percentage of aromatic compounds 

than non-catalytic pyrolysis oils. Upgraded bio-oil offers significant benefits due to the 

presence of aromatic hydrocarbons. Drawing upon GC-MS results, the catalytic oil showed 

potential as a suitable substitute for traditional fuels and as a source for extraction of 

valuable compounds. 

4D.4 TG and DTG Analysis 

 

B 

A 
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Fig.4.32 TG and DTG diagram of biomass samples containing (A) HZSM-5, (B) 

Co/ZSM-5, and (C) Ni/ZSM-5 

Fig. 4.32 (A-C) presents the TG and DTG profiles of the catalyst blended TD 

biomass, revealing the predominant mass reduction in biomass occurring between the 

temperature range of 218 to 420 °C when subjected to a heating rate of 10°C/min. Within 

this temperature range, cellulose, hemicellulose, and a portion of lignin undergo 

decomposition. DTG analysis reveals a prominent peak for all samples within the 

temperature range of 340–385 °C, regardless of the heating rate employed. This peak 

signifies the maximum decomposition rate and likely corresponds to the primary 

decomposition of cellulose. Additionally, a shoulder observed between 280–330 °C is 

attributed to the decomposition of hemicellulose. Table 4.19 represents the thermal 

analysis parameters of various catalytic and non-catalytic samples for active pyrolysis 

zones at heating rates of 10, 20, and 40 °C/min. For all the samples, there is an increase in 

onset, offset, and maximum temperatures as the heating rate goes up. The DTGmax also 

shows an increasing trend. As observed in Chapter 4(C), non-catalytic biomass exhibits 

lower onset and offset temperatures compared to catalytic samples. This difference may 

arise from the catalyst inhibiting or slowing down specific reactions within the biomass, 

impeding the thermal degradation process and resulting in higher onset temperatures for 

catalytic samples. Additionally, the catalyst may obstruct reactive sites in the biomass, due 

to its mechanical mixing, thereby rendering the biomass less prone to thermal degradation 

at lower temperatures. 

  

C 
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Table 4.19: Thermal analysis parameters of various catalyst blended samples for active 

pyrolysis zone at different heating rates 

 Heating Rate 

(°C/min) 

Onset temp., 

Ti (°C) 

Offset temp., 

Tf (°C) 

Maximum temp., 

Tm (°C) 

DTGmax  

(%/min) 

H
Z

S
M

-5
 10 218 385 346 9.6 

20 230 400 359.3 17.94 

40 240 420 374.86 32.4 

C
o
/Z

S
M

-5
 10 243 371 346.98 7.56 

20 250 395 364.07 18.06 

40 260 420 
385.4 35.34 

N
i/

Z
S

M
-5

 10 230 366 346.28 9.18 

20 250 394 364.07 18.06 

40 270 415 382.2 30 

 

4D.5 Evaluations of Kinetic and Thermodynamic Parameters  

4D.5.1 Kinetic Parameters 

 

(A) 
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(B) 

 

(C)  

Fig.4.33: Friedman, FWO, and KAS plots for different samples: (B) TD+ ZSM-5 (C) 

TD+ Co/ZSM-5 (D) TD+ Ni/ZSM-5  

Kinetic parameters of all the samples were evaluated within the active pyrolysis 

zone i.e., 215- 420°C for catalytic samples and 190-370 °C for non-catalytic samples. Fig. 
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4.33 displays the Friedman, KAS, and FWO plots for the biomass specimens falling within 

the fractional conversion interval from 0.025 to 0.900, with an incremental interval of 

0.025, specifically focusing on the active pyrolysis zone. 

 

Fig.4.34: Kinetic parameters (Eα and lnAα) for single-step pyrolysis model of biomass 

samples containing: (a) HZSM-5 (b) Co/ZSM-5 (c) Ni/ZSM-5 
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Fig. 4.34 presents the apparent activation energies (Eα) derived from linear kinetic 

plots using KAS, FWO, and FRD techniques. The similarities observed in the values of 

Eα(α) across the different samples using all the mentioned methods indicate the precision 

and consistency of the presented results. In the beginning, there is a subtle rise in Eα, 

possibly attributed to the occurrence of several heterogeneous devolatilization reactions 

with an endothermic nature. Lower Eα witnessed for M/ZSM-5 samples in comparison to 

non-catalytic samples (Fig. 4.35). It suggests that catalysts effectively reduce the activation 

barriers associated with bond cleavage processes. 

 

Fig.4.35: Comparison of average activation energy obtained using Friedman, KAS, and 

FWO methods for various catalytic and non-catalytic samples 

Calculating mean values for the kinetic parameters of pyrolysis over simplifies a 

complex phenomenon, as it involves multiple independent parallel reactions occurring 

simultaneously. In the estimation of Eo, any Eα values that exceeded 30% of the average 

apparent Ea were excluded [12]. Likewise, Eα values associated with R2 values below 0.900 

were excluded from the analysis. The Eo for TD by FRD, KAS, and FWO techniques are 

198.13, 195.54, and 196.15kJ/mol respectively. The utilization of catalysts leads to a 

significant reduction in the activation energy required for biomass devolatilization. Table 

26 and Fig 4.35 revealed that among the catalytic samples, HZSM-5 exhibits the highest 

average Eα values, followed by Ni/ZSM-5 and Co/ZSM-5. The estimated Eo for Co/ZSM-
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5 catalysts, as determined by KAS, FWO, and FRD methods, are 107.31, 111.58, and 

107.36 kJ/mol, respectively. In the case of Ni/ZSM-5 catalysts, the corresponding 

activation energies are 105.42, 109.75, and 109.50 kJ/mol, respectively. As data obtained 

from the Miura-Maki method, mean Arrhenius constants of Co/ZSM-5, and Ni/ZSM-5 are 

respectively 4.68×109 and 2.3×109 min−1 and are significantly lower than that of TD 

(9.51×1022 min−1). A similar trend of decreasing order of the average Arrhenius constant 

for catalytic samples using Friedman (FRD), FWO, and KAS methods is shown in Table 

4.20. However, due to the more informative nature of Friedman plots, it will be considered 

for further discussion. A plot of lnAα against α for the FRD method is presented in Fig 4.36. 

It is observed that use of catalysts results in a lower Arrhenius constant compared to non-

catalytic samples. 

Table 4.20: Kinetic parameters 

Parameters Methods TD TD+HZSM-5 TD+ 

Co/ZSM-5 

TD+Ni/ZSM-

5 

E
a
 (

k
J
/m

o
l)

 

Friedman 198.13 154.11 107.36 109.50 

FWO 196.15 151.64 107.32 105.42 

KAS 195.54 153.64 111.58 109.75 

A
rr

h
en

iu
s 

co
n

st
a
n

t,
 

A
 (

m
in

-1
) 

Miura-

Maki 

9.51×1022 6.11×1013 4.68×109 2.3×109 

Friedman 1.77×1020 7.02×1013 1.43×109 4.93×108 

FWO 4.10×1018 3.63×1013 1.32×109 2.37×108 

 KAS 5.25×1018 2.47×1013 4×108 7.6×108 
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Fig. 4.36: Plot of lnA as a function of α for catalytic and non-catalytic samples for 

Friedman method 

4D.5.2 Master Plot Method 

 

(A) 
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(B) 

 

(C) 

Fig.4.37: Y(α)/Y(0.5) master plots for single-step pyrolysis of biomass samples 

containing: (A) HZSM-5 (B) Co/ZSM-5 and (C) Ni/ZSM-5 
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Fig. 4.37 presents the Y(α) master plots of catalytic pyrolysis. These figures 

illustrate the theoretical mechanisms that align most closely with the experimental results. 

In order to depict a clear view between the theoretical and experimental mechanisms, 

figures are broken up into two parts containing fractional conversion ranges of 0-0.5 and 

0.5-0.9. To identify the most appropriate mechanism, the analysis considered factors such 

as root mean square errors and the level of resemblance between the experimental curves 

and the theoretical model curves. As mentioned in Chapter 4C, the degradation of TD 

adheres to order-based models within the range of α = 0.025–0.725 and subsequently 

transitions to the D3 model for α = 0.725-0.900. Furthermore, the gradual transition from 

reaction order models (F4 to F2) suggests that biomass degradation depends upon the 

concentrations of remaining reactants [24]. The observation of a high reaction order for 

biomass in the initial stages can be ascribed to hemicellulose degradation. Hemicellulose 

typically undergoes decomposition with a high apparent reaction order [25]. During the 

early stages, when reactant concentrations are relatively high, there is a greater likelihood 

of combining a relatively larger number of reacting species. The gradual decrease in 

reaction order is, as a result, attributable to the decreasing concentrations of reacting species 

as the conversion level increases. The complication of the reaction is significantly elevated 

during the early devolatilization stage. This heightened complexity arises from the 

simultaneous cellulose and hemicellulose decomposition, within a short time frame, 

leading to the formation of several reactive species. The degradation of biomass during the 

initial stages results in the formation of highly porous biochar. This porous structure 

facilitates the diffusion of gaseous products. Hence, as the TD pyrolysis progresses, the D3 

model emerges as the slowest process and begins to govern the overall conversion 

mechanism. Application of HZSM-5 on TD pyrolysis follows the order-based model within 

the α range of 0.025 to 0.525, transitioning to the geometrical contraction and nucleation 

model at the later stages. On application of Co/ZSM-5 catalyst on TD pyrolysis, the 

mechanism changes into the order-based model (F3) followed by diffusion (D3) model and 

nucleation model. Again, for Ni/ZSM-5 catalyst the pyrolysis mechanism follows the 

diffusion (D2 and D3) followed by nucleation model (A4 and A3). Thus, from the 

mechanisms it can be observed that the influence of catalysts on biomass pyrolysis is 

intricate and varied. Catalysts demonstrate the ability to impact reaction pathways, improve 

mass transfer, and contribute to the emergence of new phases or structures. The transition 

from simpler order-based and diffusion models observed in non-catalytic samples to a more 

diverse range of models, encompassing nucleation and geometrical contraction models in 
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catalytic samples, suggests that catalysts introduce additional intricacies and pathways into 

the pyrolysis process. 

4D.5.3 Thermodynamic Parameters 

Fig. 4.38 illustrates variations in Gibbs free energy change (ΔGα), entropy change 

(ΔSα), and enthalpy change (ΔHα) with respect to α. Positive values of ΔHα denote biomass 

pyrolysis as endothermic, requiring energy to break bonds. Non-catalytic biomass pyrolysis 

exhibits the highest ΔHα, signifying the greatest energy demand for the dissociation of 

chemical bonds in its structural components when compared to the catalyzed samples. 

Lower ΔHα values observed for all catalysts mixed biomass in all conversion ranges 

indicate that all catalysts promote the formation of activated complexes at lower 

temperatures. From Fig 4.38 it has also been noticed that ΔHα for catalytic samples are 

initially increasing, which might be due to the substantial energy required to initiate bond-

breaking processes. The Eα˗Hα provides valuable information regarding the viability of the 

reaction, especially when the difference is less than 5.50 kJ/mol. A minimal barrier value 

encourages the formation of products from activated complexes [25]. 

 

(A) 
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(B) 

 

(C) 

Fig. 4.38: Variations in (A) enthalpy change (ΔHα), (B) entropy change (ΔSα), and (C) 

Gibbs free energy change (ΔGα) with respect to α 

Entropy change (ΔS) offers valuable insights into the characteristics of the activated 

complex as well as their formation mechanism [13]. When examining non-catalytic 

processes within the α = 0.1–0.9 range, both negative ΔSα (at α = 0.4) and positive ΔSα 

values (excluding α = 0.4) obtained. The positive entropy change suggests a considerable 

degree of disorder in biomass, resulting in reduced available energy within the system for 

the formation of the activated complex [26]. On the other words, it can be said that the 

activated complex experiences a relatively weak binding, and the activation process 
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includes the separation of its components [27, 28]. ΔSα for all catalyst-containing biomass 

is negative for all the conversion ranges, suggesting that the rate-controlling stage proceeds 

through an associative mechanism, in which the reactant species converge to form a more 

organized activated complex. The observed negative ΔSα may be attributed to the intricate 

steric constraints that come into play during the development of activated complex from 

the reactants [29]. 

Positive values of ΔGα denote the non-spontaneous nature of the solid-state reaction. 

Similarly, the higher ΔGα observed for catalytic pyrolysis suggests that catalysts promote 

biomass devolatilization [14].  

4D.6 Summary 

Different catalysts affect the product distribution of the pyrolysis process differently. 

Further, physico-chemical characterization such as NMR, and GCMS analyses of bio-oil 

indicate improved properties when catalysts are employed, including reduced O and greater 

C content, and higher calorific values. The mean activation energy values for the non-

catalytic pyrolysis were evaluated within 195.54-198.13 kJ/mol, while the catalytic 

pyrolysis processes involving HZSM-5 zeolite, Co/ZSM-5, and Ni/ZSM-5 were assessed 

in the range of 151.64-154.11 kJ/mol, 107.32-111.58 kJ/mol, and 105.42-109.75 kJ/mol, 

respectively, indicating that catalysts play a role in providing an alternative reaction 

pathway or reducing the activation energy required for specific reactions, making the 

overall pyrolysis process more energetically favorable. Thermodynamic analysis also 

supports the catalytic enhancement of biomass devolatilization. The associative mechanism 

is often associated with catalytic reactions where the availability of a catalyst facilitates the 

creation of intermediates or activated complexes, leading to faster and more controlled 

reactions. For catalytic pyrolysis, negative ∆S and higher ∆G values compared to ∆H 

implies that a significant portion of the heat energy supplied to the system is excess or 

surplus. Thus, the catalytic pyrolysis process becomes more exothermic than the non-

catalytic pyrolysis process. This investigation offers valuable insights into ZSM-5 

catalysts’ pivotal role in thermo-chemical biomass conversion. 
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