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Abstract

In this present study, microwave pre-treatment has been used for sustainable biofuel
production from three different biowastes through catalytic aided co-pyrolysis techniques.
The experimental investigations have been carried out to develop biofuel at temperature
(350-550°C), heating rate (15-50°C/min) and particle size (0.12-0.38mm). The resultant
biofuels were characterized using TGA, DTA, FE-SEM, FTIR spectroscopy and NMR
spectrum. The pyrolysis process of biomasses without and with catalyst resulted in the yield
rate of 29-37% and 39-51% respectively. Moreover, the CaO catalytic co-pyrolysis process
of pomegranate peel, groundnut shell and palmcone wastes with a ratio of 50:50 at 0.25mm
particle size has resulted in the highest yield rate of 51.6%. The NMR result of bio-oil

samples produced hydroxyl group and aliphatics which clearly state the suitability of bio-oils

for automotive application. The bio-oil had promising fuel characteristics consisting more

energy density (29.1MJ/kg), less oxygen content and free of nitrogen.
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mailto:nanthagopal2013@gmail.com

31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53

54
55
56
57
58
59
60
61
62
63

1. Introduction

Sustainable alternative energy plays a significant role in environmental changes. In
the past few decades, industrialization and population growth rate is intimated by the energy
demands (Suriapparao et al., 2020). The majority of energy demand is highly contributed to
fossil fuels like coal, natural gas and petroleum resources. However, the consistency in these
fossil fuel utilization results in not only environmental problems but also causing
sustainability issues. Therefore, global energy demand is compensated by several renewable
energy resources (Varma et al., 2019). In reason times, biomass is getting a wider attraction
for sustainable energy development due to the enormous route of raw materials. It does not
only used to produce heat but also for chemical products, electricity generation and more
importantly fuels which can compensate for global energy to some extent. Many developing
countries have developed numerous effective waste management systems and for the disposal
of various biomass resources however complete disposal causes a financial crisis, and
polluting the environment and in particular filling up the occupying landfill sites (Arenas et
al., 2019). The applied waste management strategy for biofuel production has been presented
in Fig.1. The word biomass refers to organic plants, trees, agricultural industrial residues also
including municipal solid waste which is all sun’s energy of photosynthesis. Even today the
biomass contributes 12% of the primary energy supply in the world and many developing
countries to the range of 40-50% (Demirbas and Arin, 2002). Waste recycling will have
creative eco-social business models that are the more cascading and circular economy.
Furthermore, the waste valorization process requires a development of an efficient and
sustainable waste management strategy to overcome the limitations of conventional waste

management approaches.

Bio-oil is the promising alternative fuel in the current scenario, promoting renewable
energy resources and is made up of lignocellulosic biomass via the pyrolysis process (Wu et
al., 2020) Biomass is the third-largest renewable energy source in the world's energy supply
(Zhang et al.,, 2021). Biomass and waste can be converted through thermochemical
conversion processes such as pyrolysis, gasification and combustion (Arenas et al., 2019).
Pyrolysis is gaining popularity because it can produce a variety of value-added products in
the form of gases, liquids, or solids, depending on the process conditions (Neves et al., 2011).
Biomass from lignocellulosic sources (LCB) is one of the most promising options for
reducing fossil energy dependency, as it is the only renewable source that contains carbon

that can produce biofuels similar to fossil fuels (Karthick & Nanthagopal., 2021). Moreover,
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the major portion of biomass derived from plants, woods, and crops is lignocellulosic in the
form of hemicellulose, cellulose and lignin. The use of lignocellulosic biomass like organic-
based biomasses as a potential feedstock for biofuels, energy, and biorefinery applications is
focussed among the scientific community (Ferreiro et al., 2017). Pyrolysis of biomass in the
absence of oxygen at high temperatures (450-600 °C) is referred to as biomass pyrolysis.
Depending on the operating conditions and reactor category, this technology has the potential
to produce a liquid fraction (bio-oil) yield of 60—70 wt.% (Singh et al., 2020). Pyrolysis is
divided into two types based on heating rates: fast pyrolysis and slow pyrolysis. The
consumption of biomass for biofuels and biorefinery production is being complex method
due to the involvement of several key factors including the utilization target, conversion
expenses, accessible technologies, storage and distribution (Sakulkit et al., 2020). There have
been numerous biomass resources for the production of bio-oil and biochar like corn cobs,
coconut shells (Rout et al., 2016), wheat straw (Suriapparao et al., 2020), coffee grains
(Matrapazi and Zabaniotou, 2020), fruit peels (mango, banana, pomegranate, orange, etc.)
(Arenas et al., 2019), rice straw and rice husks (Hao et al., 2021), rubberwood, oil palm

biomass (Sakulkit et al., 2020) and wood sawdust (Soni and Karmee, 2020).

The advanced technology of co-pyrolysis is one of the emerging and promising
approaches for the effective recovery of biomass for various resources. Bio-oil obtained
through the pyrolysis process is seems to be highly oxygenated which has resulted in low
heating value, enhanced acidity, significant humidity content. All these issues lead to poor
storage stability (Vuppaladadiyam et al., 2021). An effective way of mixing two or more
biomass feedstocks is commonly known as the co-pyrolysis technique which has shown
much improvement in the end products without much energy consumption. Moreover, the
higher yield rate co-pyrolysis technique is highly influenced by individual components of
biomass (Volpe et al., 2018). Sourabh Chakraborty et al. (Chakraborty et al., 2021) examined
the co-pyrolysis process using digested sludge, algal biomass and cedarwood for the
production of bio-oil through thermochemical techniques. Even though the co-pyrolysis
technique has reduced the oxygen content in the resultant products, the bio-oil extracted rate
is slightly higher than other conventional pyrolysis (Zhao et al., 2020). This low yield rate
could be enhanced with the presence of a suitable catalyst. Several catalysts have been
developed so for the improvement of higher production of bio-oil around the globe. The
function of catalyst the co-pyrolysis technique is to crack the highly volatile compounds into

simplified form deoxygenation, dehydration and decarboxylation techniques (Ren et al.,
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2020). In recent times numerous catalysts have been used like biochar-based zeolite catalysts,
Fe-based catalysts, metal oxides catalysts (CaO, TiO, etc.) Ni-based catalysts and more
importantly microporous composites catalysts (Hao et al., 2021). Metal oxides have gained
focus in catalytic pyrolysis processes, due to their convenience and accessibility. It was also
found that metal oxides were efficient for oxygen elimination (Lin et al., 2018). CaO
converted the glycosidic bond breakage route to the breakdown and reforming route, as seen
by the lowering of levoglucosan and acetic acid. CaO also aided the side-chain detachment
reaction mechanism in lignin, leading to an increase in phenol and diols (Veses et al., 2014).
CaO, a classic basic oxide, has been investigated as a catalyst for bio-oil improvement due to
its environmental compatibility and low cost. Through catalytic processes, CaO aided in the
production of hydrocarbons. Furthermore, CaO removed the acids while increasing the
selectivity of the ketones. Meanwhile, when compared to non-catalytic pyrolysis, the amounts
of hydrocarbons and light chemicals (such as acetaldehyde and acetone) were considerably

enhanced (Lu et al., 2010).

In recent years, pyrolysis process is one of the best biofuel development methods for the
conversion of waste biomass into wealthy biofuel energy. In addition, highly integrated
pyrolysis with suitable pre-treatment like ultrasonic, hydrothermal carbonization, microwave
and pickling could enhance the bio-oil extraction rate at an economically viable route.
Among which microwave pre-treatment is the predominant method that has resulted in a
higher yield rate on biomass conversion. Hardly a few experimental works only carried out
with microwave preheated pyrolysis process. Specifically, the unique selection of various
biomass mixtures from different waste sources for the co-pyrolysis is a novel work. However,
there is no research outcome on the influence of metal oxide on bio-oil production. Therefore,
an attempt has been made to investigate the impact of Calcium oxide (CaO) on bio-oil
production from various biomass feedstocks. A comparative assessment has been carried out
on bio-oil production from with and without catalyst activation under the same operating
conditions. Further, this study has been extended to enhance the bio-oil production rate using
the co-pyrolysis approach and evaluation of bio-oil for the suitability in internal combustion

engines.

2. Materials and Methods

2.1. Biomasses preparations
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The present investigation was carried out on various lignocellulose biomasses of
pomegranate peel (PP), groundnut shell (GS) and palm cone waste (PCW). These biomasses
have better volatile compounds of higher than 75% and more than 45% of hemicellulose
content. These biomasses are collected from different waste sources like groundnut shell
from agro waste, pomegranate peel from food waste and palm cone from the forestry waste.
Primarily the collected biomasses were cleaned using deionized water and dried in the
presence of sunlight for 48 hrs duration. Thereafter, the size of biomasses was grinding to the
particle size of 0.12-0.38mm for achieving a better yield rate. These biomasses were heated
up to 65°C in a hot air oven for 24hrs duration to drain out the moisture content. The ultimate
analysis of biomasses used in the present investigation is given below. In the end, biomasses
samples were kept inside the desiccator to avoid moisture absorption. The biomasses and
products characterization all the pyrolysis experiments and instruments analysis given in

Table 1.

2.2.  Microwave pre-heated treatment

In this study, biomass samples were undergone a microwave pre-treatment process using a
microwave oven. These samples were heated at the rate of 545.95, 818.91 and 887.16W/min
for 3min, 3min and 2min respectively. The optimized pre-treatment condition was tabulated
in Table 2 and catalyst proportions are provided in Table 3. After completion of the pre-
treatment process, the weight of the biomass samples is estimated and recorded for further
investigation. the entire production process of formulated in the form of a flow chart which

is given in Fig.2.
2.3.  Pyrolysis Experimental Setup

The present experimental work was conducted on a pyrolysis reactor of 2litres capacity. It
consists of two condensation units, an inbuilt electrical furnace, a chiller unit, and a vacuum
pump. The internal diameter of the quartz reactor is 100mm and the height is 320mm which
can withstand the temperature upto 1500%. A 2kW external furnace has been installed in the
system for the heating purpose and the reactor temperature controlled by an external PID
controller. The vapour obtained from the reactor is directed to the condensation unit for the
condensation process. Finally, the bio-oil was collected from the round-bottom flask and the
weight of bio-oil was measured. In addition, the weight of biochar is also measured and the

yield percentage of the pyrolysis products is calculated using the below-mentioned equations
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(1-3). In the end, the reactor was cooled to ambient temperature after the completion of the

pyrolysis process and the biochar left in the reactor was collected.

weight of the collected biooil

Bio oil yield% = x 100 (1)

weight of the biomass

weight of the collected biochar

Biochar yield% = x 100 (2)

weight of the biomass

Gas yield% = 100 - (Bio - oil yield % + Biochar yield %) (3)

The production of bio-oil from various biomass feedstocks was investigated in two
production methods like non-catalytic and catalytic co-pyrolysis process. Initially, the dried
microwave preheated samples of pomegranate peel (PP), Groundnut shell (GS) and Palm
cone waste (PCW) were explored non-catalytic pyrolysis process. Each biomass sample was
taken as 150g with a particle size of 0.12-0.38mm were placed in the reactor, and all the
samples were heated at the rate of 15-50°C/min to find the final heating temperature for
maximum biomass conversion. In the second phase of the investigation, co-pyrolysis was
used by mixing these biomasses at a 50:50 ratio without catalyst. In the third stage, the co-
pyrolysis process was enhanced by a CaO catalyst for the same biomasses blend under the

same operating conditions.
2.4. CaQ catalyst

From the extensive technical literature, the metal oxide can boost up the pyrolysis reaction
under any specified operating condition. Numerous metal oxides are existing and many
oxides were used successfully for bio-oil production. A comparative study on various metal
oxides for the upgradation of the pyrolysis process was studied with ZnO, Cao, MgO, TiO,,
NiO and Fe,O;. Among these metal oxides, ZnO has the ability to slightly alter the pyrolysis
product and Fe,O3 has the potential to form the hydrocarbons. But none of these metal oxides
except CaO has the potential to eliminate the acids and formation of hydrocarbons (Lu et al.,
2010). So that, in this present study calcium oxide (CaO) was used as a catalyst for co-
pyrolysis reaction due to its better cracking ability to split the carbon chain into smaller
molecules without deriving the higher temperature. In an earlier study wang et al, suggested
that foundation materials such as inexpensive dolomite and limestone could be more
advantageous in improving pyrolysis oil output (Wang et al., 2010). It was also pointed out
that utilization of CaO for co-pyrolysis reaction does not produce carboxylic acids or furans
because these carboxylic acid present would greatly reduce the bio-oil production. At the

same time, the CaO catalyst could enhance the yield of Ketones, phenols, alkenes, and
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alkadienes (Lin et al., 2018). For all the catalyst co-pyrolysis reactions, the catalyst was
crushed and sieved to a 200-mesh size before usage, and the powders were dried at 120°C for

2 hours to eliminate the physically absorbed water.

2.5. Water content titration

Karl Fischer's water analysis is currently carried out using two separate methods: volumetric
and coulometric titration. A sample water content determines the method. lodine solution is
added to each tube using a motorized piston burette in the volumetric Karl-Fischer titration.
The volumetric titration is appropriate for samples with a high water content, ranging from
0.01 to 100% by weight. Iodine is produced in the coulometric Karl-Fischer titration by
electrochemical oxidation in the titration cell. This approach is appropriate for samples with
low/trace water content ranging from 0.0001 to 5% by weight. On the titrator, the water
content of each tested sample (standard and oils) was determined in the same way. The
sample weighed between 0.10 and 0.15g. When the drying oven reached the desired
temperature, the sample was dropped into it with a dropper. The DM 143 SC electrode was
utilized for the titration, and the “mixing time” was set to 60 seconds (the start of the
measurement — insertion of the sample into the sample tube), the titration itself was 900
seconds, and the “delay time” was set to 60 seconds (60 seconds from reaching the first
endpoint to the moment the titration ended). The Karl-Fischer technique was used to measure

the amount of residual water in the organic phase (Zhen et al., 2020).

3. Results and discussion
3.1. Biomass Characterization

3.1.1. Ultimate analysis of Raw materials and biochar

The ultimate analysis could determine the fuel's properties in the specified substrate and the
results are summarized in Table 4. The elemental analysis showed that the contents of C, H,
N, S and O of PP, GS, PCW were in the range of 40-55%, 5-6.7%, 0.5-1%, >0.01% and 40-
50% respectively. Similarly, the biochar products have the C, H, N, S and O in the range of
75-80%, 3-5%, 0.1-0.5%, 0.01 and 15-18% approximately. In both raw biomasses and
biochar, the amount of carbon and oxygen is higher than hydrogen, nitrogen, and sulphur,
according to the ultimate analysis. The C and H levels of PP were greater than among GS and
PCW, whereas the N, S, and O levels of PP were lower than among GS and PCW. The
oxygen concentration of biomass must be low for the pyrolysis process, while the carbon and

hydrogen levels should be high. This is because the carbon and hydrogen in biomass can be
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transformed into valuable aromatic chemicals in bio-oil (Sakulkit et al., 2020). On the other
side, during the pyrolysis process, oxygen will be coupled with the hydrocarbon molecules as
oxygenated compounds, lowering the quality of bio-oil. Furthermore, pyrolysis of biomass
with a high oxygen concentration poses a risk of producing bio-oil with high water content.
This is due to the formation of moisture content by the chemical reaction between hydrogen
and oxygen (Pimenidou and Dupont, 2012). The nitrogen and sulphur levels of the biomass
samples were also low. It was also noted that the formation SOx and NOx were extremely
low 1n all biomass samples due to their low inherent rate. The biochar retains the majority of
sulphur and nitrogen (Varma et al., 2019). From the available elemental analyzer data, the
empirical formula for the raw biomasses and biochar were obtained and the same has been
presented in Table 4. Further, the H/C and O/C molar ratio was calculated by the empirical
formula. Finally, the higher heating value (HHV) was also estimated from the elemental

composition biomasses using the Dulong equation (Table 4) (Park et al., 2011)
3.1.2. TGA and DTA analysis

Thermogravimetric analysis (TGA) and Differential thermal analysis (DTA) are determining
the nature of thermal stability of biomass characterization. The thermal behaviour of PP, GS,
and PCW was carried out in a non-reactive environment using a TGA and DTA instrument
(SDT Q600). Around 2.25mg sample was taken for each biomass sample to characterize the
thermal stability in the range of 30-800°C. The heating was carried out at the rate of 20
°C/min with a constant flow of N, gas purge 100ml/min. The thermal breakdown of PP, GS
and PCW was presented in Fig.3. Decomposition happened mostly during the drying phase,
active pyrolysis phase, and lastly char production stage, according to the TGA and DTA
Curve representation of biomasses. For the drying, active pyrolytic phase, and passive
pyrolytic stage, the thermal decomposition temperatures of biomass ranged from 30-150°C,
150-550°C, and 550-800°C respectively (Mishra et al., 2019). The peak of the TGA curve
was majority shown in between 120-600°C is represented as temperature range biomass in
the pyrolysis process active phase. The DTA curve identifies the majority of components
decomposed in the range of 400-600°C which makes it suitable for the pyrolytic condition
(Mishra and Mohanty, 2020). The TG curves of the three biomasses (PP, GS, and PCW) were
compared, and PCW and GS were in the more or less same temperature range as PP. A
similar trend has been noticed in the DTA curve also. The PP biomass is manifested thermal
stability beyond the expected temperature but in the experimental method of co-pyrolysis, PP

biomass has not shown any influence on yield rate. Higher molecular weight compounds,
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such as heavy hemicellulose and cellulose compounds, were partitioned into lower molecular
fractions by external thermal effects in the second stage at the pyrolytic phase of 120-600°C
resulted in the liberate of hot volatiles. Because of the degradation of hemicellulose in the
first phase (120-350°C) and cellulose in the second phase (350-550°C), the second phase is
divided into lower and intermediate temperature ranges. However, this temperature range
may vary depending on the content of the biomass. In comparison to cellulose and lignin,
hemicellulose is less thermally stable. Nevertheless, at high temperatures (> 550 °C), the
hydroxyl phenolic groups that improved lignin's thermal resilience will be discussed in FTIR
analysis. There was no further weight loss in the passive zone, but carbon and ash were
present in solid form (inorganic residue). It was also noted that the final heating temperature

of all pyrolytic experiments was maintained at 550°C(Mishra and Mohanty, 2020).

The samples of 2.24 mg for PP, 1.434 mg for GS and 2.174 mg for PCW were taken in the
TGA and DTA analysis experiments. From Fig.3(a), it is identified that PP, GS, and PCW
biomasses were dried in the range of 6.043%, 6.870%, and 8.558% in the 0.136mg, 0.099mg,
and 0.186mg, respectively. The biomass samples consumed in the active pyrolytic stage as
1.192 mg, 0.732 mg, and 1.029 mg at rates of 53.03%, 50.44%, and 47.33% for PP, GS, and
PCW, respectively. The results verified that higher molecules degraded into lower
compounds as hemicellulose decomposed in cellulose to achieve the greatest peak shown in
the DTA curve. The final TGA curve clear indication of char formation which can be directly
correlated by the presence of lignin content in the biomass samples. Interestingly all three
biomass samples were produced biochar residue at beyond 500°C. The char residue in PP,
GS, and PCW biomasses are 8.816% in 0.1982mg, 7.678% in 0.111mg, and 12.52% in
0.277mg, respectively. The residual component of the TGA analysis revealed that a large
number of biomasses were either entirely converted to char or degraded. The pyrolytic
conditions have completely devoured that stage of the sample, leaving just residual biomass.
The values are 32.11% in 0.722mg for PP, 30.05% in 0.503mg for GS and 31.58% in
0.687mg for PCW biomasses respectively.

In the DTA curve (Fig.3(b)) these three peaks are thought to be caused by various lignin,
hemicellulose, and cellulose breakdown ranges, according to the literature. The initial curve
of DTA analysis inveterate that water molecules and lower molecular weight compounds
were removed in the earlier stage and the values are 0.069°C min/mg and 0.0101°C min/mg
at 62.88°C and 298.59°C for PP biomass, 0.0744°C min/mg at 64.96°C for GS biomass and
0.139°C min/mg at 63.34°C for PCW biomass respectively. PP biomass has enlarged

9
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molecular weight compounds with biomass closer to the apex of hemicellulose. This result is
verified by the DTA curves in which a desorption phenomenon is linked to an endothermic
peak. The DTA curves below 90°C have shown a likely weight loss due to water desorption
remaining in samples. Moreover, hemicellulose decomposition has been verified at peaks
detected at 89.78° C, 83.94° C and 81.65° C for PP, GS and PCW biomasses as
hemicellulose degraded typically at a lower temperature of 80 °C to 340°C. The maximum
temperature for the co-pyrolytic reaction is limited to 550°C due to subsequent cracking
reactions beyond 600°C which enhances the gas formation and also diminishes bio-oil
production. Some of the earlier studies stated that effective pyrolysis conversion could be
possible even at a temperature of 450-500°C which is very low compared to the present
investigation. However, in this study 550°C is seems to be the best temperature for pyrolysis
conversion which has been proved from the curves of DTA. Fig.3(b) revealed that the weight
loss of biomass samples was quite low at higher temperatures and this trend has been
witnessed in all the biomass samples during the pyrolysis technique. The thermal degradation
of biomass samples begins beyond 250°C. The cellulose breakdown has effectively happened
at two locations 320.85°C and 583.5°C for PP biomass whereas for GS biomass at 561.9°C
and PCW biomass 559.4°C. The DTA analysis has evident that PP biomass has more

potential to yield bio-oil even at extreme temperature levels.
3.1.3. FTIR Characterization

Fourier Transform Infrared Spectroscopy analysis was conducted using an FTIR analyzer
(MODEL: Thermo Nicolet iS50 with inbuilt ATR made by Thermo Fisher Scientific). The
FTIR characterization analysis was carried out at different stages of biomass samples, which
confirms the occurrence of diverse functions in connection with different chemical
classifications. It was evident that the functional substances and functional groups along with
the characteristic absorption bands for all biomass samples which are prepared under co-
pyrolysis technique with and without catalyst. The peak value of the FTIR spectrum at the
range 3500-4000cm! was a representation of water content which is due to the stretching
vibration of OH radicals for the presence of alcohols, phenols and water particles in the
biomass samples (Zhang et al., 2021). It is also witnessed that the same peak value for water
content was derived as 3641.60cm! for all the co-pyrolysis biomass samples. On other hand,
the same peak value was obtained from the biochar sample as well. Furthermore, the presence
of lignin content in the biomass samples was evident at 3229.42cm! and 3294.42cm!. These

bands can be attributed to OH stretching vibrations associated with cellulosic compounds

10
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(Zhang et al., 2020). The remaining CH radicals are induced by symmetrical and
asymmetrical stretching of CH, which has been found in 2922.16cm! (Liu et al., 2016). The
higher peak value of 1700-1650cm™! in the FTIR spectrum was the clear indication of C=0
based ketones and this has resulted in the conversion of aldehyde to ketones by the
breakdown of hemicellulose and cellulose compounds (Zhang et al., 2020). In the present
FTIR analysis, the ketones were noted at the peak of 1718.58 cm™! and 1724.36 cm!. The OH
bending mode of adsorption water and protein amide C=O is primarily responsible for the
wideband at 1620.2cm™! (Liu et al., 2016). The aromatic C=C stretching vibration was
identified at 1614.42cm’!, and the pattern in these four samples are nearly identical (Hu et al.,
2021). The existence of monocyclic, polycyclic, and substituted aromatic compounds is
shown by the absorption band of 1410-1650cm!. The FTIR spectrum of the biochar sample
shows the peak value of 1411.89cm™! which is the presence of C-H stretching of aromatics in
the lignin structure, however the same has been revealed at 1423cm™! and 1424cm™! in co-

pyrolysis biomass samples (Lazzari et al., 2018).

On the other hand, the non-esterified carbonyl group has been traced out at a peak of
1328.95cm! in the co-pyrolysis biomass samples. These peak ranges provide strong C-H
stretching during the catalyst-based co-pyrolysis reaction. The peak spanning 1200-1100cm-!
can often be due to organic acid C-O stretching (Yang et al., 2007). The existence of phenols
and alcohols generated by the breakdown of hemicellulose, cellulose, and lignin was
suggested by the -OH and C-O stretching associations at the peak value of 1228.66cm! and
1147.65cm™! respectively (Yang et al., 2007). Furthermore, the peak at 1228.66¢cm™ in the
MW FTIR spectra is due to the vibration mode of OH/NH deformation in proteins (Liu et al.,
2016). The absorption peak at 1014.58cm! indicates the bending of C-O and C-O-H in
secondary and primary alcohols or aliphatic ethers, however, catalyst assisted co-pyrolysis of
biomass sample at the peak value of 1026.13cm! could reflect the vibrational stretching of C-
O-H, C=C, C-C-O from polysaccharides (Ceylan and Goldfarb, 2015). These peak values
were generated with strong intensity and high attribution during association with cellulose
and hemicellulose of catalyst co-pyrolysis. The lower bandwidth 800-400cm! is a clear
indication of CO, content (Zhang et al., 2020), however, in the present study peak value of
875cm ! was noted in the biochar sample which is due to aromatic structure (Hu et al., 2021).
The enhancement in the higher peak value is mainly due to the presence of a catalyst in the
pyrolysis reaction. The remaining small traced amounts in the spectrum show the

accumulation of different species.
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3.2. Product yields

Pyrolysis studies were carried out to analyze the effect of various operating parameters on the
final production rate. It is also used to conduct the in-depth properties estimation of bio-oil
which is obtained from various forms of biomasses. Fig.4(a-c) shows the production of
pyrolysis oil and other by-products through pyrolysis and co-pyrolysis techniques. It is well
known that the pyrolysis oil yield rate is highly dominant by factors of heating temperature,
heating rate, biomass particle size and more importantly feedstock compositions. Therefore,
the entire experimental investigation was conducted at the peak temperature of 550°C. In
particular, the heating temperature selection co-pyrolysis technique was selected based on the
TGA data. It has been observed that the production of pyrolysis oil was maintained at 30-
33% during individual pyrolysis techniques and it was enhanced to 36% during the non-
catalytic co-pyrolysis technique. This result has been evident for all the co-pyrolysis biomass
samples at the ratio of 50:50 (Hao et al., 2021). Further improvement in the production yield
of pyrolysis oil was noticed during the catalytic-based co-pyrolysis technique. In particular,
the highest yield rate of 51.7% was obtained for a co-pyrolysis combination of PP+ GS+
PCW-+ CaO. The resulting liquid fraction is a complex combination of hydrocarbons ranging
from Cs to C,, with a low heating value, a C/H ratio similar to that of many fuels, and a low
sulphur level (Berrueco et al., 2005). From the graph, it is also interesting to note that the
biochar production was slightly higher for PCW biomass during individual pyrolysis
techniques and this biochar rate marginally reduced (40-44%) during the non-catalytic co-
pyrolysis process. On the other hand, the CaO catalyst aided co-pyrolysis process has shown
a remarkable reduction in biochar production and this reduction has been witnessed for all

combinations of biomass samples.

The resultant residue of the pyrolysis technique was obtained from various biomasses in the
form of residue loss and water content. The residual loss is explained as the segment of the
glass column linking the upright condenser and bent at a 30° where tar or pyrolysis oil
deposition occurred. The maximum pyrolysis oil deposited in that region was scraped off
with a customized spatula. Following the pyrolysis process, the glass column, condensers,
spatula, and vents connecting the condensers were thoroughly cleaned with acetone to reduce
the loss caused by pyrolysis oil sticking to the glass equipment (Bhattacharjee and Biswas,
2019). The liquid fraction is the combination of oil and water content, the water content
determined by the Karl-Fischer titration (Zhen et al., 2020), almost considered as a loss.

Interestingly, the residue loss and water content are quite consistent (10-15%) during the
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individual pyrolysis and non-catalytic co-pyrolysis process. However, the resultant residues
were reduced substantially to below 10% during the catalyst-based co-pyrolysis process and
this trend has been maintained for all combinations of biomass samples. This reveals that the
presence of CaO catalyst is playing a more dominant role than co-pyrolysis biomass samples.
It is generally known that in the case of co-pyrolysis, the presence of a catalyst caused a
dehydration reaction, resulting in the creation of water, acid, and carbonyl compounds. In
addition, the production of gases and char should be enhanced. Further, the addition of a
catalyst in the raw materials can significantly improve the production of gases and pyrolysis
oils (Fekhar et al., 2020). The pyrolysis process was carried out until no vapours emerged
from the reactor as a result of employing the catalyst aided batch reactor. As a result, the
formulation of heavy oil during the pyrolysis process was completely eradicated. In
comparison among all catalytic processes is the highest yield of liquid fraction was obtained
45-51% during the catalyst co-pyrolysis process. In the present study, the CaO has been used
as a cracking catalyst under a 50:50 catalytic co-pyrolysis ratio. This has resulted in CaCOs
formation during the pyrolysis reaction which has enhanced the CO, capturing ability from
these biomasses. Finally, it was concluded that the presence of CaO during the co-pyrolysis
technique has shown remarkable improvement on resultant products and it is expected to
increase with a higher concentration of CaO. Metal oxides catalyst CaO enhances the oil
yield which makes up to lower gas yields, it is better suitable for lignocellulosic biomasses
materials. To improve the effectiveness of the hemicellulose to cellulose decomposition
catalyst CaO, the catalyst cracks the cellulose with the help of oxidation to increase the bio-
oil upgrade. It's possible that using a CaO catalyst to promote cracking events will result in
the synthesis of condensable organic compounds via retrogressive reactions, enhancing the
liquid fraction yield. After the segregation of bio-oil from the yielded products in NMR
analysis was carried out to identify the physical nature of sustainable bio-oil. Fig.4(d) depicts
the overall resultant products obtained from catalytic and non-catalytic biomasses in
percentage. Nearly 10-15% pyrolysis gas also formed during all pyrolysis methods which has

a common issue in pyrolysis techniques.

The gas temperature differs between catalytic and non-catalytic runs. When CaO is used, an
increase in H, concentration is noticed, as well as a slight increase in both CH4 and CO
intensities and a decrease in CO,. It could be owing to CO, capture by calcium-based
components according to Equation (4), favors H, creation from the water gas shift reaction

and, as a result, methane reforming according to Equation (5) and (6). It's important to note
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that only CaO is taken into account in the carbonation reaction, which corresponds to the

reduced concentration of CO, found in the CaO study.

CaO(s) + CO2(g)«<>CaCOs(s) 4)
CHagg) + H2O(g)>3Ha(g) + CO(g) )
CO¢g) + H20(9>CO(g) + Ha(y) (6)
Biomasses + CaO(S)é’Syngas(g) +Biochar(s) + CaCOss) (7)
Syngas(g) 5 ——=Biooil(1l) +tar(s) (8)

As these Calcium-based substances have shown a catalytic effect on biomass pyrolysis, the
rising concentrations of H,, CHy, and CO could be attributed to improving cracking reactions
as shown in Equation (7) and (8). As a result, for those studies with calcium-based materials,

a higher HHV is obtained, with CaO containing this improved performance.

3.3. Influence of operating parameters on product yields

In this chapter, influential effect of various operating parameters involved in the pyrolysis
process such as heating rate and particle size and catalytic loading has been discussed.
Moreover, temperature of pyrolysis reactor has major role in influencing the bio-oil yield
rate. But the optimum temperature has been chosen as 550°C based on the TGA and DTA
analysis results.

3.3.1. Effect of Heating rate

Thermal breakdown of PP, GS, and PCW biomasses was executed in the pyrolysis reactor
under an inert atmosphere at multiple heating rates. The pyrolysis oil yield rate of PP, GS,
and PCW biomasses at different heating rates experiment and three kinds of biomass are
made up of non-catalytic and catalytic were co-pyrolyzed at 550°C at different heating rates
(15-50°C/min). The resultant products of non-catalytic and catalytic techniques are compared
through oil yield rate only. The higher heating rate means that the biomass is exposed to
higher temperatures for a shorter period, resulting in instability. The TG and DTA curves
migrated nearer to the high-temperature area as the heating rate increased, and also thermal
hysteresis has emerged in the pyrolysis process. In addition, as the heating rate was raised,
the initial release temperature of volatile components and the peak temperatures of the DTA
curves have increased. As the temperature range increased, the pyrolysis process reached its

peak pyrolysis temperature before reaching its final pyrolysis temperature, at which bio-oil

14



450
451
452
453
454
455
456
457
458
459
460

461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482

was created and hemicellulose degradation to cellulose has occurred. With a rise in heating
rate, the lower volatile matter deposition, low weight loss and higher residual weight were
found and this trend was noticed with an increase in pyrolysis temperature also (see
supplementary material). As pointed out earlier the TGA analysis clearly shows the three
stages of the pyrolysis process which include the drying stage, heating stage and final stage.
It is to be suggested from the DTA curve that the removal of moisture content and weight
loss in the biomass samples would happen in the first phase of pyrolysis when the
temperature reaches beyond 100°C. The pre-heating stage (100°C ~ Ty; T, is the initial
pyrolysis temperature) happens when the biomass depolymerizes and the “glass transition”
starts. The volatiles is emitted in the third stage (To~T; T is the final pyrolysis temperature)
(Xiao et al., 2020).

As the heating rate increases, the pyrolysis temperature reaches its maximum value, which
makes the greater influence of pyrolysis oil yield rate. The cellulose decomposition along
with lignin formation for the production of bio-oil is highly triggered during the second stage
of the pyrolysis process (active pyrolysis phase). As per the given data, the raising final
heating rate and the final pyrolysis temperature are proportional to a peak pyrolysis
temperature. At the same time, increasing the heating rate might affect the oil yield rate. The
inherent heat and mass transfer among biomass particles affect the pyrolysis characteristic
temperature at different rates. At a lower heating rate, there is a uniform heat distribution
among each biomass particle without much weight loss and this might result in enhancement
pyrolysis production rate. Even though, when the heating rate rises, the temperature gradient
between the interior and exterior surfaces of the biomass particles would be widened.
Moreover, due to the lag in heat transfer rate, the pyrolysis temperature inside the biomass
particles is very low. It affects the pyrolysis of the inside biomass particles. As a result, the
pyrolysis of biomass happens at a wider temperature range by shifting the DTA peak towards
higher temperature which makes a greater influence on lignocellulosic biomass particles
development (Xiao et al., 2020). It was identified that with an escalation in heating rates from
15 to 50°C/min at a uniform rise of 5°C/min in the active zone (about 150- 550°C),
decomposition of non-catalytic co-pyrolysis (PP, GS and PCW) was observed 20%, 24.1%,
24.5%, 27.1%, 28.3%, 36.4%, 33.1%, 33% and catalytic co-pyrolysis (PP, GS, PCW with
CaO) was 23%, 31%, 33%, 41.5%, 45.23%, 51.7%, 48.1% and 46% yield rate respectively as
shown in Fig.5(a) and 5(b). At a heating rate of 40°C/min, both non-catalytic and catalytic

co-pyrolysis are shown maximum oil yield and beyond 40°C/min heating rate, the yield rate
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was slow down. The heating rate was estimated from using TGA results through optimized
temperature limits. The reduction in the residence time at higher heating rates results in a
slowdown in the interaction between the biomass particles. It also produces more inorganic
residues at a higher heating rate. While maintaining prolonged residence time, the interaction
between biomass particles has decreased the inorganic residue formation even at lower

heating rates (Mishra and Mohanty, 2020).
3.3.2. Effects of Particle Size distribution

The particle size distribution on different biomass at a heating rate of 40°C/min was
influenced. In the case of Groundnut shell and palm cone waste biomasses, the initial and
final pyrolysis temperature enlarged for large particles but were comparable for small
particles (0.12-0.18mm and 0.22-0.38mm) at the same heating temperature. However, for
Pomegranate peel (PP) biomass the particle size distribution was revised as it seems to be the
heftiest. This is due to the woody structure of both GS and PCW biomasses in nature and this
has resulted in larger interparticle spaces. Interestingly, the lower thermal resistance between
the interior surface of smaller biomass particle sizes offered better pyrolysis efficacy with a
superior yield rate. On the other hand, the higher particle size of biomass samples produced a
lower yield rate. It is to be noted that an increase in biomass particle sizes (0.12-0.38mm)
required a higher initial temperature of 213- 267°C and this trend has been witnessed in non-
catalytic and catalytic co-pyrolysis (See supplementary material). Therefore, maintaining a
smaller particle size for each biomass sample is the topmost priority to attain the initial
temperature. In the present study, the PP biomass has been identified as higher intensity with
smooth structure in the form of smaller particle size. However, as per the TGA result, the
weight loss curves of GS and PCW biomasses occupies high-temperature area which has
resulted in higher semi-char yield even though these particle sizes were low. On the other
hand, this trend seems to be inverse in PP biomass with two intermediate temperatures and
therefore the addition of PP with GS and PCW biomass samples could enhance the
intermolecular reaction among biomass particles. This is primarily the heat-transfer constraint
in and around the particles that generates a temperature difference inside the granules during
the pyrolysis of large particles(Xiao et al., 2020). The heat transfer rate reduced as particle
size surged, and the time is taken for heating the particle nucleus to rise to the final reaction
temperature has been enhanced. The results revealed that the particle size (0.12-0.15, 0.18-
0.22 and 0.25-0.38mm) on both non-catalytic co-pyrolysis were observed to be 33.65%,
33.4%, 35.2%, 36%, 36.4%, 35.4% and for catalytic co-pyrolysis was 42.4%, 43.6%,
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45.56%, 45.21%, 51.7% and 46% yield rate respectively as shown in Fig.5(c) and 5(d).
Moreover, the weight loss in biomass samples has been revealed during the microwave
preheated process due to the changes in its surface area and also the removal of moisture
content. The maximal weight loss, Umax (%/°C) has slightly increased with an increase in a
final pyrolysis temperature and followed decreasing trend after the attainment of peak
temperature. As a result, considering the cost and reaction control factors, 0.25mm was
determined to be the optimum particle size for the three raw materials in this investigation.
Even though, both non-catalytic and catalytic co-pyrolysis yielded a higher oil rate at a
particle size of 0.25mm, catalyst-based co-pyrolysis resulted in higher output. This is due to
the change in particle structure on microwave preheated biomass along with the presence of

catalyst thereby producing a higher yield rate (Varma et al., 2019).
3.3.3. Effects of microwave preheating and catalyst loading on pyrolysis process

In this study, the microwave preheating has been performed to enhance the thermal cracking
of biomass for obtaining better bio-oil yield. When comparing the pyrolysis processes of
individual biomasses with and without microwave preheating process, the process with
microwave preheating process has better yield rate. Because, the experimentation process
without microwave preheating of individual biomasses results in 20-25% of bio-oil yield rate.
On the other hand, the pyrolysis process of individual biomasses aided with microwave
preheating shows the improved yield rate of 29-32%. Moreover, the co-pyrolysis of biomass
mixtures results in further improved yield rate of 33-37%. Besides, both the individual
biomasses and their mixtures achieved the optimum yield rate at the microwave oven setting
condition of 545W/min for 3min. Additionally, the yield rate achieved for each biomass and
their mixtures at various microwave preheating condition are presented in table 2 and the
yield rate ranges are represented as higher (40-50%), average (30-40%), and lesser (20-30%).
To determine the influence of microwave preheating using the FE-SEM analysis method, the
morphological characteristics and surface microstructure of CaO with biomass samples were
studied. FE-SEM images show that the microwave preheated biomasses produce variation in
particle size distribution which has resulted in different surface structure (see supplementary
material). The purpose of this study was to look at the physical effects of microwave
preheated PP, GS, and PCW biomasses at various powers as listed in Table 2 and the effect
of catalytic aided process as listed in Table 3. In general, the untreated biomass samples have
complete block structures. Further, it also has flat and smooth surfaces with just a little

quantity of debris on the entire particles. The surface structure of biomass could be destroyed
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by microwave pretreatment, and the lignin layer from the interstices in the packed
microfibrils framework could be removed (Kainthola et al., 2019). The effect of catalyst
loading on individual biomass with CaO catalyst was investigated, and the bio-oil yield was
found to be in the expected range of 39-44%. Each biomass yield has various strategies and
produces a diverse fraction of bio-oil yield. Furthermore, the experiments were conducted in
catalytic co-pyrolysis to achieve a higher yield. In the end, the addition of CaO catalyst on
microwave preheated biomass samples yielded higher bio-oil and it also has an impact on
active pores which has changed the structural-functional group. It can be seen that the
lignocellulosic structure of the untreated biomass samples remains intact, there are no pores
on the surface. While adding CaO catalyst with biomass sample, it was covered by the upper
surface of the biomass. The heterogeneous sample of raw biomasses was shown in 3.4um
(approx.) and the catalyst surface pores of 36.25um were depicted. As the CaO belongs to
nanopores structure, its presents in the lignocellulosic biomass enhance the interaction among
biomass particles with much impact of cohesive efforts (Liang et al., 2019). Further, the
active pores of CaO could absorb the moisture content of biomass and it also accelerates the
oxidation reaction. Due to these inherent changes, the pore sizes are reframed into
microfibrils which leads to a crackdown of the lignocelluloses and thereby much
improvement in the pyrolysis process. The microfibrils structure pores of 2.06um (approx.)
and the catalyst CaO completely blended with biomass samples i.e. the interior surface of
biomass which react with CaO and the structure was smoothy surface of nanopores of
2.515um (Zhang et al., 2021). EDS analysis noticed that the value of oxygen is less to
compare the CHNS analysis which means CaO absorbs the water molecules helps to
oxidation reaction. The percentage of EDS analysis mentions that Ca (54.2%), O (32.9%) and
C (12.9%) respectively. The CaO is one of the best cracking catalysts which could modify the
functional group of the biomasses through interaction between the inner and outer surface of
biomasses. This reaction has cracked down the cellulose and upgraded the bio-oil via the

condensation of gases.

The peak pyrolysis temperature (Omax) values of CO,, CO, and CH, shift to lower
temperatures in the CaO catalytic run, while the Omax values of hydrocarbons and other
oxygenated compounds shift to higher temperatures (Wang et al., 2010). Due to its
substantial basicity, CaO was the best co-pyrolysis deoxygenation catalyst. It has the highest
alkene selectivity, which indicates that the bio-oil is of higher quality. However, due to coke

production during the pyrolysis process, the CaO exhibited a considerably lower total peak
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area for volatile chemicals than uncatalyzed pyrolysis (Lin et al., 2018). The biomasses with
a higher quantity of co-pyrolysis improve the pyrolysis efficiency, as CaO catalyst absorbs
and converts microwave into heat before dissipating them to the biomasses. Biomasses with a
low CaO fraction, on the other side, have a lower potential for decomposition due to their
poor heat transfer efficiency (Mong et al., 2020). Furthermore, the high fraction of CaO
catalyst mixed with biomasses relatively exhibits a low conversion rate of 50%, as indicated
by the high level of liquid yield (50% wt). This is owing to the role of CaO catalyst as
microwave absorber which plays a pivotal role in the conduction heat exchange process
within the biomasses. The microparticle size of 0.25mm for both the CaO catalyst and the
biomasses enable superior surface contact for effective heat transfer thus allowing the
biomass samples temperature to attain a higher level. Fig.6 (a) shows 50-60% proportion of
CaO enhances the higher yield of bio-oil through microwave preheating catalytic co-

pyrolysis technique.
3.4. Bio-oil Characterization

Nuclear Magnetic Spectroscopy is one of the finest techniques that have been popularly used
for the estimation of the composition, molecular structure and purity of any solid/liquid
matter. In this present study, NMR was used for analyzing the chemical structure of bio-oil
which has been developed through pyrolysis and co-pyrolysis processes due to its faster
response with a better signal to noise (S/N) ratio (Hao et al., 2016). All the bio-oil samples
obtained from the investigation were dissolved in acetone (dg) before being subjected to the
NMR spectrum. The existence of ammonium formate signal in some samples suggests that
not all H-donor molecules decayed under the circumstances used. This is especially relevant
for samples with a high concentration of H-donor(Struhs et al., 2021). Since the pyrolysis
process was used for bio-oil production the '"H and '3C NMR study has been deployed for the
evaluation of H-C functional groups. It has been noticed that the resultant bio-oil yielded
from various biomasses mainly consists of aliphatic and hydroxyl groups and lesser aromatic
given in Table 5. In particular, ring-join methylene (Ar-CH,-O)/ ether and a slight portion of
an aliphatic structure of CHP} and CHy are the unwanted products that need to be removed.
Further, the presence of ring-join methylene is a clear indication of better anti-knocking
behavior and is thereby suitable for automotive application. The majority of H-NMR peaks
are seen between 0.5 and 3.0 ppm, which is associated with —CH; and —CHn—. (aliphatic
region). This means that the bio-oil produced comprises mostly aliphatic components and

only a trace of aromatic compounds (Mclntosh et al., 2021). It is also evident that the CHy
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exists in the range of 1-1.9ppm, which is very minimum in all the bio-oil samples. Notably,
the non-catalytic co-pyrolysis process showed higher CHy output as 3.66%. in comparison
with conventional petroleum products, CHy ring compounds would enable better combustion
during chemical reactions with oxygen. The bio-oil extracted through individual pyrolysis
from PP biomass exhibited a higher hydrogen percentage of 136.84% and a similar same
trend has been noticed in TGA analysis as well. All the NMR spectrum of bio-oils showed
only a marginal quantity of B- CH3 (2.02-3.0ppm) which is considered as an impurity (See

supplementary material).

In the absence of the ammonium formate signal, significant increases in the normalized
intensity of signals for -aliphatic protons closed to heteroatoms or unsaturation are seen. The
signals of the ether and methoxyl groups are likewise greatly influenced. These findings point
to hydrogen incorporation into certain functional groups found in bio-oil molecules (Struhs et
al., 2021). The pattern related to water in the pyrolysis oil sample is around 3 to 4 ppm.
Interestingly, ring-join methylene (hydroxyl group) seems to be the peak in the range of 3.2-
3.77ppm during the non-catalytic co-pyrolysis technique. Further, the hydrogen concentration
was extremely high (174.47%) this formulation was reversed due to the addition of a CaO
catalyst. However, due to the addition of CaO catalyst, this hydroxyl group seems to be
extremely low and this is due to the presence of moisture content in the PP biomass sample.
In this situation, the minimum level is preferred because, unlike the high concentration
sample, the sharp peak at 3.3-3.7ppm is not overlapped on the water signal (2.9-3.7ppm)
(Smets et al., 2011). The systematic removal of hydroxyl compounds from renewable bio-oil
would enhance the possibilities of using them as automotive fuels. The in-depth NMR results
also revealed that the biomass structure, size and inherent composition play a vital role in
hydroxyl group formation. From the NMR results, the addition of during co-pyrolysis
exhibits the minor value (0.29%) of impurities when compared to non-catalytic co-pyrolysis.
Among all the tested biomass samples, the individual PP biomass and CaO based co-
pyrolysis showed the phenolic group in the range of 5.1-5.29ppm which is clear evidence of
OH radicals aromatic structure/ alkenes present in the bio-oils. These OH radicals would
offer better anti-knocking behaviour during a chemical reaction. It is also concluded that CaO
addition during co-pyrolysis produced more volatile compounds for all the biomass
combinations. The key benefits of using NMR to analyse bio-oils are that (1) the entire bio-
oil can be diluted in a suitable solvent and details about the entire functional groups can be

obtained, which is independent of the volatility of the components in the bio-oils; and (2) the
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chemical shift intervals for functional groups have been well investigated, and quantitative

analysis of fuel (Hao et al., 2016).
3.5. Fuel Oil Properties

The fuel characteristics of the pyrolysis oil obtained under the maximum oil yield
circumstances were tested using the ASTM standard technique for petroleum products.
Density, API Gravity, Kinematic viscosity, fire point, flash point, HHV and other
characteristics were measured, as given in Table 6. Bio-oil contains a variety of unique
properties that must be taken into account in each application, including manufacturing,
storage, transportation, upgrading, and utilization (Demiral and Ayan, 2011). From Fig.6(b) it
is identified that the bio-oil is a dark brown liquid with a Smokey odour. Bio-oil has a density
of 850-920 kg/m? at 26°C, which is comparable to other bio-oils and denser than biodiesel
and petroleum diesel. Bio-oil has a higher density owing to its increased residue
concentration. Bio-oil developed from co-pyrolysis of PP, GS and PCW biomass mixture has
maximum HHV of 29.1MJ/kg and GS biomass has minimum HHYV of 24.3MJ/kg compared
with other biomasses. Organic acids, primarily acetic and formic acid, are abundant in bio-
oils, resulting in a pH of 4-5 (Varma and Mondal, 2017). As a result, typical construction
materials like carbon steel and aluminium are corroded by oils. Corrosiveness is increasingly
severe at high temperatures and as the water content rises. Stainless steel is not corroded by
the oils (Demiral and Ayan, 2011). The relative density was determined to be under the range
of biodiesel fuel reported results. The denser the fuel, the heavier it is and the more difficult it
is to burn. The API gravity of medium oil is between 22.3 and 31.1° (i.e., 870 to 920 kg/m?).
The viscosity of liquid fuel is essential to the design and performance of a fuel injection
system. The viscosity of a fluid is a measure of its resistance to gravity flow. It will have a
significant impact on the fuel injection system's design and operation, as well as the
atomization quality and consequent ignition attributes of the fuel. At 50°C, the bio-oil has a
kinetic viscosity of 6-10 cSt, which is higher than standard diesel fuel (1.9-4 ¢St). Due to its
considerable density and viscosity, bio-oil may have difficulty pumping and atomizing in
engines, as well as influencing the performance of bio-oil combustion (Varma and Mondal,
2017). As a result, similar to diesel and heavy fuel oil, further upgrading and refining are
required to achieve the requisite quality. The flashpoint of liquid fuel is a measurement of its
volatility and ignition edge. The higher the flashpoint, the safer it is to handle and the lesser
the possibility of an accident caused by vapour ignition. The flashpoint is the liquid

temperature at which vapours above a pool of fuel will ignite when a flame is passed across
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particles. Bio-oil has a flash and fire point of 85-90°C and 90-100°C, accordingly, which is

equivalent to other bio-oils (Varma et al., 2019).
4. Challenges and Future perspectives

Conversion methodologies of waste to energy process by the pyrolysis process are
still relatively novel concept. Therefore, further research works are required to implement a
large-scale production and commercialization actions of energy conversion from waste
sources through pyrolysis process. Additionally, the novel concept of waste pyrolysis, the
cost margin for the collection and processing of waste sources will remain high. Moreover,
the reactor construction, maintenance operations and accessing the technical sources are still
excessive for biofuel development in most of the countries. Biofuel development from the
microwave preheated pyrolysis process has received huge attention for the large-scale
conversion due to the exclusive feature of microwave treatment for achieving rapid heating
and energy efficient. To achieve the productive commercialization, various novel
developments should be experimented to overcome high energy requirement, selection of
suitable material for designing the microwave reactor and design of an effective equipment
for the condensation process. Furthermore, the continuous microwave assisted pyrolytic
reactor will be the major research region, due to the possibility of favourable waste
valorisation system with continuous biomass supply. Moreover, the operating conditions and
pyrolysis reactor design for the continuous mode still need more research compared to batch
mode due to the inadequate knowledge on the biomass supply and instantaneous removal
techniques of pyrolysis products. When compared to batch mode, the innovation of
microwave assisted pyrolysis of waste biomass by continuous mode will provide better
production rate with minimized energy consumption. Therefore, a pyrolytic reactor for
continuous mode operation must be developed and experimented with microwave preheating

of waste biomasses to overcome the limitations of batch mode operation.

5. Conclusion

In this present study, various biomasses (PP, GS and PCW) were subjected to pyrolysis, co-
pyrolysis and catalytic co-pyrolysis processes under the same operating conditions. Among
all biomasses used, PP biomass produced a higher bio-oil yield rate of 36.6% during the
individual pyrolysis process at 550°C under 0.25mm particle size. The CaO catalyst aided of

three biomass mixtures under microwave pretreatment produced a superior pyrolysis yield of

22



713

714

715

716

717

718
719

720

721

722

723

724

725

726
727
728
729

730

731

732

733

734

735

51.6% due to the cohesive formation of biomass particles. The resultant volatile pyrolysis oil
has higher concentrations of hydroxyl group and ethers which are favourable for automotive

applications.

Appendix

E-supplementary data for this work can be found in e-version of this paper online.
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Highlights

e (Catalytic and non-catalytic co-pyrolysis processes are used for bio-oil production

e Microwave preheated co-pyrolysis yielded higher bio-oil at 0.25 mm particle size

e (a0 aided co-pyrolysis of PP, GS and PCW showed bio-oil yield of 51.6%

e FE-SEM results confirmed the changes in morphological structure of biomasses with
CaO

e NMR results of pyrolysis oil exposed the presence the hydroxyl radicals and ethers
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