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ABSTRACT: Rice husk ash (RHA), a low-cost biomaterial, was
utilized to form bio-oil from pyrolysis in a batch-stirred reactor,
followed by its upgradation using the RHA catalyst. In the present
study, the effect of temperature (ranging from 400 to 480 °C) on
bio-oil production produced from RHA was studied to obtain the
maximum bio-oil yield. Response surface methodology (RSM) was
applied to investigate the effect of operational parameters
(temperature, heating rate, and particle size) on the bio-oil yield.
The results showed that a maximum bio-oil output of 20.33% was
obtained at 480 °C temperature, 80 °C/min heating rate, and 200
μm particle size. Temperature and heating rate positively impact
the bio-oil yield, while particle size has little effect. The overall R2
value of 0.9614 for the proposed model proved in good agreement with the experimental data. The physical properties of raw bio-oil
were determined, and 1030 kg/m3 density, 12 MJ/kg calorific value, 1.40 cSt viscosity, 3 pH, and 72 mg KOH/g acid value were
obtained, respectively. To enhance the characteristics of the bio-oil, upgradation was performed using the RHA catalyst through the
esterification process. The upgraded bio-oil stemmed from a density of 0.98 g/cm3, an acid value of 58 mg of KOH/g, a calorific
value of 16 MJ/kg, and a viscosity 10.5 cSt, respectively. The physical properties, GC−MS and FTIR, showed an improvement in the
bio-oil characterization. The findings of this study indicate that RHA can be used as an alternative source for bio-oil production to
create a more sustainable and cleaner environment.

1. INTRODUCTION
Biomass waste is a promising source of renewable energy that
can be used to replace fossil fuels that are running out. It is cost-
effective, easily biodegradable, carbon-neutral, and emits little
greenhouse gas.1,2 The energy generation from biomass includes
thermochemical techniques to produce bio-oil through
pyrolysis. Biomass waste is converted into bio-oil or syngas by
the thermochemical process of pyrolysis.2,3 Pyrolysis has been
developed considerably as an alternative technique for efficiently
converting low-cost biomass into a liquid product that can be
potentially used to replace conventional fossil fuels.4 Pyrolysis is
environmentally feasible and has the benefit of low operational
costs. The high bio-oil productivity from the low-cost biomass
has opened the doors to numerous industrial applications.5,6

Rice husk ash (RHA) is a solid residue formed when rice husk
decomposes. RHA is suitable for pyrolysis because it has a high
mesoporous surface area and silica content.7 The RHA catalytic
process can enhance bio-oil physical properties (acid value,
caloric value, density, and viscosity).8 RHA pyrolysis produces
high bio-oil quantity at elevated temperatures (450−500 °C).
Bakar and Titiloye5 recommended that RHA could enhance

gaseous product yield to 21.6 wt % at a modest temperature of
500 °C. Abbas et al.9 studied pyrolysis of RHA and found
optimal biochar and bio-oil yields of 39 and 19%, respectively, at
500 °C. Acid values and carboxyl groups drastically reduced at
higher temperatures (700 °C), while biochar produced at higher
temperatures was highly stable. At temperatures ranging from
400 to 500 °C and a heating rate of 60 °C/min, Natarajan10
explored RHA pyrolysis at a slow rate. The resultant product
contains 22.5 to 31.7% of liquid compounds, 27.7 to 42.5% of
gaseous compounds, and 34.1 to 42.5% of solids. Cao et al.11

studied the synthesis of biochar to develop an effective catalyst
for chemical synthesis. Gui et al.12 evaluated the fast and slow
pyrolyzed bio-oil production process, focusing on temperature,
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heating rate, and yield. The study evaluates the coconut shells,
RHA, and 50% of each constituent to create the benchmarks.
Islam et al.13 evaluated the highest yield parameters for bio-oil
synthesis utilizing solid waste in a 500 °C fixed bed reactor. The
product analysis shows 30% of liquid products and 33% of solid
products are produced from the pyrolysis of RHA. Furthermore,
low investment cost, ease of operation, and secondary reaction
probation make it an attractive choice.14 However, there is
limited literature related to the RHA performance for the
enhancement of properties.8

The bioreactor’s performance can be more efficient with the
help of optimization and the correlation of the operational
parameters.15 Therefore, to optimize the parameters, the design
of experiments (DOE) can be useful for being statistically
foreseeable because of its ability to give highly reliable results
with fewer experiments.16,17 Response surface methodology
(RSM) is an exceptional approach to increasing the efficiency of
the reactors’ performance and studying different parameters’
behaviors simultaneously.18 RSM is an experiential statistical
technique that can help understand the mutual relationship of
several process parameters by investigating the mathematical
modeling on the response variable.19 The quantitative data
acquired from experimental design, regression model analysis,
and operational conditions can result in high-end perform-
ance.20 A number of studies concentrate on improving the
operating conditions of the bio-oil yield. Several parameter
operating systems can be optimized by applying the RSM design
at the cost of maximum bio-oil production.15,18

To replicate conventional fossil fuels, bio-oil needs to address
the issues of small calorific value and elevated acid value. Poor
consistency and stability also limit the high-grade application of
bio-oil.21 The high quantity of organic acids is the major cause of
the elevated acid value, reduced stability, and corrosiveness of
bio-oil.8 Therefore, the upgradation of bio-oil is required before
industrial applications to obtain a higher-efficiency fuel. The
upgradation of bio-oil enhances the physical properties,
increasing performance efficiency and stability. The current
upgradation practices include catalytic esterification, catalytic
hydrogenation, and catalytic cracking. The main goal of these
upgradation techniques is to decrease the quantity of organic
acids (acetic acid, formic acid, and propionic acid) to increase
the stability and physical properties.
The catalytic esterification reaction is an upgradation process

of bio-oil that converts carboxylic acids to esters. It reduces the

acid value and corrosiveness of the bio-oil bit. It prohibits some
secondary reactions catalyzed by these acids, e.g., the homo-
polymerization reaction of aldehyde phenol/aldehyde polymer-
ization reactions. Limited studies have been reported on the
catalytic esterification of bio-oil; this technique is still a subject
of attention.22 Therefore, this study aims to enhance bio-oil
properties using catalytic esterification to upgrade the bio-oil.
The current research aims to study bio-oil production through

pyrolysis from an indigenous sample of RHA, and the effect of
temperature is studied for bio-oil maximum output. RSM has
been applied to investigate operational parameters’ impact on
the bio-oil yield and optimization. The upgradation of the
produced bio-oil was performed through the esterification
reaction to enhance the physical properties.

2. MATERIALS AND METHODS
2.1. Raw Materials. The source of RHA was Bismillah

Sheller Jaranwala, Punjab, Pakistan. Other chemicals used in the
experiments are potassium hydroxide (100%), sulfuric acid (98
wt %), and methanol (analytical grade), which were acquired
fromMerck. All the chemicals were used as received without any
further treatment. According to the ASTM standards, the
proximate analysis of RHA was carried out.
2.2. Pre-Treatment of RHA. The first step in preparing

RHA samples for pyrolysis is obtaining a uniform particle size.
RHA was grounded and sieved so that 80% of the sample passed
through a 200 μm sieve. The grinding and sieving of the raw
samples were done to cater to the size requirement of the
pyrolysis equipment.
2.3. Pyrolysis Equipment and Start-Up. The pyrolysis

equipment comprises an external heater and a stainless-steel
reactor enabled by a mechanical stirrer, as shown in Figure 1.
Thermocouples were installed on the reactor to determine the
reactor temperature. The pyrolysis reactor was insulated to
minimize heat losses. Pyrolysis was conducted without oxygen,
so nitrogen gas guaranteed an inert atmosphere. A steady flow of
nitrogen was provided at the beginning of each experiment. At
the start, nitrogen gas was set at a 100 mL/min flow rate,
reducing as the experiment progresses. The final setpoint for
nitrogen gas is 10 mL/min. The continuous supply of nitrogen
gas helps to maintain the inert environment. The inert
environment facilitates the pyrolysis process by preventing
secondary reactions. The temperature setpoint was set through a
temperature controller, and the reactor attained the steady-state

Figure 1. Schematic diagram of the batch stirred reactor.
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condition. The known amount of RHA sample was put in the
reactor, the lid was sealed, and the pyrolysis process started. The
experiments were carried out in triplicates to ensure accuracy for
five different temperatures that ranged from 400 to 480 °C. After
the pyrolysis, the liquid product is obtained while char is
gathered from the bottom. Through the flue, all the gaseous
products were vented out. The top products flowed through a
condenser facilitated with cold water. The gaseous products
flowed through the condenser on the shell side while cooling
water was provided inside the tubes. The vapors were condensed
to form bio-oil. The solid products of the pyrolysis gathered at
the bottom of the reactor. The solid products known as biochar
were collected from the reactor.
2.4. Catalyst Preparation. RHA was grounded and sieved

so that 80% of the sample passed through a 200 μm sieve. The
prepared sample was washed with 0.1 mol/L hydrochloric acid
solutions for 1 h. The grounded sample can contain some
impurities, and hydrochloric acid is very useful for their removal.
The hydrochloric acid solution removes the traces of metals,
organic compounds, and minerals contained in RHA. The
prepared sample was neutralized. To get rid of all the traces of
hydrochloric acid, the sample was rinsed thoroughly with water.
The sample was allowed to dry at ambient temperature before
being dehydrated for 2 h at 105 °C. 6 g of RHAwas added in 100
mL of concentrated sulfuric acid (98%) into a Teflon tube
autoclave for sulfonation. The Teflon tube autoclave was then
put into an oven at 145 °C for 12 h. The sample was washed with
deionized water and filtrated through 0.45 μm filter paper to
eliminate excess sulfate ions. The solution was then dried in the
oven to remove the moisture content.
2.5. Esterification Reaction. Bio-oil produced from RHA

from the pyrolysis process was used in the esterification reaction.
RHA (4 wt % of raw bio-oil) and 20 wt % of methanol were used
for the esterification reaction at 60 °C temperature for 90 min.
After the completion of the reaction time, the final product was
centrifuged for 2 h and the sample was separated into organic
and aqueous phases. The separated phases (organic and
aqueous) were collected and evaluated separately. The raw
and upgraded bio-oil were characterized through FTIR and
GC−MS to determine the relative composition. The physical
properties such as acid value, density, kinematic viscosity, and
calorific values were determined.
2.6. Proximate Analysis of RHA. The following physical

properties were measured for the proximate analysis of RHA.
2.6.1. Moisture Content. The moisture content in RHA was

calculated according to ASTMD-3173; 1 g of RHA was dried in
the oven for 1 h at 100 °C. The sample was weighed before and
after to determine the weight loss due to the vaporization of
moisture content. The moisture content was determined using
eq 1.

= ×M
W W

W
100c

i f

i (1)

whereMc is the moisture content in the RHA sample (%),Wi is
the initial weight (g), and Wf is the final weight (g).
2.6.2. Ash Content. 1 g of sample was placed in the muffle

furnace at 750 °C for 90 min. The initial sample and final ash
weights were measured, and ash content was calculated using eq
2.

= ×A
A
W

100c
o

i (2)

where Ac is the ash content (%), Ao the mass of ash (g), andWi is
the initial mass of the sample (g).

2.6.3. Volatile Matter. A crucible furnace was used to
calculate the volatile matters according to ASTM D 3175. One
gram of RHA was put in the furnace for 7 min at 925 °C. The
sample was removed, and the final weight of the sample was
done again. Volatile matter can be calculated using eq 3.

= ×V
W
W

100M
L

i (3)

where VM is the volatile matter content (%), WL is the loss of
mass due to volatile matter (g), andWi is the initial mass of the
sample (g).

2.6.4. Fixed Carbon. By adding all the values calculated above
and then subtracting them from 100, the fixed carbon was
determined once the volatile matter, ash, and moisture contents
were obtained, as described in eq 4.

= + +F M A V100 ( )C C C M (4)

2.7. Product Characterization. The various techniques
were used to characterize both the raw and upgraded bio-oil
techniques. Both viscosity and density were calculated through
standard methods.23 The calorific value was calculated utilizing
an IKA C 5000 bomb calorimeter.
2.8. Experimental Design Using the Response Surface

Methodology Method. Using statistical and mathematical
approaches, RSM scrutinizes the effect of various operational
parameters on the response function. RSM optimizes the
response function and deducts the heightened operational
parameter values. To study the effect of different operational
parameters on the bio-oil yield, a three-level Box−Behnken
design (BBD) was implemented with three numeric factors.
Seventeen runs were performed for the three operational
parameters temperature, heating rate, and particle size, with
five center points per block. The three-level BBD consists of a
low level (−1), a medium level (0), and a high level (−1). The
temperature varied from 400 to 480 °C, the heating rate inside
the reactor was changed from 40−80 °C/min, and the particle
size of the feed RHAwas changed from 100 to 200 μm, as shown
in Table 1.

3. RESULTS AND DISCUSSION
3.1. Characterization of Raw Material. The proximate

and ultimate analysis of RHA depicts the properties described in
Table 2. The raw RHA contains 11.67% moisture, 14.56% ash,
and 56.32% volatile matter. The calorific value of the raw RHA is
2.06 MJ/kg, and the fixed carbon content is 17.45%. The raw
RHA’s high value of fixed carbon content exhibits a high biochar
yield. Contrarily, volatile matter and ash content adversely affect
the biochar yield. The ultimate analysis of RHA revealed a
carbon content of 38.4 ± 0.2%, hydrogen 5.5 ± 0.1%, nitrogen
1.2 ± 0.1%, and oxygen 54.9 ± 0.2%, respectively.

Table 1. Three-Level Box−Behnken Design for the Three
Operational Parameters

levels
independent
variable unit

low level
(−1)

medium level
(0)

high level
(+1)

1 temperature °C 400 440 480
2 heating rate °C/

min
40 60 80

3 particle size μm 100 200 300
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A high ash content results in a low calorific value of the
producer gas.24 Ash content is the inorganic content that is left
behind after combustion. A low carbon content value and a high
volatile matter result in higher quantities of producer gas.25 The
fixed carbon is the amount of carbon available for combustion
during pyrolysis. A fixed carbon value of 17.45% indicates a low
resistance to the degradation process and low heat release during
combustion. The moisture content of 11.67% is within the
recommended limit of 15%, as described in ref 26. A high value
of ash and moisture contents renders a calorific value. The
volatile matter is released when heated to a high temperature
(<400 °C). The volatile matter decomposes to produce volatile
gases and solid biochar. RHA typically has a high volatile content
(up to 80%). A volatile matter of 56.32% was recorded for RHA
that depicts easy ignition and higher flame efficiency. A low
volatile matter is also beneficial for a high product yield. The low
calorific value of RHA was due to high moisture content and
volatile matter. However, the calorific value is sufficient to
produce heat for small-scale applications.
3.2. Influence of Temperature on Bio-Oil and Biochar

Yield. The temperature range defines the type of pyrolysis
applied in the specific system. Slow pyrolysis occurs at
temperatures between 250 and 400 °C, whereas intermediate
pyrolysis occurs at temperatures between 400 and 500 °C. A
higher temperature range implies a fast pyrolysis process. All
these processes are differentiated by different chemical reactions
at different temperatures. The pyrolysis of RHA was conducted
at various temperatures (400−480 °C). The temperature range
was selected based on the literature on similar raw materials,
ensuring that the highest disintegration happens at the
temperature limit of 400−500 °C.27 However, due to system
limitations, 480 °C is the maximum temperature limit for the
current study.
The synthesis of bio-oil and biochar at various temperatures is

depicted in Table 3. For RHA, the highest bio-oil production
was acquired at 460 °C (19.45%), while the maximum biochar
was accomplished at 400 °C (54.39%). With the temperature
rise, bio-oil yield increases while biochar production decreases.
Biomass is converted into biochar at low temperatures, thanks to
the charring reactions. An upsurge in temperature results in the
occurrence of de-volatilization reactions. These reactions release

more volatile compounds, increasing production.27 Beyond 460
°C, the volatile matter undergoes secondary cracking reactions,
thus increasing non-condensable gases and decreasing bio-oil
production. Various researchers have described identical
findings using similar raw materials.28

3.3. Model Development and Statistical Analysis
Using Response Surface Methodology. Seventeen experi-
ments were designed using the DOE.17 The results of
experiments in bio-oil yield are shown in Table 4. A three-level
BBDmodel predicted the bio-oil yield against each experimental
run.

The coded and actual factors for the bio-oil yield are given in
eqs 5 and (6).

= + × + × ×
× × +

× × ×

A B C
AC BC

A C

bio oil yield (%)

15.64 5.15 2.06 0.1562
0.0675 AB 0.0250 0.0625
1.33 1.12 B 1.082 2 2 (5)

= + ×
+ × +

× ×
× × ×

× + ×

× ×
×

×

bio oil yield (%)

225.14675 0.868856 temperature

0.470325 heating rate 0.042472

particle size 0.000084 temperature

heating rate 6.25 10 temperature

particle size 0.000031 heating rate

particle size 0.000834 temperature

0.002804 heating rate 0.000108

particle size

6

2

2

2 (6)

The quadratic model has the highest R2 value of 0.9614, as
shown in Table 5. An R2 value near 1 implicates that the model is
significant. The p-values of the model parameters should be less
than 0.05. A p-value <0.05 shows that the model term is

Table 2. Properties of the Raw Material

type property value

proximate analysis moisture contents (%) 11.67
volatile matters (%) 56.32
ash contents (%) 14.56
fixed carbon (%) 17.45
calorific value 2.06 MJ/kg

ultimate analysis carbon (%) 38.4 ± 0.2
hydrogen (%) 5.5 ± 0.1
nitrogen (%) 1.2 ± 0.1
oxygen (%) 54.9 ± 0.2

Table 3. Pyrolysis of RHA at Different Temperatures

sr. no. temperature (°C) bio-oil yield (%) biochar yield (%)

1 400 8.38 54.39
2 420 10.97 49.33
3 440 15.79 45.78
4 460 19.45 43.46
5 480 17.34 46.49

Table 4. Pyrolysis of RHA at Different Operating Parameters
for the Bio-Oil Yield

operational parameters bio-oil yield (%)

run
temperature

(°C)
heating rate
(°C/min)

particle
size (μm)

experimental
value

predicted
value

1 480 80 200 19.23 20.33
2 400 60 300 8 7.94
3 440 60 200 15 15.64
4 440 80 300 16.5 15.40
5 400 40 200 7 5.90
6 440 40 300 10 11.16
7 440 60 200 15.8 15.64
8 440 40 100 10.5 11.60
9 440 60 200 15.79 15.64
10 440 80 100 16.75 15.59
11 480 60 100 18.5 18.56
12 480 40 200 17.5 16.34
13 440 60 200 15.8 15.64
14 400 60 100 8.2 8.20
15 480 60 300 18.2 18.20
16 400 80 200 9 10.16
17 440 60 200 15.8 15.64
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significant. In the current quadratic model, the temperature and
heating rate are significant parameters with p-values <0.05, while
particle size is insignificant. Figure 2 shows the comparison of
the actual vs predicted plot. The close relationship between the
predicted and actual values shows the model’s effectiveness.

3.4. Process Analysis. Figure 3 shows the impact of
operational parameters (temperature, heating rate, and particle
size) on the bio-oil yield. Figure 3a,b shows that the temperature
and heating rate positively impact bio-oil production. A higher
value of temperature and heating rate facilitates higher bio-oil
yield. Isa et al.29 investigated the temperature impact and
observed that maximum production is achieved at 473.37 °C.
Park et al.30 explored the bio-oil yield for the sewage sludge and
found that the highest bio-oil production was accomplished at
450 °C. Heo et al.31 researched the sawdust for the optimum
operating conditions and found the highest bio-oil produced at
450 °C.
Figure 3c,d demonstrates the effect of temperature and

particle size. The particle size of the input feed is an important
parameter. The smaller particle size increases the heat transfer
rate resulting in higher product efficiency. A large particle size

hinders uniform heat distribution and slows pyrolysis. The
results show that a particle size of 100 μm yields the maximum
bio-oil production. However, the impact of particle size is
insignificant because of the fixed bed system. The same effect is
shown in Figure 3e,f.
3.5. Process Optimization.Themaximum bio-oil yield was

selected for the optimal operational parameter selection. Figure
4 shows a maximum bio-oil yield of 20.33% obtained at 480 °C
temperature, 80 °C/min heating rate, and 100 μm particle size,
respectively. The model’s degree of desirability is one under
these operating conditions.
3.6. Bio-Oil Properties.The physical parameters of the bio-

oil obtained from the pyrolysis of RHA are listed in Table 6. It
depicts raw bio-oil properties containing density, calorific value,
acid number, pH, and kinematic viscosity. Physical properties
are a significant tool to describe the produced bio-oil quality.
The acid number for the raw bio-oil was noticeably high, with 72
mg KOH/g. The high acid number value is common for raw bio-
oil. The catalytic conversion of RHA or upgradation of bio-oil
can reduce the acid number to 39−47 mg KOH/g.5 Acetic acid
is a major contributor to the acid number; however, carboxylic
acid, phenols, and other acidic compounds contribute
significantly.5 The pH is acidic, and the value is 3. The acidic
pH and high acid number value indicate a vague relationship.
Bio-oil has an oil and aqueous phase, and pH is a measure of
hydrogen ions in an aqueous solution.32 However, the literature
indicates no correlation between pH and acid number.33 The
acid number measurement is related to the acidity measurement
than the pH, considering the aqueous and organic phases.
The physical parameters of the bio-oil generated are listed in

Table 2. It describes the density and water content of 1030 kg/
m3 and 52.3%, respectively. The water content indicates
dehydration and cracking reactions. The water content
percentage shows the dehydration tendency associated with
the acid number.34 Ji-Lu35 observed the density and water
content of 1190 kg/m3 and 25.2%, respectively, for the RHA-
produced bio-oil. Lu et al.36 achieved a density of 1140 kg/m3

and 28% water content. The kinematic viscosity of the bio-oil
shows its highest value at 1.40 cSt.
3.7. Bio-Oil Upgradation. Upgradation was performed

through esterification to enhance the characteristics, as shown in
Table 7. The water percentage and low calorific value render its

Table 5. Results of the Modeled Parameters

source sum of squares df mean square F-value p-value

model 266.42 9 29.60 19.38 0.0004 significant
A�temperature 212.49 1 212.49 139.10 <0.0001
B�heating rate 33.95 1 33.95 22.22 0.0022
C�particle size 0.1953 1 0.1953 0.1279 0.7312
AB 0.0182 1 0.0182 0.0119 0.9161
AC 0.0025 1 0.0025 0.0016 0.9689
BC 0.0156 1 0.0156 0.0102 0.9223
A2 7.49 1 7.49 4.90 0.0624
B2 5.30 1 5.30 3.47 0.1049
C2 4.90 1 4.90 3.21 0.1163
residual 10.69 7 1.53
lack of fit 10.18 3 3.39 26.68 0.0042 significant
pure error 0.5089 4 0.1272
cor total 277.11 16
other statistical parameters
R2 adjusted R2 S.D. A.P. C.V. (%)
0.9614 0.9118 1.24 15.22 8.84

Figure 2. Actual vs predicted plot for the bio-oil yield.
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use for commercial purposes.37 The physical properties are
described in Table 6. Bio-oil has a pH range of 3.5 to 5,
suggesting that it is very damaging. Sharpness and the
destructive nature result from a high concentration of greasy
acids. Furthermore, the side reactions might persist during the
capacity period; for example, polymerization and dissipation of
these side reactions will produce a modest increase in width.

The low net heat value of the bio-oil limits its widespread
applications as an alternative to conventional fossil fuels. The
heat value of biomass pyrolysis ranges from 15 to 19MJ/kg. The
pyrolysis produced bio-oil with a heat value of 12.51MJ/kg. The
low heating value is associated with crude oil (42 MJ/kg). On
the other hand, bio-oils must fulfill specified viscosity bench-
marks. At 40 °C, the consistency of gas turbine oil is typically
between 2.5 and 30 mm2/s. The upgraded oil has a viscosity of

Figure 3. The effect of operational parameters on the bio-oil yield in the form of the 2D counter of (a) temperature and heating rate, (b) temperature
and particle rate, and (c) heating rate and particle size and 3D response surface plots of (d) temperature and heating rate, (e) temperature and particle
rate, and (f) heating rate and particle size.
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1.05 cSt at 40 °C, partitioned by thickness, far too high for gas
turbines. Mixing bio-oil with natural dissolvable (methanol,
ethanol) can decrease consistency.38

This study employed esterification for the upgradation of bio-
oil produced from biomass pyrolysis. After esterification, the
acid value decreased from 72 to 54 mg KOH/g for the upgraded
bio-oil. The decrease in acid value can be ascribed to converting
carbonyl compounds and alcohols to carboxylic acids. The
esterification process results in carbonyl compounds and alcohol
oxidation to stable compounds (carboxylic acids). The
esterification increases the physical properties (acid, pH,
calorific value), while density and kinematic viscosity remain
the same.
Recent studies on RHA reveal the importance of bio-oil

production through low-cost biodegradable compounds. Using
a fluidized bed reactor to pyrolyze RHA improved bio-oil yield
by using a lower pyrolysis temperature, higher feed rate, and
longer residence time. It was also found that the bio-oil had a
high heating value and low acidity, making it a potential
alternative to fossil fuels.39 The investigation on the effect of
feedstock particle size on bio-oil yield and quality in RHA
pyrolysis showed that smaller particle sizes resulted in higher

bio-oil yields and a lower content of oxygenated compounds,
which improved the quality of the bio-oil.40 The use of an
externally heated rotary kiln to pyrolyze RHA resulted in the
optimal pyrolysis temperature of around 450 °C, and the bio-oil
produced had a high heating value and low acidity.41 The
investigation on the use of microwave-assisted pyrolysis to
produce bio-oil from RHA uncovered that the technique could
significantly improve the bio-oil yield and reduce energy
consumption compared to conventional pyrolysis.42 The
research on the effect of adding a small amount of calcium
oxide (CaO) on the pyrolysis of RHA resulted that the addition
of CaO significantly increased the bio-oil yield and improved the
quality, reducing the acidity and increasing the heating value.43

The exploration of catalytic pyrolysis to produce bio-oil from
RHA using a zeolite catalyst discovered that the catalyst
significantly increased the bio-oil yield and improved its quality,
reducing the acidity and increasing the heating value.44 Overall,
these studies demonstrate ongoing research efforts to optimize
the pyrolysis of RHA and explore new techniques to improve
bio-oil yield and quality. The use of catalysts, microwave-assisted
pyrolysis, and externally heated rotary kilns show promise for
improving the efficiency and sustainability of bio-oil production
from RHA.
3.8. FTIR Spectrum. Figure 5 illustrates the FTIR spectra,

which show the presence of different bonding and functional
groups. Characteristic vibrational modes observed at 1650 cm−1

show aromatic C=C bonding, while 3000−3400 cm−1 shows
hydroxyl group (−OH) stretching and hydrogen bonding (H−
H) present in 2500−3000 cm‑1.45 The wavelength of 1000−
1500 cm−1 demonstrates carbonyl groups, while 3000−3500
cm−1 indicates the occurrence of alkenes and alkynes. The
various wavenumbers indicate the existence of C=C bonds,
C=O bonds, C−H bonds, and O−H bonds in the raw bio-oil.
These functional groups demonstrate the presence of aromatics,
phenols, alcohols, and acids.
The absorbance top at around 1030 cm−1 was very noticeable,

possibly due to the C−O occurrence. The C−O bowing and
vibration at 1235 cm−1 originated in the algal waste spectra,
which recommends the existence of fats and esters.46 The FTIR
spectra of upgraded bio-oil in the 1190−1750 cm−1 region could
deliver comprehensive knowledge of various carbonyl groups’
presence. The RHA biomass consists of cellulose, lignin, and
hemicellulose, converting to carbonyl compounds upon
pyrolysis.
3.9. GC−MS Analysis. GC−MS was used to investigate the

level of bio-oil detachment or sub-atomic load. The working
states of GC−MS are clarified in Table 8. The terminology of the
samples was overseen as per the temperature of the catalyst.
Each peak has a number that speaks to a particular compound
having wealth at a particular residence time. These compounds
have a place with a gathering of methyl esters and give us the
affirmation of created bio-oil. Each look shows explicit plenitude
with respect to its residence time, which implies that this
compound is available in a specific sum. This sum was
determined with the assistance of the region under the bend
of that look removed from the information examination
programming of GC−MS. The GC−MS result shows the
presence of various classes of hydrocarbons, which incorporates
azoles, aromatic amines and nitrites, sugar, alkenes, and alkane.
The compound organization of crude bio-oil and updated bio-

oil was investigated by GC−MS (Table 8). Around 50 substance
mixes were recognized by GC−MS, with some of the important
ones mentioned here. As appeared in this segment, the

Figure 4. Value of optimized operational parameters at maximum bio-
oil yield.

Table 6. Physical Properties of Raw Bio-Oil.

sr. no. physical property unit value

1 density kg/m3 1030
2 calorific value MJ/kg 12
3 acid value mg KOH/g 72
4 pH 3
5 kinematic viscosity cSt 1.40
6 water content % 52.3

Table 7. Physical Characteristics of Upgraded Bio-Oil.

sr. no. physical characteristic unit upgraded bio-oil

1 density kg/m3 980
2 calorific value MJ/kg 16
3 acid value mg KOH/g 54
4 pH 4.8
5 kinematic viscosity cSt 1.05
6 water content % 47.4
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significant substance intensifies present in the updated bio-oil
are esters, ethers, ketones, phenols, and alcohols.
3.10. Comparison of Bio-Oil with Commercial Fuels.

Table 9 shows the comparison of bio-oil with commercial fuels,
diesel, and gasoline. Bio-oil has a complex mixture of oxygenates,
phenolics, ketones, and other compounds, while commercial
fuel mainly consists of hydrocarbons. Bio-oil has a lower energy
density, lower CN/ON, and higher viscosity compared to
commercial fuel, but it has a higher flash point. The sulfur
content of bio-oil varies, while commercial fuel has low sulfur
content. Bio-oil has a lower environmental impact regarding
CO2 emissions, but it has the potential for high particulate
matter emissions and other pollutants. Bio-oil is currently

limited in availability compared to commercial fuel, which is
widely available. The cost of bio-oil varies depending on the
feedstock and production process used, while the cost of
commercial fuel ranges from 0.5 to 1.8USD/L. Overall, bio-oil is
a promising renewable fuel source but currently has limitations
in terms of energy density, availability, and cost compared to
commercial fuel.

4. CONCLUSIONS
Pyrolysis of RHA to produce bio-oil is a promising technology
for converting an agricultural waste product into a valuable
energy source. The current research investigates the pyrolysis of
RHA for bio-oil and its upgradation to ameliorate the properties.

Figure 5. FTIR analysis of the (a) raw and (b) upgraded bio-oil.
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The novelty of this research is upgradation through the
esterification process to enhance its properties. Pyrolysis
involves heating the RHA to high temperatures in the absence
of oxygen, which produces a complex mixture of organic
compounds, including bio-oil. The influence of temperature on
pyrolysis showed that bio-oil production rises with an increase in
temperature and vice versa for biochar. A maximum bio-oil yield
of 19.45% was obtained at 460 °C, while a maximum bio-char
yield of 54.39% was obtained at 400 °C. The biochar produced
during pyrolysis is used for fuel briquettes. The RSM
demonstrated that temperature and heating rate are the
significant operational parameters affecting bio-oil yield. The
maximum bio-oil yield of 20.33% was obtained at optimized
operating parameter values of 480 °C temperature, 80 °C/min
heating rate, and 200 μm particle size. The results demonstrated
that the upgraded bio-oil significantly improves physical
properties. The calorific value increased from 12 to 16 MJ/kg;
the acid value decreased from 72 to 54 mg KOH/g and pH
enhanced to 4.8, while kinematic viscosity changed to 1.05 cSt.
The FTIR, GC−MS, and property measurement indicated that
the upgradation experiment produced promising results.
Overall, pyrolysis of RHA to produce bio-oil is a promising
technology for converting agricultural waste into a valuable
energy source. It has the potential to reduce dependence on
fossil fuels and contribute to a more sustainable energy future.
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Table 8. Physical Characteristics of Upgraded Bio-Oil.

raw bio-oil upgraded bio-oil

components area components area

ethanone,1-(4- hydroxy-3-
methoxyphenol)

19.35 1-butanol 34.25

phenol,2-methoxy-4-methyl- 10.91 acetic acid, butyl ester 8.79
acetic acid 5.20 propanoic acid, butyl

ester
3.14

phenol,2-methoxy 2-
propanone,1-hydroxy

4.11 butanoic acid, octyl
ester

2.75

phenol,2-methoxy-3-(2-
propenyl)-

3.21 phenol,4-methyl 2.71

phenol,2-methoxy-4-propyl- 3.18 cyclopentanone,2-
methyl

2.39

phenol,4-ethyl-2-methoxy- 2.62 phenol,5-methoxy-2,3-
dimethyl

2.15

Table 9. A Comparative Table of the Bio-Oil with Diesel and Gasoline47

criteria diesel fuel gasoline bio-oil

chemical
composition

hydrocarbons (C8−C24) and
additives

hydrocarbons (C4−C12) and
additives

a complex mixture of oxygenates, phenolics, ketones, and other
compounds

energy density
(MJ/kg)

42.5 33.7 15−18

flash point (°C) >62 −40 >75
cetane number
(CN)

>40 not applicable 3−10

octane number
(ON)

not applicable >91 50−70

viscosity (cSt) 2−6 0.6−2.0 2−10
sulfur content
(ppm)

<15 <10 varies

environmental
impact

high emissions of NOx and
particulate matter

high emissions of volatile organic
compounds (VOCs)

lower CO2 emissions but the potential for high emissions of
particulate matter and other pollutants

availability widely available widely available limited availability
cost (USD/L) 0.5−1.5 0.7−1.8 varies, depending on the manufacturing process
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