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Optimizing Energy Conversion in Waste Cooking Oil Pyrolysis
with a Low-Cost Carbonaceous Catalyst Using Response Surface
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Abstract

The objective of this study was to determine the optimal conditions for converting waste cooking oil (WCO) into bio-oil via
pyrolysis with activated carbon (AC) using response surface methodology (RSM). A central composite design was employed
to model the relationship between reaction temperature, AC to WCO ratio, and Brauer-Emmett-Teller (BET) surface area and
their effects on bio-oil yield and energy conversion. The analysis of variance identified reaction temperature as the most
influential factor. The optimal conditions for maximum energy conversion (93.41%) were found to be a temperature of 425 °C,
an AC to WCO ratio of 1:40, and a BET surface area of 758 m?/g. In contrast, under conditions with a BET surface area of 1000
m?/g, the energy conversion was 88.14%, which was the highest energy conversion observed in the experiment. Under this
condition, the bio-oil contained over 40% diesel-like compounds. However, due to its high acid value, the bio-oil is not directly

usable in diesel engines without further treatment.

Keywords: Waste cooking oil; Energy conversion; Pyrolysis; Bio-oil; Response surface methodology.
Received: 23 April 2024; Revised: 11 June 2024; Accepted: 20 June 2024.

Article type: Research article.

1. Introduction

The rising demand for fossil fuels, driven by industrialization,
global economic expansion, and population growth, has
intensified the search for alternative energy sources. Biofuels
have become a promising alternative due to their potential to
replace or blend with fossil fuels.l! Early research primarily
focused on first-generation biofuels derived from agricultural
residues and industrial byproducts.?l Subsequent studies
expanded to second-generation biofuels, exploring a broader
range of feedstocks, including plastics,® rubber tires,[l and
waste lube o0il,®! as well as conversion techniques like
pyrolysis, a thermochemical process. Pyrolysis, which
involves heating biomass in the absence of oxygen, produces
a variety of products. However, it faces challenges such as
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relatively low yields and inferior fuel properties compared to
fossil fuels, mainly due to the high oxygen content of the
resulting products.®!

Waste cooking oil (WCO) has gained attention as a
potential feedstock for biofuel production via pyrolysis due to
its abundant availability and economic viability.!®'% The global
annual production of WCO is estimated to account for 20-32%
of total edible oil consumption, amounting to 40-50 million
tons, with projections to increase to 55-65 million tons by
2025.0%22 In Thailand, the annual production of WCO is
approximately 580,000 tons.'? However, WCO management
in Thailand remains suboptimal due to a lack of proper
disposal  guidelines, leading to socio-environmental
challenges.l*®l Currently, only 2.5% of WCO is recycled,*
highlighting the significant potential for improvement in
WCO waste management. Harnessing value from WCO offers
a promising solution to the environmental problems
associated with its disposal.[*!

Using WCO as direct fuel in diesel engines presents
challenges due to inefficient combustion, which leads to
increased air pollution from the accumulation of particulate
matter.[!518 Several techniques have been proposed to improve
the characteristics of WCO, making it more comparable to
diesel fuel. These methods include transesterification, which
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converts WCO into a different chemical compound, and
thermochemical conversion via pyrolysis, which utilizes the
organic molecules in WCO.['I The temperature, catalysts, and
their dosage in pyrolysis significantly influence both the yield
and properties of the resulting liquid bio-o0il."1 Although
activated carbon (AC) has been widely studied as a catalyst in
biomass pyrolysis, its application in WCO pyrolysis remains
limited. Some studies have explored its role as an absorber in
microwave-assisted pyrolysis.'819 The presence of pores in
AC increases its reactivity in traditional WCO pyrolysis,
making it a promising catalyst. However, this aspect has not
been as extensively studied as the use of zeolites or
aluminosilicates in WCO catalytic pyrolysis or the use of AC
solely as a heat-transferring agent in microwave-assisted
pyrolysis.[t7:20.21]

In addition to the amount of AC used in WCO pyrolysis,
the porosity characteristics and Brunauer-Emmett-Teller (BET)
surface area are also crucial factors. These characteristics play
a significant role in determining the effectiveness of AC in the
WCO pyrolysis process. This study demonstrates the impact
of key reaction parameters, such as reaction temperature, AC
dose, and BET surface area, on the production of liquid bio-
oil. Our focus is not only on the bio-oil yield but also on the
percentage of energy conversion. Lam et al.[' investigated the
effect of AC dose on both the yield of liquid bio-oil and energy
recovery based on the heating value of bio-oil produced from
microwave pyrolysis of spent frying oil. The aim of their study
was to assess the economic viability of producing liquid bio-
oil.

Several optimization tools, including Design Expert, Super
Pro Designer, and response surface methodology (RSM), have
been used to examine the influence of process parameters on
maximizing bio-oil production during pyrolysis using various
feedstocks.1?>2l The RSM method is particularly valuable for
assessing the relationships between process factors and
predicting pyrolytic product yields using mathematical and
statistical techniques. This approach enables the identification
of optimal conditions for maximizing liquid yields while
minimizing the number of required experiments. It also
employs analysis of variance (ANOVA) to evaluate the
significance and appropriateness of the model provided by the
RSM.[?6271 Kadlimatti et al. investigated the optimization of
bio-oil production from food waste using microwave-assisted
pyrolysis with RSM.28 The optimal pyrolysis conditions,
including a temperature of 400 °C, a residence time of 30
minutes, a nitrogen gas flow rate of 50 ml/min, and a
microwave power of 450 watts, resulted in a maximum bio-oil
yield of 30.24 wt%. Pinto et al.?! studied the optimization of
liquid oil production from glycerol, polyethylene waste, and
waste tire pyrolysis using RSM. They found that RSM is an
effective method for predicting liquid oil yields with minimal
experimental effort. Waste tire pyrolysis produced the most
favorable results in terms of conversion and liquid yields,
reaching 80% and 62 wt%, respectively, when the process was
conducted at 450 °C for 60 minutes. Neha and Remya studied
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the co-pyrolysis of food waste and low-density polyethylene
(LDPE) using microwave technology.l*l They employed RSM
to determine the optimal operating parameters for maximizing
bio-oil output. Their study, which involved 17 experimental
runs, found that the highest achievable bio-oil production,
while minimizing acidity, was 42 wt% under optimal
conditions of 550 °C and a residence time of 7 seconds, with
13 wt% LDPE in the feed. Gupta et al. recently studied
predicting biofuel production from pine needle pyrolysis using
an RSM model .32 The optimal conditions were achieved at
a temperature of 552 °C, a heating rate of 50 °C/min, and an
inert gas flow rate of 164.40 ml/min, resulting in bio-oil with
a maximum yield of 51.11 wt%.

However, there are currently fewer reports on the
optimization of carbonaceous catalytic pyrolysis parameters
for bio-oil production from WCO using RSM. Optimizing the
catalytic pyrolysis conditions of WCO is essential to
maximize bio-oil production and enhance energy conversion.
The emphasis on energy conversion focuses on the energy
derived from the WCO pyrolysis process rather than solely on
the quantity of liquid bio-oil produced. Energy conversion is
determined by comparing the heating value and yield of liquid
bio-oil with the heating value and mass of WCO used as
feedstock.l*®! Examining various factors and optimizing the
operating parameters in the laboratory can facilitate the
development of pilot-scale plants, thus supporting the
industrial-scale development of pyrolysis reactors. Therefore,
the relationship between reaction temperatures (375, 400, and
425 °C), AC:WCO ratios (1:40, 1:30, and 1:20), and the BET
surface area of AC (500, 750, and 1000 m?/g) was statistically
estimated and experimentally designed using central
composite design (CCD) with RSM, incorporating three
factors at three levels.

2. Experimental section

2.1 Materials

WCO was collected from leftover frying palm oil in Samut
Sakhon, Thailand. The WCO sample, which had a dark-
yellowish color, was stored in aluminum containers at room
temperature and used directly in pyrolysis tests without any
prior treatment. The catalysts used in this study were AC
samples with varying BET surface areas. The first sample,
obtained from BioCat CS1100, had a surface area of
approximately 750 m?/g. The second sample, derived from
apricot stones, had two different surface areas: approximately
500 and 1000 m?/g. The apricot stone samples were prepared
by carbonizing at 400 °C with a heating rate of 10 °C/min for
1 hour under a nitrogen flow rate of 50 ml/min. The samples
were then mixed with potassium hydroxide (KOH) at 80 °C
for 2 hours, followed by calcination at 850 °C for 1 hour under
nitrogen flow. The resulting AC was then ground and sieved
to obtain a particle size range of 0.5 to 1.0 mm. Finally, the AC
sample was dried in an oven at 110 °C for 12 hours before use.

2.2 Pyrolysis of WCO
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The pyrolysis tests conducted in this study were laboratory-
scale batch operations. The reactor used was a 1-liter, two-
necked quartz round-bottom flask equipped with a mass flow
controller and a nitrogen gas cylinder (Fig. 1). A mixture of
100 g of WCO feedstock and a carbonaceous catalyst with
varying BET surface areas was prepared using AC:WCO mass
ratios of 1:40, 1:30, and 1:20. Each batch was then loaded into
the reactor. To ensure an oxygen-free environment and prevent
leakage, the system was purged with nitrogen gas at a constant
flow rate of 40 ml/min for 10 minutes before heating. A
thermocouple probe was inserted into the reactor, making
direct contact with the WCO sample. The reaction temperature
was continuously monitored throughout the pyrolysis tests.
The samples were stirred at a speed of 40 rpm throughout the
experiment and heated using an electric magnetic stirrer
heating mantle. The temperature was raised at a rate of
20 °C/min until the targeted pyrolysis temperatures of 375,
400, and 425 °C were reached. The temperature was then
maintained for 30 minutes.

During the experiments, the pyrolysis vapors were directed
to a condenser unit maintained at 10 °C. The vapors were
condensed into liquid bio-oil, which was collected in a flask,
while the excess vapors were collected in a gas sampling bag
for further analysis. The weight of the liquid bio-oil was
determined, and its yield was calculated using Equation (1).
The remaining unpyrolyzed residues at the bottom of the
reactor were collected and weighed. The energy conversion of
the liquid bio-oil produced from the catalytic WCO pyrolysis
was calculated using Equation (2).019%!

Liquid yield, wtop = Haudyieldoutbut (g) .y

RSM
The RSM method was employed to explore the optimal
operating parameters for achieving the highest energy
conversion values based on the heating values of liquid bio-
oils. The independent factors considered were reaction
temperature, the AC to WCO ratio, and BET surface area
while the dependent parameters were the yield of liquid bio-
oil and its heating values. The RSM technique used a CCD to
determine the number of experiments. The significance of
each factor was assessed through batch experiments. The CCD
operation involved identifying the precise ranges and levels of
the three independent parameters, as indicated in Table 1.
RSM was then used to examine the highest level of energy
conversion derived from the production of liquid bio-oil while
also determining the most favorable operating parameters. The
influence of each individual factor and their interactions on the
response variable was assessed using regression ANOVA.
Equation (3) represents a second-order polynomial equation
used to model the data.
Y=0by+ X, bX; + T buX® + T, i b XiX; +
£ 3)
where Y represents the predicted response used as a dependent
variable; k is the number of variables studied in the
experiments; b is the intercept; b; is the linear coefficient; b;;
is the quadratic coefficient; b;; is the interaction coefficient;
X; and X; are the independent variables, and ¢ is the error of
the model.

Table 1. Experimental range and levels of independent variables.

Independent Range and Level

@) Unit  Symbol
WCO feed (g) Parameters y -1 0 1
. O
_ . Energy conversion, %= Temperature  °C X 375 400 425
(Weight of bio—oil)(bio—oil's heating value) %100 (2) AC: WCO rati / X 1:40 1:30 1:20
(Weight of WCO)(WCO's heating value) BE'.I' f&l 099 2 ’ ’ ’
surrace
m¥g X3 500 750 1000
2.3 Experimental design and optimum condition based on —22
Gauge Mass Flow
Controller

:
m s
b S

Pressure Thermocouple
Regulator
Condenser
Pyrolysis Vapors Gas
Reactor ’
-] [, — —— WCO + Catalyst

!
Gas Cylinder Magnetic Stirrer

Heating Mantle

LO O |

Collecting Flask

Fig. 1 Schematic diagram of the pyrolysis of WCO experiment.

2.4 WCO and bio-oil characterization techniques
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The previous study provided a detailed explanation of the
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characterization methods used for WCO and bio-oil
products.®®l The chemical composition of the bio-oil was
determined using a 7890B/5977A gas chromatography-mass
spectrometry (GC-MS) system with a mass-selective detector
(Agilent, Santa Clara, CA, USA). Fourier-transform infrared
(FT-IR) analysis (Thermo Scientific, Waltham, MA, USA)
was then performed to identify the functional groups present
in the liquid bio-oil. FT-IR spectra were recorded within the
wavelength range of 400 to 4000 cm™'. To examine the boiling
temperatures corresponding to different carbon chain lengths
in the bio-oil, a gas chromatograph equipped with simulated
distillation (GC-SIMDIS, Hewlett-Packard HP6890, Agilent,
Santa Clara, CA, USA) was used. The boiling points of
hydrocarbons with different carbon numbers were classified
as follows: C4-C10 (gasoline) below 180 °C, C11-Cl4
(kerosene) 80 to 250 °C, C15-C20 (diesel) between 250 to

350 °C, and hydrocarbons with carbon numbers above C20
(fuel oil) above 350 °C.*4 The fuel characteristics, including
density at 15 °C, kinematic viscosity at 40 °C, calorific value,
acid value, and water content of the liquid bio-oil samples,
were analyzed using the American Society for Testing and
Materials (ASTM) technique as described in the earlier
work. [

3. Results and discussion

3.1 Simulated distillation temperature profile of the
compound distribution of produced liquid bio-oil and
WCO

Figure 2 illustrates the distribution of liquid bio-oil
compounds (% yield) as a function of the simulated distillation
temperature (boiling point) at various reaction temperatures.
Based on the GC-SIMDIS analysis, it was observed that more
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Fig. 2 Simulated distillation temperature profile of produced liquid bio-oil from catalytic WCO pyrolysis at various temperatures:

(a) 375°C, (b) 400°C and (c) 425 °C.
than 90 wt% of the compounds in WCO were distilled at
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temperatures above 350 °C, indicating the presence of heavy
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compounds with carbon chain lengths greater than 20. These
compounds include palmitic acid, oleic acid, and linoleic
acid.®* When examining the compound distribution in liquid
bio-oil derived from WCO pyrolysis, it was found that the
distillation temperatures shifted downward, particularly in the
range of 100 to 350 °C. This significant shift in the boiling
points across all runs suggests an increased presence of lighter,
lower-carbon-chain compounds in the liquid bio-oil. Catalytic
WCO pyrolysis facilitated the breakdown of complex, high-
carbon-chain molecules into more valuable, lighter products.
Additionally, it was observed that the AC:WCO ratio and BET
surface area had a minor effect on the compound distribution
at higher reaction temperatures (400 °C and 425 °C), as shown
in Figs. 2b and 2c, respectively. However, at the lower
temperature of 375 °C (Fig. 2a), the BET surface area had a
more significant effect. Specifically, at a constant AC:WCO
ratio, increasing the BET surface area of AC led to a decrease
in the distillation temperatures of the liquid bio-oil, indicating
a greater concentration of lower-carbon-chain compounds.
Conversely, when the BET surface area was held constant, an
increase in the AC dosage resulted in higher distillation
temperatures, signifying the presence of larger, high-carbon-
chain molecules. Therefore, to optimize the production of
economically valuable alternative energy, it is crucial to
prioritize conditions that not only enhance yield and energy
conversion but also improve the economic feasibility of the
process. This includes balancing the process parameters to
favor the production of lower-carbon-chain compounds that
are more suitable for use as fuel.

3.2 Polynomial equation for catalytic WCO pyrolysis
Table 2 presents the yields and heating values of bio-oil
obtained from the WCO pyrolysis experiments. The bio-oil

yields from 16 experiments varied from 53.75% to 87.82%,
while the measured heating values ranged from 38.11 to 41.35
kJ/g. It was observed that the process conditions leading to the
highest bio-oil yield did not correspond to the highest heating
value, and vice versa. Therefore, as shown in Table 2, energy
conversion depends on both the yield and the heating value of
the bio-oil produced. In addition, the predicted energy
conversion was calculated using the polynomial equation
derived from Equation (3), with coefficients obtained from the
regression model, as shown in Equation (4).
Y = —1925.8731 + 9.5950X; — 1766.0099X, + 0.0364X;
—0.0113X2 + 58409.7350X7
—0.0001X7
—6.0062X; X, + 0.0003X; X5 — 0.3113X,X; @)

where Y represents energy conversion, X; represents reaction
temperature, X, represents the AC:WCO ratio, X3 represents
the BET surface area of AC, X;X,, X X3, and X, X3 represent
interaction coefficients, and XZ, X2, and X2 represent squared
coefficients.

The optimal experimental condition, as indicated in Table
2, was achieved during the sixth run with an AC:WCO ratio of
1:40, a reaction temperature of 425 °C, and a BET surface area
of 1000 m*/g. Under these conditions, the experiment yielded
a maximum energy conversion of 88.14%, while the model
predicted a value of 89.36%. Further analysis revealed a
maximum energy conversion of 93.41%, achieved under the
following conditions: a reaction temperature of 425 °C, an
AC:WCO ratio of 1:40, and a BET surface area of 757.58 m?/g.
The experimental design using RSM successfully reached the
optimal conditions for producing liquid bio-oil with the
maximum energy conversion.

To assess the significance of each process parameter, the
P-values obtained from ANOVA were analyzed. According to

Table 2. Experimental design and results of the energy conversion of liquid bio-oil yields from WCO pyrolysis.

Parameter

Energy conversion (%)

RUN X, X, X, I?Ai;);/oil yield I—||(e?ting value _ _
() (ACWCO) (m?fg) (Wt%) (kd/g) Experimental Predicted
1 375 1:40 500 62.11 40.03 63.64 60.67
2 425 1:40 500 85.33 40.09 87.56 87.71
3 375 1:20 500 66.58 38.76 66.05 65.84
4 425 1:20 500 85.31 40.27 87.92 85.37
5 375 1:40 1000 53.75 38.20 52.54 55.85
6 425 1:40 1000 87.82 39.21 88.14 89.36
7 375 1:20 1000  59.60 38.09 58.10 57.13
8 425 1:20 1000 83.02 38.24 81.24 83.13
9 375 1:30 750 57.43 38.11 56.02 56.86
10 425 1:30 750 85.18 39.14 85.34 84.63
11 400 1:40 750 85.35 40.20 87.81 86.10
12 400 1:20 750 79.09 41.35 83.71 85.57
13 400 1:30 500 69.34 38.33 68.03 73.61
14 400 1:30 1000 77.93 38.18 76.16 70.77
15 400 1:30 750 78.83 38.61 77.91 77.81
16 400 1:30 750 78.67 38.74 77.99 77.81
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Table 3, a P-value below 0.05 indicates that the parameter is
statistically significant.???4 The research shows that the linear
term, reaction temperature (X;), had a notable impact on the
model. Additionally, the squared terms X? and X7 are also
significant variables, as their P-values are below 0.05.
Although some parameters may not show statistical
significance, they are still included in the equation to ensure
accurate predictions, as each component contributes to
generating precise outcomes. "

Furthermore, an ANOVA was performed to confirm the
statistical significance of the regression model. The ANOVA
results for the RSM are shown in Table 4. The coefficient of
determination (R?) value of 0.9565 and the adjusted R? value
0f 0.8911 indicate a high degree of precision and dependability
in the 16 experimental runs represented in Fig. 3. The model's
F-value was determined to be 0.0020, which is below the
significance threshold of 0.05. Therefore, the polynomial

equation model is considered statistically significant at the 95%
confidence level.[?22326-281 Additionally, it can be concluded that
the polynomial equation effectively predicts the liquid bio-oil
yield in terms of energy conversion, considering the heating
value of the three variable parameters: reaction temperature,
AC:WCO ratio, and the BET surface area of AC.

3.3 Effect of process parameters on energy conversion

Figure 4 presents both 3-D and 2-D response surface plots
illustrating the effects of temperature and the AC:WCO ratio,
temperature and BET surface area, and BET surface area and
the AC:WCO ratio on the energy conversion of liquid bio-oil
in the WCO pyrolysis process. These factors are identified as
the primary influencers. The response surface plots shown in
Figs 4a and 4b demonstrate the interaction between
temperature and the AC:WCO ratio (X;X,) and between

Table 3. Coefficients for the polynomial equation in the response surface model of catalytic pyrolysis of WCO.

Source Coefficients Standard Error t Stat P-value Remark
Intercept -1925.8731 637.8940 -3.0160 0.0235

X1 9.5950 3.2370 2.9620 0.0252

X2 -1769.0099 2332.8900 -0.7590 0.4768 Significant
X3 0.0365 0.1120 0.3240 0.7571 Significant
X12 -0.0113 0.0040 -2.7960 0.0313

X2? 58409.7350 18416.7760 3.1740 0.0192

X3 -0.0001 0.0000 -2.2350 0.0669 Significant
X1 X2 -6.0062 4.5810 -1.3110 0.2377 Significant
X1 X3 0.0003 0.0002 1.1180 0.3064

X2 X3 -0.3113 0.4580 -0.6790 0.5222

Table 4. ANOVA for response surface model of catalytic pyrolysis of WCO.

Degree of Sum of Mean
Source g N F-value Significance F
freedom square square
Regression 9 2208.1820 245.3540 14.6401 0.0020
Residual error 6 100.5490 16.7580
Total 15 2308.7320
R? =0.9565, adjusted R = 0.8911
90 o
R=0.9565 2
& 565 °4 o
= 80 e
7 .o
g .
Z ®
3 70 @
B .
ar
e o
g
T 60 e
3 o &
o -
A
50
50.00 60.00 70.00 80.00 90.00

Actual energy conversion (%)

Fig. 3 Statistical analysis of the actual and predicted energy conversions from the production of bio-oils under the studied conditions.
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Fig. 4 3-D and 2-D surface response plots showing the effect of (a) temperature and AC:WCO ratio (hold BET value at 750), (b)
temperature and BET (hold AC:WCO value at 1:30), and (c) BET and AC:WCO ratio (hold temperature value at 400 °C) on liquid

bio-yield produced from WCO pyrolysis.

temperature and BET surface area (X; X3), respectively. It was
observed that the energy conversion of liquid bio-oil yield
improved from 56.86% to 84.63% as the reaction temperature
increased from 375 to 425 °C, under constant conditions of a
BET surface area of 750 m?*/g and an AC:WCO ratio of 1:30.
These parameters significantly impacted the energy
conversion of liquid bio-oil, with the optimal temperature
range being 400 to 425 °C. As the temperature increased, the
yield of liquid bio-oil produced also rose. However, beyond

© Engineered Science Publisher LLC 2024

the optimal temperature, the yield was due to secondary
decomposition, which led to an increase in gas production. ¢
Therefore, to achieve an economically efficient catalytic WCO
pyrolysis process that maximizes both liquid bio-oil yield and
energy conversion, the process can be operated at
temperatures as low as 400 °C, with a maximum temperature
of 425 °C. This approach helps to conserve energy and
minimize power consumption.?!

A high P-value of 0.4768 indicates that the AC:WCO ratio
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(X,) did not significantly affect the energy conversion in liquid
bio-oil from WCO pyrolysis. However, the interaction term
X2 showed a P-value of 0.0192, indicating statistical
significance. As depicted in Figs. 4a and 4c, the response
surface plots reveal that the energy conversion increased to
86.10% when the smallest amount of AC (1:40) was used.
Therefore, to minimize the cost of catalyst utilization, it is
unnecessary to use a ratio of AC:WCO greater than 1:40.

The BET surface area (X3), with a P-value of 0.7571, was
found to be non-significant in relation to WCO pyrolysis. As
shown in Fig. 4c, when the temperature and AC:WCO ratio
remained constant, the increase of liquid bio-oil yield with
rising BET surface area was minimal and not substantial. The
interaction term X3 exhibited a P-value of 0.0669, which
exceeds the threshold of 0.05, indicating that this interaction
had a less significant effect. However, it still had a positive
influence, as indicated in Equation (3). Therefore, a high BET
surface area of AC was not necessary for the WCO pyrolysis
process. While an elevated BET surface area is important for
the adsorption-desorption process, pyrolysis itself is a thermal
decomposition process. Consequently, AC acts as a catalyst,
facilitating heat transfer and raising the reaction temperature.
This helps in breaking down long carbon-chain compounds
into lighter ones, which then transform into condensable gases,
leading to higher production of liquid bio-0il.[*92037]

3.4 Liquid bio-oil characterization

A liquid bio-oil obtained under an AC:WCO ratio of 1:40, a
reaction temperature of 425 °C, and a BET surface area of
1000 m%*/g was analyzed for its physical properties and
composition. The chemical composition was determined using
GC-MS analysis. Fig. 5 shows the weight percentages of the
main components found in the liquid bio-oil. The liquid bio-
oil obtained from the pyrolysis of WCO contained 31.96 wt%
hydrocarbon compounds and 68.04 wt% oxygenated

10.47 wt% alkenes, and a minimal 0.11 wt% alkynes. The
oxygenated chemicals consisted of 44.82 wt% carboxylic
acids, 12.85 wt% alcohols, 3.86 wt% esters, 3.47 wt% ketones,
and 1.62 wt% aldehydes.

Previous studies have identified similar compounds in bio-
oils produced from the pyrolysis of various triglyceride
feedstocks. For instance, Trabelsi et al.*¥ found that the main
components of bio-oil from WCO pyrolysis were 89.61 wt%
carboxylic acids, 2.31 wt% linear saturated hydrocarbons,
3.64 wt% linear unsaturated hydrocarbons, 0.17 wt% cyclic
hydrocarbons, 1.86 wt% alcohols, 0.25 wt% ketones, and 0.25
wt% aldehydes. Similarly, Kraiem et al.B used GC-MS to
identify the chemical composition of bio-oil from WCO
pyrolysis, which included 53.11 wt% carboxylic acids, 1.71
wt% aldehydes, 1.21 wt% ketones, and 0.93 wt% alcohols.
The hydrocarbons comprised 4.03 wt% linear saturated, 28.65
wt% unsaturated, and 9.54 wt% cyclic compounds. These
findings highlight the significant presence of hydrocarbon
constituents, particularly carboxylic acids, which are closely
linked to the elevated levels of fatty acids in WCO.

Ngo et al. P also analyzed the chemical composition of
bio-oil from soybean oil pyrolysis in a fixed-bed reactor, using
various catalysts and GC-MS analysis. Their results revealed
that the bio-oil primary comprised of organic compounds with
carbon chains ranging from C5 to C11 (21.7% of the total) and
C12 to C18 (17.8% of the total).

Figure 6 shows the distribution of bio-oil separated at
various temperature ranges using GC-SIMDIS. The liquid bio-
oil was categorized into different types based on their
boiling.[*334 Under the optimal experimental conditions, the
primary constituents of the bio-oil were diesel-like compounds,
which accounted for 40.00% of the total. These were followed
by fuel oil-like compounds at 34.00%, kerosene-like
compounds at 14.00%, and gasoline-like compounds at
12.00%, as shown in Fig. 6a. With the use of AC, the
increased from

chemicals. The hydrocarbons included 21.38 wt% alkanes, proportion of diesel-like compounds
50 :
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Fig. 5 Major group of organic compositions in liquid bio-oil obtained under a ratio of AC to WCO of 1:40, a reaction temperature of

425 °C, and a BET surface area of 1000 m?/g.
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bio-oil obtained under a ratio of AC to WCO of 1:40, a reaction
bio-oil obtained from a reaction temperature of 425 °C with the

absence of AC according to the boiling temperature distribution by GC-SIMDIS analysis. (a) Product distribution by percentage; (b)

yield of liquid bio-oil and product distribution by amount.

36.00% to 40.00%, while the proportion of gasoline-like
compounds rose from 6.00% to 12.00%.

The liquid bio-oil yield, presented in Fig. 6b, is also an
important consideration. When AC was used, the yield of
liquid bio-oil increased from 81.70 g to 87.73 g. Of this
amount, diesel-like compounds accounted for a maximum of
35.25 g. The primary degradation mechanism for triglycerides
in WCO was direct pyrolysis. AC acted as a heat-transfer agent,
enhancing the pyrolysis reaction temperature by facilitating
the thermal cracking of heavy carbon compounds (43%),18:9
¥l leading to the formation of lighter carbon compounds (34%)
and the production of more valuable products, such as diesel-
like compounds in the liquid bio-o0il.[?

Figure 7 presents the FT-IR spectrum, which reveals the
functional groups of organic compounds in the liquid bio-oil
obtained under optimal operating conditions. The wave
number range between 2916 and 2848 cm ™! displayed distinct
peaks attributed to carboxylic acids and alkanes. The

significant height of these peaks indicates a high concentration
of saturated aliphatic hydrocarbons in the bio-oil. Additional
aliphatic groups were indicated by peaks in the range of 1464
to 1430 cm™!, further confirming the aliphatic nature of the
bio-oil. The presence of oxygen in the bio-oil was confirmed
by a peak at 1702 cm™!, corresponding to the C=0 stretching
vibration, which suggests the presence of carbonyl groups
such as aldehydes, ketones, esters, and carboxylic acids.
Furthermore, C-O stretching vibrations were observed in the
spectral range of 1292 to 1188 cm™!, indicative of esters, ethers,
alcohols, and carboxylic acids. Weaker bands in the range of
938 to 686 cm!, attributed to C-H bending, signaled the
presence of alkenes and aromatics in the bio-oil. The bio-oil
obtained in this study was predominantly composed of
carboxylic acids, aliphatic hydrocarbons, and small amounts
of aromatics, aldehydes, and ketones. These findings align
with the organic chemical groups identified in the GC-MS
analysis. A similar FT-IR comparison was conducted by
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Fig. 7 FT-IR spectra of liquid bio-oil obtained under a ratio of AC to WCO of 1:40, a reaction temperature of 425 °C, and a BET

surface area of 1000 m?/g.
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Table 5. Fuel properties of liquid bio-oil compared to ASTM and EN biodiesel standards.
Fuel Properties WCO Bio-oil? ASTM Standard® EN Standard® Diesel®
Density at 15<C (kg/m3) 910 890 860-900 860-900 810-870
Viscosity at 40<C (cSt.) 43.0 11.6 1.9-6.0 3.5-5.0 18-4.1
Calorific value (kJ/g) 38.3 39.2 - - >45.0
Water content (%) 0.7 0.3 <0.5 <0.5 <0.5
Acid value (mgKOH/qg) 5.4 126.7 <0.5 <0.5 <0.5

2 Bio-oil from this work; ® Biodiesel standard(*'l; ¢ Specification of diesel>4°],

Qasim ef al., who compared the FT-IR spectrum of liquid bio-
oil with those of diesel fuel and biodiesel derived from a blend
of transesterified waste canola and waste transformer oils.
Their study revealed that the liquid bio-oil shared similarities
with diesel and biodiesel fuels, particularly in the presence of
aliphatic components with notable intensity.*] However, a
noticeable difference was observed in the magnitude of peaks
associated with oxygenated components in the liquid bio-oil.
The physical properties of the liquid bio-oil, obtained under a
1:40 AC to WCO ratio, a reaction temperature of 425 °C, and
a BET surface area of 1000 m%/g, including density, kinematic
viscosity, water content, calorific value, and acid value, were
analyzed and compared with the standards for diesel and
biodiesel according to ASTM and European (EN) Standards.
The results are presented in Table 5.

The liquid bio-oil had a density of 890 kg/m? at 15 °C,
which falls within the acceptable range set by ASTM and EN
standards. However, it is slightly higher than the density
specification for diesel fuel, which ranges from 810 to 870
kg/m’. These findings are consistent with other studies, which
report that the density of pyrolytic bio-oil from WCO
pyrolysis typically ranges from 880 to 899 kg/m?> 1333843 This
suggests that liquid bio-oil could be used as engine fuel
without requiring further adjustments to density. The
kinematic viscosity at 40 °C was 11.6 cSt, which exceeds both
the ASTM and EN biodiesel standards, as well as the viscosity
range for diesel fuel. However, it is within the range reported
in previous studies on pyrolytic bio-oils obtained from
triglyceride pyrolysis.[*]

The liquid bio-oil exhibited a calorific value of 39.2 kl/g,
which is lower than the specification for diesel fuel. This
aligns with previous research, where pyrolytic bio-oil from the
WCO pyrolysis had a lower heating value of 36.9 kJ/g.1+")
Despite this, the findings suggest that the liquid bio-oil holds
considerable promise as a feedstock for synthetic gasoline
production. The water content of the liquid bio-oil was 0.3%,
which is within the acceptable range for both biodiesel and
diesel fuel (<0.5%). However, a key drawback was its acid
value, which measured 126.7 mg KOH/g. The pyrolysis
process typically converts triglycerides in WCO into acids
through thermal cracking.['33 This value exceeds the criteria
set by ASTM and EN standards. Nevertheless, it is consistent
with acid values reported in previous studies, which range
from 124.3 to 126.8 mg KOH/g.[16173233.40471 The high acidity
indicates a significant presence of oxygenated compounds,

10 | Eng. Sci., 2024, 31, 1211

particularly carboxylic acids, as confirmed by the GC-MS and
FT-IR analysis results (Figs. 5 and 7).

To make the bio-oil suitable for engine fuel, it is essential
to reduce the acidic components through
(hydro)deoxygenation and catalytic esterification, as these can
cause corrosion and clogging in engine systems.*$#1 Despite
the high acidity, this work demonstrates that the pyrolysis of
WCO can produce a valuable liquid fuel that holds the
potential for further enhancement to meet commercial diesel
fuel standards, surpassing the specifications for biodiesel and
diesel fuel.

4. Conclusions

RSM proves to be an efficient approach for predicting energy
conversion in the production of liquid bio-oil from WCO
pyrolysis. One of its key advantages is its ability to provide
accurate predictions with a minimal number of experimental
trials. The optimal operational parameters, which resulted in a
maximum energy conversion of 93.41% and liquid bio-oil
production of 87.82%, were a reaction temperature of 425 °C,
an AC:WCO ratio of 1:40, and a BET surface area of 757.58
m?/g. Regression analysis revealed a strong correlation
between the quadratic model equation and the experimental
data, with a coefficient of determination (R?) of 0.9567 and an
F-value of 14.6401. These findings indicated that temperature
had the greatest influence on both liquid bio-oil production
and energy conversion throughout the process. The fuel
characteristics of liquid bio-oil obtained from the optimal
experimental conditions, including density and water content,
met the biodiesel requirements set by ASTM and EN standards
and demonstrated a high calorific value. However, further
refinement of the targeted products can be achieved by
investigating various catalysts and extending applications to
other processes, such as (hydro)deoxygenation and catalytic
esterification, to reduce oxygenated compounds that
contribute to the acidity in bio-oil. Additionally, distillation
could be considered as a potential method to further enhance
the product quality.
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