Journal of Renewable - .
@ Materials & Tech Science Press

D0i:10.32604/jrm.2025.02024-0070 .

ARTICLE Check for

updates

Comparative Study on the Phenolic Compound Extraction in the Biorefinery
Upgrading Process of Multi-Feedstock Biomass Waste Based Bio-Oil

Haniif Prasetiawan”", Dewi Selvia Fardhyanti', Hadiyanto’ and Widya Fatriasari’

'Department of Chemical Engineering, Faculty of Engineering, Universitas Negeri Semarang, Gd. E1 Lt. 2 UNNES Kampus Sekaran,
Gunungpati, Semarang, 50229, Indonesia

*Chemical Engineering Department, Faculty of Engineering, Universitas Diponegoro, Semarang, 50275, Indonesia

’Research Center for Biomass and Bioproducts, National Research and Innovation Agency (BRIN), J1 Raya Bogor KM 46, Cibinong,
16911, Indonesia

*Corresponding Author: Haniif Prasetiawan. Email: haniif.prasetiawan@mail.unnes.ac.id

Received: 22 December 2024; Accepted: 12 May 2025; Published: 22 July 2025

ABSTRACT: Bio-oil is a renewable fuel that can be obtained from biomass waste, such as empty palm fruit bunches,
sugarcane bagasse, and rice husks. Within a biorefinery framework, bio-oil had not met the standards as a fuel due to
the presence of impurities like corrosive phenol. Therefore, the separation of phenol from bio-oil is essential and can
be achieved using the extraction method. In this study, biomass wastes (empty fruit bunches of oil palm, sugarcane
bagasse, and rice husk) were pyrolyzed in a biorefinery framework to produce bio-oil, which was then refined through
liquid-liquid extraction with a methanol-chloroform and ethyl acetate solvents to remove its phenolic compound. The
extraction with methanol-chloroform solvent was carried out for 1 h at 50°C. Meanwhile, extraction with ethyl acetate
solvent was carried out for 3 h at 70°C. Both extractions used the same variations, i.e., bio-oil: solvent ratio at 1:1, 1:2, 1:3,
and 1:4, and stirring speeds of 150 rpm, 200 rpm, 250 rpm, and 300 rpm. The bio-oil obtained from this study contained
complex chemical compounds and had characteristics such as a pH of 5, a density of 1.116 g/mL, and a viscosity of
29.57 cSt. The optimization results using response surface methodology (RSM) showed that the best yield for methanol-
chloroform was 72.98% at a stirring speed of 250 rpm and a ratio of 1:3. As for ethyl acetate solvent, the highest yield
obtained was 71.78% at a stirring speed of 237.145 rpm and a ratio of 1:2.
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1 Introduction

As the world’s population increases, the availability of energy is gradually diminishing. Alternative
energy sources that are environmentally friendly and renewable, such as bio-oil, are needed. Bio-oil is a
dark-colored liquid fuel obtained from the thermal conversion of biomass without the presence of oxygen
(pyrolysis) [1]. Compared to other fossil fuels such as crude oil, heavy fuel oil, diesel and gasoline, bio-oil
has the characteristics of high oxygen concentration, high moisture content, high viscosity, high acidity, low
calorific value and poor stability. However, it is high in energy density, low in sulfur and nitrogen content,
and is easy to store, transport, and utilize [2].

Bio-o0il can be processed from biomass waste, such as empty palm fruit bunches (EFB), sugarcane
bagasse, and rice husks. These three types of biomasses are the most dominant waste from plantations in
Indonesia [3], and they generally have a high lignocellulosic content. Lignocellulosic content in biomass
plays a vital role in the characteristics of pyrolysis products. High lignin content can decrease the pyrolysis
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reaction rate, while higher cellulose in biomass can increase the reaction rate of the pyrolysis process. The
lignocellulosic content of each biomass is shown in Table 1.

Table 1: The content of lignocellulose in rice husk, sugarcane bagasse, and EFB

Lignocellulose Raw materials

Rice husk  Sugarcane bagasse EFB

Lignin 20% 24.81% 25.83%

Cellulose 35% 48.7% 33.25%

Hemicellulose 25% 21.14% 23.24%
Reference [4] [5] (6]

Biomass is processed using fast pyrolysis techniques to produce bio-oil. This pyrolysis occurs at
temperatures of 400-650°C, heat transfer rates of 10-1000°C/s, and residence times of less than 2 s [7]. Based
on its operating conditions (temperature, residence time, heating rate, and particle size), pyrolysis is divided
into three categories, namely slow, fast, and flash pyrolysis [8]. Products produced in the pyrolysis process
include biochar, bio-oil, and non-condensed gases such as hydrogen, methane, carbon monoxide, carbon
dioxide, and other hydrocarbon gases. In the bio-oil production process, key indicators of bio-oil quality
include yield, calorific value, and application-specific parameters such as viscosity and chemical composition.
After undergoing the pyrolysis process, bio-oil still contains impurities, including phenols and carboxylic
acids, which contribute to its corrosive nature and instability. Additionally, bio-oil has a low heating value,
primarily due to its high water and oxygen content, and exhibits high viscosity, making it challenging to use
directly as a fuel [9]. Therefore, it is necessary to perform an upgrading process to improve the bio-oil quality.

There are three methods to upgrade bio-oil: catalytic, chemical, and physical upgrading. Physical
upgrading can be accomplished with additional solvents, liquid-liquid extraction, and emulsification.
Bio-oil upgrading using the catalytic approach is accomplished by steam reform, hydrocracking, and
hydro-oxygenation (HDO). On the other hand, chemical upgrading uses an esterification reaction [10].
Liquid-liquid extraction (LLE) offers distinct advantages compared to other bio-oil upgrading processes,
such as fractional condensation, catalytic upgrading, and distillation. Fractional condensation, which
separates pyrolysis vapors by cooling at different temperatures, is effective at removing water and increasing
energy density but lacks the specificity to target and remove certain oxygenated compounds, such as phenols
and carboxylic acids, that contribute to bio-oils instability and corrosiveness. While fractional condensation
enhances overall bio-oil quality, it does not selectively eliminate these problematic compounds [I1]. In
comparison, LLE is a relatively simple and low-energy process that allows for selective separation based
on chemical properties such as polarity. It effectively isolates oxygenated compounds, particularly phenols,
which are responsible for bio-oil’s corrosiveness and instability. Additionally, LLE can be performed under
mild conditions and does not require complex temperature controls or expensive catalysts. These factors
make LLE more advantageous when the goal is to selectively remove phenols and other undesirable
compounds from bio-oil, improving its overall quality and suitability for fuel applications [12].

Previous studies focused on the utilization of a liquid-liquid extraction process to remove the phenolic
compounds from single feedstock-based bio-oil such as rice husk [9], coconut shells [13], and sugarcane
bagasse [14]. Nevertheless, not all biomass waste is constantly accessible. Each region possesses distinct
biomass waste. For instance, oil palm empty fruit bunch waste is more prevalent in one area than sugar
cane waste, and vice versa. The application of multi-feedstock biomass waste is to complements one another
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without lowering the quality of the bio-oil that is produced. Bio-oil produced from a variety of feedstocks.
Compared to bio-oil made from a single feedstock, biomass waste has more complex components. The multi-
feedstock approach improves the scalability of bio-oil production and offers a more complete solution for a
range of biomass resources. Multi-feedstock approaches provide a more comprehensive solution for diverse
biomass resources and enhance the scalability of bio-oil production.

According to Yang et al. [15], solvents such as methanol and ethyl acetate have relatively high polarity and
good solubility of phenol compared to several commonly used solvents for extracting phenol from bio-oil.
Meanwhile, chloroform is a semi-polar solvent that can effectively extract the organic phase from bio-oil [16].
Methanol-chloroform solvent had been used to collect phenolic compounds from bio-oil derived from single
feedstock such as rice husk pyrolysis [9], coconut shells [13], and sugarcane bagasse [14]. The use of ethyl
acetate solvent has previously been conducted to extract phenol from bio-oil obtained from the pyrolysis of
Jatropha curcas seed cake [1]. Currently, extraction of phenolic compounds from multi-feedstocks biomass-
based bio-oil has never been done.

Aim of this study is to extraction of phenolic compounds from multi feedstocks biomass-based bio-oil
using various solvents. The composition of the biomass waste mixture was based on previous studies [17]. The
operating condition of the extraction process was then optimized by using response surface methodology
(RSM). The optimized operating condition can be used to produce bio-oil with a better physical and chemical
characteristic close to fossil fuel.

2 Materials and Methods
2.1 Materials

The bagasse was obtained from sugarcane ice traders in Semarang, Central Java, and EFB was obtained
from Samarinda, East Kalimantan. Rice husk obtained from a rice mill in Gunungpati, Semarang. Other
materials used in this study were Nitrogen (Surya Industri Gas, Central Java, Semarang, Indonesia), ethyl
acetate, chloroform-methanol 80% v/v, Na,COj;, Folin-Ciocalteu, gallic acid and aquadest. All chemicals
were purchased from Merck (Kenilworth, NJ, USA). Furthermore, all reagents used in here are analytical
reagent grade and used as received without further purification. Distilled water and deionized water are
available in the laboratory.

2.2 Methods
2.2.1 Fast Pyrolysis

The biomass materials were cleaned and dried under the sun for three days. The materials were then
ground and sieved using a 60-mesh screen. The materials were further dried using an oven to reduce
their water content to 100°C. Furthermore, the materials were weighed to produce biomass with a weight
composition of rice husk at 30.54%, EFB at 36.64% and sugarcane bagasse at 32.82%. Next, the biomass
mixture undergone fast pyrolysis process at a temperature of 500°C with a reaction time of 60 min, and a
nitrogen gas flow of 3 L/min. The results of the fast pyrolysis reaction were divided into three main categories,
which are bio-oil, biochar and non-condensable gas. The gas from the pyrolysis process quickly flowed into
the condenser tube, while the cooling water flowed at the condenser’s shell. The gas that had been condensed
into liquid or bio-oil was then transferred to a vessel whose volume could be known. The bio-oil obtained was
then analyzed for its physical and chemical characteristics. The schematic diagram for the pyrolysis process
is shown in Fig. 1.
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Figure 1: Schematic diagram of the pyrolysis process

2.2.2 Bio-Oil Characterization

GC-MS analysis was carried out to determine the chemical components present in the bio-oil. The
operating condition of GC-MS was set according to the previous study [17] by using gas chromatography-
mass spectrophotometry (GC-MS), GC Clarus 680, and MS Clarus SQ 8 T from Perkin Elmer (Waltham,
MA, USA). Physical properties characterization in this study included the bio-oil, density, pH, and viscosity.
The test results were later compared with the applicable fuel standards. The bio-oil density was measured by
using a pycnometer. The weight of bio-oil was obtained from the difference between the pycnometer which is
fully filled with the bio-oil sample and the empty pycnometer. The obtained bio-oil weight was then divided
by the pycnometer volume to obtain its density. The pH of the bio-oil was measured by using a pH meter.
The viscosity of the bio-oil was measured by using a viscometer Ostwald.

2.2.3 Bio-Oil Extraction Process

Two solvent systems were utilized in this study, i.e., 80% chloroform-methanol and ethyl acetate.
Chloroform-methanol and ethyl acetate are considered a green alternative since it has a lower toxicity profile
and is less harmful to the environment, making them preferable in laboratory settings where safety and
environmental impact are concerns. Ethyl acetate was also chosen since it is a moderately polar solvent,
making it effective for extracting a wide range of organic compounds, including phenols. Its polarity allows
for efficient extraction of phenolic compounds without excessively extracting non-polar impurities. Previous
studies also showed that ethyl acetate is able to extract the highest phenolic content compared to other
solvents such as methanol, ethanol, acetone, dichloromethane and chloroform [18]. In this study, the ratio
of bio-oil: solvent and stirring speed were varied. A higher amount of solvent would increase the extracted
solute. However, the more solvents used, the less effective the extraction process would be. In liquid-liquid
extraction, optimum liquid distribution or homogenization can also be obtained by adjusting the appropriate
stirring speed. First, 6.5 mL of alkaline solution was added to the three-neck flask. Then, solvent was added
with variations ratio of bio-oil: solvent (v/v) of L1, 1:2, 1:3, and 1:4. The extraction process was carried out
for 3 h at 70°C for ethyl acetate. Meanwhile, the extraction process for 80% chloroform-methanol was
done for 50 min at 50°C. The specific temperature and extraction time were chosen based on the best
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operating conditions from previous studies to obtain the highest phenolic compounds [19,20]. In this stage,
stirring speed variations (150, 200, 250, and 300 rpm) were also employed. After the extraction process was
completed, the mixture of bio-oil and solvent was separated using a series of separatory funnels and allowed
to stand for 120 and min for ethyl acetate and 80% methanol-chloroform extraction processes, respectively.
The schematic diagram of the experimental setup for the extraction process is shown in Fig. 2.
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Figure 2: Experimental setup for the extraction process

2.2.4 Phenolic Compound Analysis

Phenolic compound analysis was determined by using the Folin-Ciocalteu (FC) method. This method
was commonly used for phenol determination. This method also has a limitation where it may be influenced
by other reducing agents in bio-oil. However, the total phenolic content in bio-oil detected by the FC method
was comparable to the number of total phenolics obtained by liquid-liquid extraction. The FC method
uncertainty of measurement was +1.1% at the 95% confidence level [21,22]. First, 0.1 mL of extract or raffinate
was added to the sample bottle, followed by the addition of 0.5 mL of Folin-Ciocalteu. Then, the mixture was
mixed until homogeneous and was allowed to stand for 3 min. Next, 1.5 mL of Na, COj; solution was added,
and the mixture was homogenized and left for 2 h at room temperature [13]. The absorbance was measured
at a maximum wavelength of 751 nm with a UV-Vis spectrophotometer (Shimadzu 1800, Kyoto, Japan). The
phenol concentrations were calculated using the standard linear regression curve method with a standard
solution of gallic acid and the reagent of Folin-Ciocalteu. Total phenol concentration was then calculated by
using Eq. (1).

massof phenolinthe extract phase

Yield =
total phenol massof phenolinthe feed

x 100% 1)

2.2.5 Response Surface Methodology (RSM) Optimization

In this study, the extraction parameters were optimized using RSM with central composite design
(CCD) in the Design Expert 13. CCD was performed for a total of 13 trials, with five repetitions at the central
point. The ANOVA method was used to analyze the F-test, lack of fitness, predicted R?, and plot the 3D
model. From the ANOVA test, an equation for phenol yield as a function of bio-oil: solvent ratio and stirring
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speed was obtained for each solvent. The experimental data were then compared with the predicted results
from the model equation by using the Mean Absolute Percentage Error (MAPE) as shown in Eq. (2).

predicted result—experimental data
experimental data

MAPE =" x 100% )

n

An optimization process was then performed to obtain the best operating conditions for phenol
extraction from bio-oil. The best operating conditions were then validated by comparing them with the
experimental data.

3 Result and Discussion
3.1 Chemical Characterization of Bio-Oil

Production of bio-oil from multi-feedstock of biomass waste had been performed in an earlier study [17].
Prasetiawan et al. reported that the best biomass waste mixture was composed of rice husk, EFB, and
sugarcane bagasse with percentages of 30.54%, 36.64%, and 32.82%, respectively [17]. Similarly, the operating
parameters were selected based on previous pyrolysis studies of various biomass wastes [20], which used
500°C temperature and 3 L/min of nitrogen flowrate. The best mixture and operating parameters for pyrolysis
of biomass waste were utilized in this study.

Fig. 3 shows the results of the GC-MS analysis. There were 20 peaks indicating the types of compounds
contained in the bio-oil. The bio-o0il content produced in this study was dominated by 27.15% fatty acid
compounds, fatty acid esters 20.99%, aldehyde 17.53%, and phenol 16.55%. The concentration of each
component represents the area percentage from GC-MS analysis. Previously, these compounds were also
produced in several studies of bio-oil from EFB [23], bagasse [24] and rice husks [25].

Intensity
45000000
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Figure 3: GC-MS bio-oil chromatogram

The detailed bio-oil content is presented in Table 2. The fatty acid compounds in bio-oil were produced
from the hydrolysis reaction of carbohydrate compounds consisting of lignin, cellulose, and hemicellulose.
The fatty acids that are formed can eventually undergo esterification and substitution reactions to form fatty
acid esters [26]. Aldehydes and phenols in bio-oil are also derived from lignocellulose through hemolysis
reactions [27]. The presence of aldehydes can cause bio-oil to become unstable [28]. It easily reacts with the
remaining components. Meanwhile, the high phenol content has a negative impact on engine performance
since it will cause corrosion when the phenol is oxidized [13].
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Table 2: Distribution of bio-o0il GC-MS peak point areas

Peak Residence Area (%) Name Ref.
time (min)
1 2.045 2.03 Pyridine, 2-methyl-(CAS) [29]
2 2.088 2.64 2-Cyclopenten-1-one (CAS) [30]
3 2.196 5.9 2-Furanmethanol (CAS) [31,32]
4 2.527 1.04 2-Cyclopenten-1-one, 2-methyl-(CAS) [30,33]
5 2.563 1.07 Ethanone, 1-(2-furanyl)-(CAS) [34]
6 2.69 1.37 Cyclopentanone (CAS) [30]
7 3.122 1.12 2-Cyclopenten-1-one, 3-methyl-(CAS) [30]
8 3.623 15.01 Phenol (CAS) [17,35-37]
9 4.126 2.61 2-Cyclopenten-1-one, 2-hydroxy-3-methyl-(CAS) [30]
10 8.28 1.54 Phenol, 2,6-dimethoxy-(CAS) [38]
11 14.626 1.25 9-Octadecenoic acid (Z)-, methyl ester (CAS) [39]
12 15.044 25.75 9-Octadecenoic acid (Z)-(CAS) [39]
13 15.305 1.4 Hexadecanamide (CAS) [40]
14 15.533 1.95 Hexadecanoic acid, 2-hydroxyethyl ester
15 15.824 6.24 Hexadecanoic acid, 2-hydroxy-1,3-propanediyl
ester (CAS)
16 16.525 2.6 9-Tetradecenal, (Z)- [41]
17 16.813 7.31 9-Octadecenal, (Z)-(CAS) [42]
18 17124 1.24 Hexadecanoic acid,
2-hydroxy-1-(hydroxymethyl)ethyl ester (CAS)

19 23.05 7.62 7-Hexadecenal, (Z)- [41]
20 28.677 10.31 9-Octadecenoic acid (Z)-, 9-octadecenyl ester, (Z)-

In terms of bio-oil potential as a fuel, the presence of fatty acid derivatives like hexadecanoic acid
(C16) and octadecenoic acid (C18) is advantageous due to their higher energy content and potential to
enhance the calorific value of bio-oil after the removal of impurities like phenols and other oxygenated
compounds. However, the presence of these acids also introduces challenges, such as increasing viscosity
and contributing to instability, which must be addressed during the upgrading process. The presence of
oxygenated compounds like furfurals and ketones (peaks 2, 4, 6) can also contribute to instability, as they
are prone to polymerization and degradation over time, which affects the storage stability of the bio-oil.

3.2 Physical Characterization of Bio-Oil

The bio-oil produced was tested for its physical characteristics, including pH, density, and viscosity.
The physical characteristics of the bio-oil from this study were compared to the Indonesian National
Standard [43], as shown in Table 3.

The pH value represents the corrosiveness level of bio-oil on metal materials. The lower the pH of the
bio-oil, the more acidic and corrosive it is, which can damage storage facilities, piping systems, and engine
combustion chambers. The acidity of bio-oil is caused by the presence of acidic compounds formed during
the pyrolysis process of cellulose, lignin, and extractive compounds [44]. However, in this study, the bio-oil
had a pH of 5, which is in accordance with the minimum pH requirement for diesel fuel [45].
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Table 3: Physical characteristics test of bio-oil

Parameter Result SNI Methods
pH 5 - -
Density (g/mL) 1116  0.85-0.89 ASTM D-1298
Viscosity (cSt)  29.57 2.3-6.0 ASTM D-445

The bio-oil resulting from this research has a density of 1.116 g/mL, which is higher than the standard
density of diesel fuel (0.85-0.89 g/mL). The high density of the bio-oil is influenced by the molecular weight
of its components [46]. The presence of impurities, such as water, can increase the fuel density [47]. The
higher the fuel density, the larger the molecular weight of the impurities. This causes the fuel to be difficult
to evaporate and ignite [48].

According to SNI, the standard viscosity ranges from 2.3 to 6 cSt. However, the bio-oil from the research
has a higher viscosity of 29.57 cSt. Fuel with high viscosity can hinder the fuel flow to the engine, resulting
in a decrease in efficiency during the combustion process and damaging the engine components [49]. The
high viscosity of bio-oil is partly attributed to the presence of phenol content [13]. Therefore, it is necessary
to perform an extraction to separate the phenol content from bio-oil.

3.3 Effects of Stirring Speed and Solvent Ratioon Phenol Extraction Yield
3.3.1 Phenol Extraction by Using 80% Methanol-Chloroform

The effects of stirring speed and bio-oil and solvent ratio on the yield of phenol extraction were
investigated using variable stirring speed in the range of 150-300 rpm and bio-oil and solvent ratios of 1:1-1:4
with an extraction time of 50 min and temperature of 50°C. The results are shown in Fig. 4.
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Figure 4: Effect of stirring speed on yield extraction in the extraction using 80% chloroform-methanol

The phenol yield at a ratio of 1:2 increased as the stirring rate increased, although the increase was only
slightly visible. This phenomenon can be explained because increasing the speed of stirring can increase the
interfacial area so that the mass transfer rate of phenol from bio-oil to solvent also increases [50]. As for
the 1:3 and 1:4 ratios, they had a slightly fluctuating trend. However, in general, the yield also increased with
increasing agitation rate. This is reflected in the highest yield obtained at the peak stirring speed, which was
300 rpm. This result can also be explained by the same phenomenon as before. Meanwhile, for the 1:1 ratio, the
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yield trend experienced slight fluctuations from the stirring speed of 150-250 rpm. Extraction yield peaked
at a stirring speed of 250 rpm, then decreased at a stirring speed of 300 rpm. According to Zhou et al. [51],
this is thought to occur due to the back-mixing phenomenon, where the final product formed is mixed back
into the unreacted substances.

As for the ratio of bio-oil:solvent, the yield decreases as the ratio of bio-oil:solvent increases. The results
showed that the highest yield was obtained at a ratio of 1:1, while the lowest was 1:4. This is not in accordance
with the theory described earlier, where more solvents produce higher yields [52]. According to Yulianti et al.
this phenomenon is possible because of the limited components to be extracted from the sample and the
limited ability of each solvent to dissolve these components [53]. In other words, increasing the volume of
methanol-chloroform solvent to a certain amount can no longer dissolve phenol effectively. In addition, the
extraction using methanol-chloroform focuses on separating the organic and aqueous phases from the bio-
oil so that the extracted components are not only phenol but also other components with similar polarity.
This causes phenolic compounds to compete with other compounds to bind to methanol, decreasing phenol’s
extraction yield [54]. The lowest phenol extraction yield was 52.9% at a bio-oil:solvent ratio of 1:4 and a
stirring speed of 150 rpm. Meanwhile, the highest yield was 88.2% at a 1:1 ratio using a stirring speed of
250 rpm.

3.3.2 Phenol Extraction by Using Ethyl Acetate

In this study, the effects of stirring speed and the ratio of solvent to phenol yield are shown in Fig. 5.
Based on the figure, the highest value was obtained at a stirring speed of 250 rpm and a solvent ratio of 1:3
with a yield of 79.11%. Meanwhile, the smallest value was found at a stirring speed of 150 rpm and a ratio of 1:1
with a yield of 40.79%. There was an increase in the yield of each sample with increasing stirring speed and
solvent ratio. This happens because the distance between the particles decreases at a fast-mixing speed so
that the attractive force between the particles increases. In this case, the contact between phenol and solvent
becomes increasingly frequent [55]. Meanwhile, when the solvent ratio used increases, the contact between
the solvent and the material becomes larger. Thus, the compounds in the material can be more dissolved in
the solvent [56].

90
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Figure 5: Effect of stirring speed on extraction of phenol using Ethyl Acetate

Fig. 5 shows that the phenol yield decreases at a stirring speed of 250 rpm and a solvent ratio of 1:4. This
result may occur due to the formation of vortices that produce turbulence in the solution. As a result, the
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solid particles in the solvent will move in circles with the solvent without colliding [57]. At a stirring speed
of 250 rpm, the 1:4 ratio produced less yield than the 1:2 and 1:3 ratios. This occurs because the components
to be extracted have reached the saturation point in the solution, so the addition of solvent will not increase
the extraction results [58]. The same phenomenon happened at the stirring speed of 300 rpm, where the 1:4
ratio had a smaller yield compared to the 1:2 ratio.

As seen in Figs. 4 and 5, increasing the stirring speed initially leads to a rise in phenol yield for
both the 80% methanol-chloroform and ethyl acetate extractions. This trend can be attributed to enhanced
mass transfer rates, where faster stirring speeds help in better mixing and more efficient contact between
the solvent and biomass, thus increasing the extraction efficiency [51]. However, at higher solvent ratios,
the phenol yield decreases, especially beyond certain stirring speeds. This could be due to the dilution
effect, where an excessive number of solvents leads to lower concentrations of phenolic compounds in the
solvent phase, reducing extraction efficiency [59,60]. Furthermore, at higher solvent volumes, the interaction
between phenols and the solvent could become less favorable due to thermodynamic limitations or changes
in solubility parameters.

The choice of solvent and the solvent recovery process play crucial roles in scaling up the extraction
process. Solvent recovery techniques like distillation or membrane separation should be considered to
minimize losses and improve the sustainability of the process. Furthermore, the solvent cost, toxicity, and
recyclability should be taken into account when evaluating the overall economic viability of the process. The
scalability of these methods depends on optimizing solvent-to-feed ratios that balance yield with operational
costs and energy requirements. Future studies should investigate solvent recovery efficiency, which can
significantly influence the economic feasibility of this process.

3.4 Response Surface Methodology Optimization

The RSM optimization was performed using the CCD experimental design. RSM is a robust model for
optimizing phenolic extraction. However, it also has limitations such as it is only able to find the optimum
condition inside the determined operating parameters. In this study, the RSM also did not include the
variation of biomass waste composition since it acquired the optimum biomass waste composition from the
previous studies. The variable used in this study was based on the range of operating parameters that gave
the highest phenol yield, as shown in the previous section. The range used for the methanol-chloroform
was stirring speeds of 200-300 rpm and bio-oil:solvent ratios of 1:1-1:3. Meanwhile, for the ethyl acetate, the
variable ranges included stirring speed of 200-300 rpm and bio-oil to solvent ratio of 1:2-1:4.

Based on optimization, the fit summary results for each solvent are shown in Table 4. The suggested
model for each solvent is quadratic, which has an R? value close to 1, but is not aliased. This result shows
that the predicted results obtained from the generated mathematical model are in accordance with the
experimental data. As depicted in Fig. 6, the data spread forms a diagonal line, which is the line of y = x.

Table 4: Summary of fit results

Methanol-Chloroform
Model  Sequential p-Value Lack of Fit p-Value Adjusted R* Predicted R*

Linear 0.0003 0.0662 0.7638 0.642
2F1 0.7949 0.051 0.7397 0.5383
Quadratic 0.0154 0.231 0.8985 0.703 Suggested
Cubic 0.0902 0.8423 0.9457 0.9489 Aliased

(Continued)
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Table 4 (continued)

Methanol-Chloroform

Ethyl Acetate
Model  Sequential p-Value Lack of Fit p-Value Adjusted R’ Predicted R’
Linear 0.0096 0.0030 0.5257 0.642
2FI 0.6796 0.0023 04832 0.5383
Quadratic <0.0001 0.1857 0.9540 0.8591 Suggested
Cubic 0.4785 0.0918 0.9540 0.2831 Aliased
2 N 30 — ;E, BE
g 0 o g
A O sém A
50 60 70 Sll ) a0 G 63 70 15 80 85
Experimental value Experimental value
(a) (b)

Figure 6: Predicted results vs. experimental data of phenol yield from an extraction process using (a) methanol-
chloroform and (b) ethyl acetate

The suitability of the quadratic model used can be determined by comparing the results of the
experiments with the predicted data. Fig. 6 shows the distribution of the research data, where it can be
observed that the experimental points are still close to the predictions of the model. These results can also
be verified using the percentage error and MAPE in Tables 5 and 6.

A MAPE of less than 10% indicates very high accuracy, 10%-20% indicates good accuracy, 20%-50%
indicates reasonable accuracy, and more than 50% indicates inaccuracy [61]. The MAPE values in the
experimental and predictive results of this study were 3.155% and 1.269%, respectively, demonstrating very
high accuracy.

Tables 7 and 8 show that the models used in this optimization are significant (p-value = 0.0004 for
methanol-chloroform and p-value < 0.0001 for ethyl acetate). The optimization results indicate that the
significant models for the methanol-chloroform solvent are A, B, and B?, while AB and A? are considered
less significant. As for the ethyl acetate solvent, the significant models are A, A?, and B?, while B and AB are
considered less significant. Additionally, each solvent shows indications of lack of fit that are not significant,
suggesting that the optimization models for both solvents are suitable for use.
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Table 5: Experimental design of extraction using methanol-chloroform

Run Stirring speed (rpm) Ratio of bio-oil:solvent Yield (%) Error (%)
Experiment Prediction
1 250 0.585786 87.7 88.75 1.183
2 320.711 2 66.68 69.59 4.181
3 250 2 64.33 63.82 0.767
4 250 2 63.03 63.82 1.237
5 250 2 66.94 63.82 4.888
6 250 3.41421 59.88 58.43 2.481
7 179.289 2 64.91 61.61 5.356
8 200 3 53.47 56.75 5.779
9 300 3 62.12 61.01 1.819
10 200 1 75.3 76.81 1.978
11 300 1 86.71 83.83 3.435
12 250 2 64.93 63.82 1.739
13 250 2 59.88 63.82 6.173
MAPE (%) 3.155
Table 6: Experimental design of extraction using ethyl acetate
Run Stirring speed (rpm) Ratio of bio-oil:solvent Yield (%) Error (%)
Experiment Prediction
1 250 1.58579 76.2011 74.53 2.2422
2 250 3 79.1079 80.02 1.1398
3 200 2 62.6832 64.55 2.8920
4 250 3 81.5352 80.02 1.8935
5 300 4 77.961 77.87 1.1686
6 250 3 79.6755 80.02 0.4305
7 200 4 66.0613 66.82 1.1354
8 250 3 78.9103 80.02 1.3868
9 250 3 80.8489 80.02 1.0359
10 179.289 3 62.0888 60.60 2.4568
11 250 4.41421 74.8273 74.73 0.1302
12 300 2 78.8233 79.84 1.2734
13 320.711 3 79.5106 79.22 0.3668

MAPE (%) 1.269
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Table 7: ANOVA results for extraction using methanol-chloroform

Source Sum of squares df Mean Square F-Value p-Value
Model 1151.47 5 230.29 22.24 0.0004 Significant
A-Stirring Speed 63.64 1 63.64 6.15 0.0423
B-Ratio of bio-oil/solvent 919.42 1 919.42 88.81 < 0.0001
AB 1.9 1 1.9 0.1839 0.6809
A? 5.49 1 5.49 0.5303 0.4901
B 166.06 1 166.06 16.04  0.0052
Residual 72.47 7 10.35
Lack of Fit 45.1 3 15.03 2.2 0.231  Not significant
Pure Error 2737 4 6.84
Cor Total 1223.95 12

Table 8: ANOVA results for extraction using ethyl acetate

Source Sum of Squares df Mean Square F-Value p-Value
Model 558.25 5 111.65 50.76 <0.0001 Significant
A-Stirring Speed 346.87 1 346.87 15771  <0.0001
B-Ratio of bio-oil/solvent 0.0410 1 0.0410 0.0187  0.8952
AB 4.50 1 4.50 2.04 0.1959
A? 177.52 1 177.52 80.71 <0.0001
B? 50.50 1 50.50 22.96 0.0020
Residual 15.40 7 2.20
Lack of Fit 10.23 3 3.41 2.64 0.1857  Not significant
Pure Error 5.17 4 1.29
Cor Total 573.64 12

Based on the optimization model, the optimal yield can be obtained using Eqs. (3) and (4) for methanol-
chloroform and ethyl acetate.

Yield (%) = 0.000355A% + 4.88588B> — 0.013800AB — 0.093667A — 26.81393B + 106.01376 (3)
Yield (%) =1.20562A + 21.53836B — 0.021202AB — 0.002021A% — 2.69436B* — 119.56380 (4)

where A is the stirring speed (rpm) and B is for the ratio of bio-oil: solvent (v/v).

Figs. 7 and 8 show that the extraction with methanol-chloroform does not increase phenol yield as
the bio-oil:solvent ratio increases. This is because the solvent has reached its solubility limit for phenolic
components, and phenol also competes with other compounds to bind with methanol [53,54]. Meanwhile,
extraction with ethyl acetate showed an increase in the phenol yield as the ratio of bio-oil:solvent increased.
However, the increase was not significant, making it economically unfavorable.

As the stirring speed increases, both solvents show higher yield results. This can occur due to the mass
transfer of solvents and phenol improves at high stirring speeds (Shakib et al., 2019).

The most optimal result is obtained by minimizing the operating conditions and maximizing the
phenol yield. The optimization parameters used are shown in Table 9. Based on the optimization in Table 10,
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methanol-chloroform produces five solutions, while ethyl acetate produces three solutions. The best condi-
tion for methanol-chloroform is at an agitation speed of 200 rpm and a bio-oil:solvent ratio of 1:1. Meanwhile,
the best condition for ethyl acetate is at an agitation speed of 237.145 rpm and a bio-oil:solvent ratio of 1:2. The
selection of the best condition is based on desirability, which is better when approaching one. Desirability
was chosen as a metric for optimization because it allows the integration of multiple response variables, such
as phenol yield and solvent consumption into a single output. This helps in selecting conditions that balance
all factors and provide the most efficient extraction process overall.

Phenol yield (%)

Phenol yield (%)

341421

P
=
=]

B: Solvent,/Bio 0il Ratio
B: Solvent/Bio 0il Ratio

1292689

0585786 (2)
u 3585 i 1
179.289 235858 264.142 320711 200 220 240 260 280 100

A: Stirring Speed (rpm) A: Stirring Speed (rpm)

(a) (b)

Figure 7: Optimization contours of bio-oil:solvent ratio and stirring speed for extraction using (a) Methanol-
Chloroform and (b) Ethyl Acetate

 Phenol yield (%)

Phenol yield (%)

e'%“ YL 70289 A: Stirring Speed (rpm)

(a) (b)

Figure 8: 3D graph optimizations of stirring speed and bio-oil:solvent for extraction using (a) Methanol-Chloroform
and (b) Ethyl Acetate
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Table 9: RSM optimization parameters

Methanol-chloroform

Name Goal Lower limit Upperlimit Lower weight = Upper  Importance
weight
A: Stirring Speed  minimize 200 300 1 1 3
B: Bio-oil/Solvent minimize 1 3 1 1 3
yield maximize 53.47 87.7 1 1 3
Ethyl acetate
Name Goal Lower limit Upper limit Lower weight  Upper  Importance
weight
A: Stirring Speed  minimize 200 300 1 1 3
B: Bio-oil/Solvent = minimize 2 4 1 1 3
yield maximize 62.08 81.53 1 1 3

Table 10: Result of optimization solution

Methanol-chloroform

Number Stirring speed Ratio of bio-oil/solvent  Yield Desirability

1 200 1 76.806 0.88 Selected
2 200 1.01 76.618 0.876
3 204.943 1 76.986 0.868
Ethyl acetate
Number Stirring speed Ratio of bio-oil/solvent  Yield Desirability
1 237.145 2.000 74.950 0.746 Selected
2 236.719 2.000 74.863 0.746
3 237.889 2.000 75.102 0.746

After obtaining the optimization results, validation was performed by comparing actual and predicted
outcomes. The results of this validation are shown in Table 11.

In Table 11, the methanol-chloroform solvent has an actual yield of 72.98 and a predicted yield of 76.8,
with an error of 4.29%. Meanwhile, the ethyl acetate solvent has an actual yield of 71.781 and a predicted yield
of 17.950, with an error of 4.41%. An error of less than 5% indicates good agreement [62]. Therefore, both

validation results are acceptable.
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Table 11: Validation of optimization results

Methanol-Chloroform

M 0,
Variable Optimal Value Yield (%)
Actual Prediction
Stirring Speed (rpm) 200
Ratio of Bio-Oil:Solvent 1 72.98 76.80
Error (%) 4.29
Ethyl Acetate
Yield (¢
Variable Optimal Value ield (%)
Actual Prediction
Stirring Speed (rpm) 237.145
Ratio of Bio-Oil:Solvent 2 71781 74.950
Error (%) 441

4 Conclusion

The produced bio-oil had a pH of 5, a density of 1.116 g/mL, and a viscosity of 29.57 cSt. Based on the
GC-MS result, the chemical components of the bio-oil consisted of 27.16% fatty acids, 20.99% fatty acid esters,
17.53% aldehydes, and 16.55% phenols. Increased stirring speeds led to improved yields in phenol extraction.
Conversely, a rise in the solvent ratio decreased the extraction yield for 80% chloroform-methanol, whereas
the extraction yield increased for ethyl acetate. The maximum phenol yield achieved was 88.26%, attained ata
stirring speed of 250 rpm with a bio-oil:solvent ratio of 1:1 using 80% chloroform-methanol, and 79.10% under
the same stirring speed with a bio-oil:solvent ratio of 1:3 using ethyl acetate. When 80% chloroform-methanol
was used in the extraction process, optimization resulted in an optimal yield of 76.8% at a stirring speed of
200 rpm and a bio-oil/solvent ratio of 1:1. The validation results showed that the actual experimental yield was
72.98%, resulting in an error of 4.29%. Meanwhile, for the utilization of ethyl acetate as the extraction solvent,
the optimization showed an optimal yield of 74.95% at a stirring speed of 237145 rpm and a bio-oil: solvent
ratio of 1:2. The validation of the optimization results revealed that the actual experimental yield was 71.781%,
with an error of 4.41%. Future work will focus on exploring alternative solvents with lower environmental
impact and optimizing the process for industrial integration. Additionally, scaling up the extraction process
and investigating its applicability to diverse biomass feedstocks will be key areas of further study.
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