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Abstract

This study investigated the effect of KOH activation on biochar, with a focus on how poros-
ity and potassium content influence microwave-assisted catalytic biodiesel production,
using experimental design approaches. Activated biochar was synthesized from oat hull
waste through KOH activation, followed by pyrolysis under controlled conditions. The
biochar was characterized through chemical, morphological, and physical analyses, and
its catalytic performance in converting used waste cooking oil (WCO) into biodiesel was
evaluated using methanol as the acyl acceptor and microwave irradiation to optimize
the reaction via experimental design. Results revealed that increasing the KOH/biomass
ratio significantly enhanced the specific surface area (SSA) of the catalyst, achieving a
maximum SSA of 637.28 m2/g under optimal pyrolysis conditions: 600 ◦C for 3 h with a
KOH/biomass ratio of 2. A maximum fatty acid methyl ester (FAME) yield of 100% was
achieved within 1 min of microwave-assisted reaction using an optimized catalyst dosage
of 2.5%, a WCO/MeOH molar ratio of 1/12, and a reaction temperature of 150 ◦C, with the
catalyst being successfully recycled across three cycles. An economic and energy evaluation
estimated a catalyst production cost of USD 176.97/kg and a biodiesel production cost
of USD 8.9/kg of FAMEs. This research provides a straightforward and cost-effective
approach for biofuel production.

Keywords: biochar-based alkaline catalyst; activated biochar; microwave irradiation; waste
cooking oil; transesterification; biodiesel

1. Introduction
Diversifying the energy matrix to adopt cleaner sources is a global imperative. Cur-

rently, approximately 80% of the world’s energy demand is supplied by fossil fuels [1],
which results in significant greenhouse gas (GHG) emissions that severely impact the envi-
ronment [2]. These emissions also pose health risks, as air pollution is estimated to cause
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10.2 million deaths annually, mostly children and the elderly with respiratory diseases [3].
Although the Paris Agreement aims to limit global warming to 1.5 ◦C above pre-industrial
levels to avert catastrophic consequences [4], projections indicate this threshold may be
exceeded by 2030 due to persistent reliance on fossil fuels [5]. This scenario underscores
the urgent need for sustainable energy alternatives. One alternative is biodiesel, a bio-
fuel composed of fatty acid methyl esters produced via the transesterification of plants
or animal-derived lipids [6]. Biodiesel offers several advantages, including production
from renewable resources and waste valorization, lower GHG emissions, biodegradability,
compatibility with diesel engines, and enhanced lubricating properties [7,8]. While it is
primarily derived from natural feedstocks such as palm oil [9] and soybean [10], biodiesel
can also be produced from waste materials, such as waste cooking oil (WCO), making
it an environmentally friendly biofuel [11]. Catalysts for biodiesel production are gener-
ally classified as homogeneous or heterogeneous based on their phase. Homogeneous
catalysts, such as KOH and NaOH, are cost-effective and efficient; however, they exhibit
significant drawbacks, including product separation challenges, high saponification rates,
and the need for extensive neutralization and washing processes, which generate large
volumes of effluents [12]. In contrast, heterogeneous catalysts provide a more sustainable
and efficient alternative, easily separable, reusable, and produce fewer by-products and
liquid wastes [13]. They also exhibit higher tolerance to impurities in feedstocks, enabling
the use of low-cost crude or waste oils and reducing reactor corrosion [14]. To achieve
faster production and catalyst reusability, developing low-cost, eco-friendly heterogeneous
catalysts is crucial. Thermochemical waste valorization offers a sustainable pathway to
produce materials, employing techniques like combustion, gasification, and pyrolysis [15].
Combustion is an exothermic process in which biomass is thermally degraded in excess
oxygen, generating heat and stable gases such as CO2 [16]. Gasification, on the other
hand, occurs in oxygen-limited environments at temperatures between 700 and 1200 ◦C,
producing syngas rich in H2 and CH4 [17]. Both processes yield ash as a solid by-product,
which is characterized by high inorganic content and low surface area [18]. In contrast,
pyrolysis is an endothermic process conducted in an inert atmosphere (typically with oxy-
gen replaced by N2), wherein lignocellulosic residues are thermally degraded to produce
syngas, bio-oil, and biochar [19]. The main characteristics of biochar are its low ash content,
high surface area, functional groups, and its origin from renewable resources through
waste valorization [20]. These properties have expanded their applications in fields such
as soil amendment [21], heterogeneous catalysis [22], adsorption [23], and gas purifica-
tion [24]. In biodiesel production, biochar has demonstrated promising catalytic properties.
For example, Jung et al. [25] reported a 95% fatty acid methyl ester (FAME) yield using
biochar derived from WCO at 350 ◦C [25]. Similarly, a biochar-based catalyst with Mo/Ni
oxides achieved a 74% yield within 2 h, attributed to the active sites in the material [26].
The porous structure of biochar enhances the interaction between lipids and methanol
by facilitating reactant collisions within the pores, especially at elevated temperatures.
However, both homogeneous and heterogeneous catalysts have key limitations in biodiesel
production, mainly in the need to reduce reaction times, improve yields, and increase the
contact area with the reactants. Homogeneous catalysts, although highly reactive, require
long purification processes and generate large volumes of effluent, which affect process
efficiency. On the other hand, heterogeneous catalysts, although reusable and more sustain-
able, tend to have lower catalytic activity, which implies higher temperatures and longer
reaction times to achieve efficient conversions. In addition, their low dispersion in the
medium reduces interaction with the reagents [27]. Therefore, the novelty of this research
lies in the production of biodiesel using biochar of high surface area and reusability as a
catalyst for the microwave-assisted transesterification reaction. The effectiveness of the
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transesterification reaction can be enhanced using microwave-assisted technology, which
improves heat transfer to the reaction medium, enhancing the interaction of the reactants
and considerably decreasing the reaction time [28]. This technique has demonstrated
greater efficiency compared to traditional heating by reducing by-product generation and
enhancing biodiesel production [29]. Nevertheless, the integration of biochar as a heteroge-
neous catalyst with microwave-assisted transesterification has still not been thoroughly
investigated, emphasizing the necessity for more optimization. This improves biodiesel
production by increasing reaction yield, energy consumption, reaction time, and waste
recycling, which are key factors for future scalability of the process [30]. In this context, this
research focused on the development of a porous biochar catalyst derived from oat hulls
and its application in the production of biodiesel by microwave-assisted transesterification,
as an alternative for the valorization of WCO.

2. Results and Discussion
Table 1 summarizes the main experimental results for biochar activation: specific

surface area total (YBET, in m2/g), total pore volume (YVp in cm3/g), and average pore size
(YPd in nm). Using experimental data, the relationships between the factors (X1, X2, and X3)
and the response YBET were analyzed through an ANOVA test, as shown in Table 2. The
best-fitting response function for the significant main effects and interactions for the YBET

is represented by Equation (1):

YBET = 238.56 + 78.89A + 90.99B + 65.62C − 8.84AB + 197.26AC − 2.66BC + 88.9ABC (1)

where A, B, and C are coded factors of temperature, residence time, and KOH/biomass
ratio, respectively, according to Equations (2)–(4):

A =
X1 − 401

100
(2)

B = X2 − 2 (3)

C =
X3 − 1.5

1.25
(4)

Table 1. Experimental results obtained from the factorial design for activated biochar (AB) production.

Run Identification
Sample YBET (m2/g) YVp (cm3/g) YPd (nm)

1 AB1 411.94 0.40 3.51
2 AB2 99.91 0.17 4.17
3 AB3 87.56 0.11 3.84
4 AB4 36.30 0.06 3.93
5 AB5 482.71 0.70 3.33
6 AB6 131.45 0.28 3.97
7 AB7 50.49 0.07 4.07
8 AB8 119.02 0.18 3.97
9 AB9 19.75 0.05 4.94

10 AB10 637.28 0.348 3.10
11 AB11 58.65 0.01 4.09
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Table 2. Significance test results of factors and interactions for the models of activated biochar (AB).

Factors or
Interactions p-Value of Factors of YBET

A 0.0101 *
B 0.0076 *
C 0.0145 *

AB 0.3842
AC 0.0016 *
BC 0.7709

ABC 0.0080 *
Model 0.0068 *

R2 0.9981
* Significant.

2.1. Effect of Pyrolysis Process Conditions on the Porosity of Biochar

Figure 1 illustrates the three-dimensional response surface plots for the SSA of the
activated biochar, highlighting the interactions between key variables. The plots depict
the effects of temperature (X1) and residence time (Rt) (X2) (Figure 1a), temperature (X1)
and KOH/biomass ratio (X3) (Figure 1b), and residence time (X2) and KOH/biomass ratio
(X3) (Figure 1c). The interaction between temperature and residence time shows a directly
proportional relationship with the SSA of the activated biochar (Figure 1a). However, the
most significant enhancement in SSA is observed with the interaction between temperature
and KOH/biomass ratio (Figure 1b), as the maximum SSA value is achieved at higher
temperatures and KOH/biomass ratios.
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This phenomenon occurs due to the intensified pore widening and the removal of
external carbon atoms during carbon gasification at elevated temperatures [31]. Based on
other experimental studies, the reactions involved in the activation process by KOH are as
follows (Equations (6)–(10)) [32]:

6KOH + 2C → 2K2CO3 + 2K + 3H2 (5)

The reactions outlined illustrate how biomass and its functional groups interact with
KOH, leading to the formation of K2CO3 (Equation (5)), which acts as the primary precursor
for pore development in biochar. At elevated temperatures (600–800 ◦C), K2CO3 decom-
poses into K2O and K, releasing CO or CO2. In this study, the highest SSA was achieved
primarily due to K2CO3 formation; however, further optimization could be achieved by
increasing the KOH content or pyrolysis temperature. Additionally, KOH activation pro-
motes the development of hierarchically porous structures, characterized by a high density
of micropores resulting from the efficiency of KOH impregnation and carbon volatilization
as CO and CO2 [32]. Samples produced at less intense pyrolysis conditions (400 ◦C) have
a low YVp (less than 0.1 cm3/g) and a higher YPd (greater than 4 nm), which are due to
the low carbonization and volatile compound content [32]. However, as the intensity of
the factors studied increases, an increment in the YVp is observed due to the increase in
pore depth, and a decrease in the YPd is due to the formation of micropores in the carbona-
ceous structure [31]. This pore development allows the mass transfer involved in biodiesel
production to be improved by increasing available active sites. Adsorption–desorption
isotherms and pore size distribution curves are presented in the Supplementary Materials
(Figure S1 and Figure S2, respectively).

2.2. Effect of Chemical Activation on Catalyst Morphology

SEM images (Figure 2) reveal the structural transformation of the biomass following
the activation process. The alkaline treatment of oat hulls, combined with biochar pro-
duction, resulted in the development of microporosity, with most samples exhibiting an
amorphous structure distinct from biochar derived from untreated oat hulls. The composi-
tion of oat hulls can significantly influence the resulting biochar structure. For instance,
raw materials with high lignin content typically yield macroporous biochar, whereas those
with high cellulose content promote the formation of both macro- and microporous struc-
tures [31,32]. Non-activated biochar B600 (Figure 2a) displays a rough surface with limited
porosity, which restricts reactant dissolution and confines catalysis to surface reactions.
Conversely, the activated biochar samples AB10 (Figure 2b) and AB5 (Figure 2c) exhibit a
well-developed interconnected pore system comprising individual cylindrical pores, typical
of KOH-activated biochars [33–36]. SEM analysis also indicates that activation contributes
to pore widening and the opening of macropore channels. This pore structure underscores
the role of micropores in determining the surface area and volume of carbon catalysts, while
meso- and macropores facilitate reactant diffusion [37]. The pore openings and channel
sizes are particularly significant due to the dimensions of the molecules involved in the
reaction, such as triglycerides, which measure approximately 0.8 nm [38]. Hierarchically
porous and interconnected biochar improves the diffusion of the triglyceride (TG)–MeOH
system within the carbonaceous matrix (Figure 2d), enhancing accessibility to the surface
area created by KOH activation. This increased accessibility is crucial for boosting the
reaction rate [39].
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Figure 2. SEM images of (a) non-activated biochar pyrolyzed at T = 600 ◦C, Rt = 3 h (B600);
(b) activated biochar from treated biomass and subsequent pyrolysis at T = 600 ◦C, Rt = 3 h, and
KOH/biomass ratio = 2 (AB10); (c) activated biochar from treated biomass and subsequent pyrolysis
at T = 400 ◦C, Rt = 3 h, and KOH/biomass ratio 0.5 (AB5); and (d) schematic representation of
reactants and products diffusion through the macropores within the activated catalysts.

According to the model, the optimal conditions for maximizing the SSA of activated
biochar (AB) are a temperature of 600 ◦C, a residence time of 3.0 h, and a KOH/biomass
ratio of 2.0. To validate the model, experiments were conducted under these conditions, and
the SSA was measured. The experimental results and model predictions are summarized
in Table 3, showing a difference of less than 14.9% in BET SSA between the experimental
and predicted values. This discrepancy can be attributed to the inherent heterogeneity of
the pre-activated biomass.

Table 3. Predicted and experimental values for SSA of activated biochar synthesized at T = 600 ◦C,
Rt = 3.0 h, and KOH/biomass ratio = 2.0.

Parameters Predicted by Model Experimental Value

Specific surface area (SSA)
BET for AB (m2/g) 748.63 637.28 ± 8.32

2.3. Effect of Activation Process Conditions in the Composition of Activated Biochar

The chemical composition of the biochar produced in the experimental design is
summarized in Table 4. Literature indicates that temperature has the most significant
effect on biochar composition. However, in this study, it is challenging to isolate the effect
of a single parameter due to the interactions among the three parameters investigated.
When the pretreated biomass was exposed to higher temperatures (600 ◦C) and extended
residence times (3 h), a reduction in carbon content (C) was observed compared to untreated
biochar (B600). For example, AB7 (activated biochar at 600 ◦C for 3 h with a KOH/biomass
ratio of 2) exhibited a carbon content of 59%, whereas AB3 (activated biochar at 400 ◦C
for 0.5 h with a KOH/biomass ratio of 0.5) had a carbon content of 76.7%. Additionally,
oxygen content increased, while hydrogen content did not display a consistent trend
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with temperature. As described in the reviewed activation reactions, KOH activation of
lignocellulosic biomass promotes the formation of K2CO3 at approximately 750 K (476 ◦C)
within the matrix [38]. Furthermore, the reaction between KOH and carbon facilitates the
intercalation of potassium metal into the biochar layers, resulting in an expanded porous
structure. This process, driven by the deposition of potassium salts on the biochar surface,
reduces the overall carbon content [39].

Table 4. Results of elemental analysis for activated biochar (AB) and the control (biochar pyrolyzed
at 600 ◦C without activation).

Samples
Elemental Analysis

Ash (%)
%C %H %N %S %O

Activated biochar
(AB)

AB1 71.2 2.0 0.8 n.d. 15.2 10.8

AB2 73.2 2.1 1.0 n.d. 16.0 7.7

AB3 75.6 2.3 1.2 n.d. 14.2 6.7

AB4 74.3 2.4 1.2 n.d. 15.9 6.2

AB5 76.2 1.9 1.0 n.d. 14.0 6.9

AB6 74.8 2.0 1.4 n.d. 15.8 6.0

AB7 71.7 2.0 0.9 n.d. 17.9 9.9

AB8 71.0 2.7 1.3 n.d. 18.6 6.4

AB9 74.3 2.6 1.4 n.d. 18.6 3.1

AB10 78.1 2.2 1.2 n.d. 13.4 5.1

AB11 74.8 2.3 1.4 n.d. 15.6 5.9

Biochar pyrolyzed
at 600 ◦C B600 78.3 4.7 1.9 n.d. 5.3 9.8

n.d.: not detected.

2.4. Biodiesel Production

To study the catalytic activity of activated biochar, the conversion of waste cooking oil
into biodiesel using methanol as acyl acceptor was evaluated using microwave-assisted
irradiation.

The catalyst used for biodiesel production was activated biochar obtained from the
experiments used to validate the model (Table 1). The surface characteristics and potassium
content are shown in Table 5. The potassium content of the non-activated biochar sample
(B600) corresponds to the original K content present in the raw material (oat hulls) [40,41],
which is due to cultivation conditions, such as soil type and fertilization, among others [42].

Table 5. Surface characteristics of the material used as catalyst.

Material SSA BET
(m2/g)

Pore Volume
(cm3/g)

Average Pore
Diameter (nm)

Potassium
Content (%)

B600 108.28 0.008 2.24 1.72
AB 637.28 0.348 1.10 9.40

The evaluation of the transesterification process over time using AB as a catalyst is
shown in Figure 3. The results indicate that the maximum FAME yield was achieved within
one minute of reaction, reaching a conversion rate of approximately 63%. No significant
increase in yield was observed with longer reaction times. In contrast, when non-activated
biochar (B600) was used as a catalyst, the conversion to FAME was nearly negligible.
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This outcome highlights the catalytic effect of potassium present on the surface of the
activated biochar.
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Triglyceride transesterification to FAMEs in the presence of acid catalysts has been
reported by several researchers [43,44]. It has been widely accepted that this reaction occurs
according to the stoichiometric reaction displayed in Figure 4.
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In our previous studies [43], it was reported that this reaction appears to follow a
pseudo-first-order kinetic model based on TG concentration until maximum conversion
is achieved in the presence of the synthesized catalyst. In this case, when using the AB
catalyst, the maximum FAME concentration was reached within one minute, after which
the FAME concentration remained almost stable. Similar results, but with longer reaction
times, were obtained by [45]. In this context, the kinetics of triglyceride transesterification
to FAMEs using the AB catalyst can be attributed to an Eley–Rideal heterogeneous model,
as outlined by the following reaction mechanism (“*” represents an active site) [45] in
Equations (7)–(9):

TG + ∗ → TG ∗ (triglyceride adsorption on the catalyst) (6)

TG ∗+3MeOH + 3∗ ↔ 3FAME ∗+Gl ∗ (surface transesterification of TG) (7)

3FAME∗ ↔ FAME + 3 ∗ (FAME desorption from the catalyst) (8)

Gl∗ ↔ Gl + ∗ (glycerol desorption from the catalyst surface) (9)
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In this mechanism, the primary active sites described could be associated with the basic
sites generated by the KOH activation process [46,47]. In this context, the differences in
FAME conversion can be explained by the fact that, in the case of non-activated biochar, the
reaction appeared to occur homogeneously, involving only the reactants in the bulk solution.
However, the KOH-activated biochar exhibited more efficient catalytic activity due to its
increased surface area and the greater availability of basic active sites, such as the formation
of K2O and K2CO3, which facilitate the deprotonation of methanol and the subsequent
formation of the methoxide anion (CH3O−), a key intermediate in transesterification [48].
Although biochar activation with KOH is more effective at temperatures above 700 ◦C in
terms of surface area enhancement, the availability of basic sites decreases significantly
due to the release of CO/CO2 [32]. Additionally, the reaction is further enhanced through
microwave-assisted transesterification, which occurs due to the selective absorption of
microwave radiation by methanol (loss tangent = 0.659). As a dipolar molecule, methanol
undergoes uniform heating with increased molecular vibration, leading to a reduction
in the activation energy of the reaction [49]. This effect facilitates the cleavage of ester
bonds in triglycerides, promoting their conversion into mono- and diacylglycerides until
the formation of FAMEs [50].

According to the FAME conversion obtained, similar studies have been reported by
Patil et al. [51], where microwave technology was used to produce biodiesel from waste
frying oil using 2% KOH as catalyst, methanol as acyl acceptor, and a temperature of
60 ◦C, achieving conversions of up to 92% after 6 min [51]. Additionally, Hincapié et al.,
reported a conversion of 80.1% of castor oil into biodiesel using microwave technology
with a lower catalyst concentration (1.5% KOH), ethanol as acyl acceptor, and 60 ◦C over
a longer period (10 min) [52]. The reduced time observed in the present study could be
attributed to the higher temperature used (150 ◦C) and the ability of biochar to absorb
microwave energy and convert it into heat due to its dielectric properties [53]. Yadav et al.
studied microwave-assisted biodiesel production using, as a catalyst, biochar derived from
bamboo and derived from coconut husk activated with H3PO4 at 400 ◦C, with a surface
area of 10.83 m2/g, obtaining a yield of 99.6% in the production of biodiesel, at 80 ◦C for
40 min, using a molar ratio of 1:9 oleic acid to methanol [28]. Another way to use biochar
as a catalyst is by functionalization with sulfonic acid, as Devasan et al., who valorized
banana peel and obtained a yield of 97.9% at 80 ◦C for 55 min [54].

2.5. Optimization of Microwave-Assisted Biodiesel Production Using Activated Biochar as
a Catalyst

Once the reaction time was established, the effects of temperature (T), catalyst dosage
(C), and WCO/MeOH molar ratio (R) on the FAME yield were evaluated using a factorial
design. The results of the biodiesel yield under various operating conditions, along with
the statistical analyses (ANOVA), are summarized in Table 6. The significance of each
parameter was assessed through its probability value (p-value). At a 95% confidence level,
p-values below 0.05 indicated statistically significant effects of the evaluated parameters.

For the response (YFAME, %), the program delivered a regression model, which in-
cluded the linear and interaction terms. The model for YFAME, after performing the experi-
ments and discarding the insignificant effects, can be described as shown in Equation (10):

YFAME % = 79.67 − 1.89A − 19.10B + 32.54C − 33.45AB (10)

where A, B, and C are the coded factors of temperature (T), catalyst dosage (C), and
WCO/MeOH molar ratio (R), respectively. The coded factors were determined according
to Equations (11)–(13):

A = (X1 − 200)/50 (11)
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B = (X2 − 6.25)/3.75 (12)

C = (X3 − 30)/18 (13)

The high R2 value (0.9895) shows the reliability of the regression model for predicting
the FAME yield. This was also reflected in the predicted value and the experimental
validation value of FAME yield in the model, which was 100%. The optimized mathematical
model used to obtain higher FAME yield values requires the use of the following parameter
values: T = 150 ◦C, C = 2.5%, and R = 1:12.

Table 6. Experimental results and statistical analyses obtained from the factorial design for biodiesel
production using activated biochar.

Run Identification
Sample YFAME (%)

1 B1 84
2 B2 59
3 B3 100
4 B4 100
5 B5 55
6 B6 94
7 B7 65
8 B8 61
9 B9 84
10 B10 64
11 B11 100
12 B12 100
13 B13 100
14 B14 83
15 B15 59

Factor or interactions p-value of YFAME

A 0.0185 *
B <0.0001 *
C <0.0001 *

AB <0.0001 *
Model <0.0001 *

R2 0.9895
* Significant.

2.6. Effect of Operational Conditions on Biodiesel Yield

As illustrated in Figure 5a, the FAME yield increased with higher temperatures;
however, no significant changes were observed regarding the amount of catalyst at a
WCO/MeOH molar ratio of 1:30. This behavior can be attributed to the higher reaction
temperature, which enhances the kinetic energy of the reactants, thereby accelerating
the mass transfer rate between the oil–methanol and catalyst phases and resulting in
maximum conversion [55]. At a constant temperature of 200 ◦C, the interaction between
the WCO/MeOH molar ratio and catalyst dosage increased the FAME yield (Figure 5b).
Among these, the WCO/MeOH molar ratio was the most influential factor in the reaction.
Similar results have been reported by Kataria et al. [55], who demonstrated that increasing
the WCO/MeOH ratio from 1/3 to 1/12 resulted in higher biodiesel yields, achieving a
maximum yield of 100% at a 1/12 ratio. In this study, higher WCO/MeOH molar ratios
(1/12 to 1/48) were tested to achieve a higher conversion degree. However, it was found
that ratios of 1/30 and 1/48 negatively affected the FAME yield, possibly due to biodiesel
emulsification, as the solubility of glycerol in methanol increases at higher ratios [55]. When
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the catalyst dosage was fixed (Figure 5c), the WCO/MeOH molar ratio remained the most
significant factor influencing biodiesel production.
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2.7. Catalyst Reuse

The reutilization of the catalyst under practical applications is a critical factor, espe-
cially given the heterogeneous kinetic mechanism proposed for the reaction. To evaluate
this, multiple consecutive runs were conducted under the same conditions used for model
validation: 1 min at 150 ◦C, with 2.5% catalyst and a 1:12 WCO/MeOH molar ratio. The
solid catalyst was recovered after each reaction cycle, with three successive runs carried
out to assess reusability, both with and without a washing step.

When washing was applied, the catalyst was separated from the reaction mixture by
centrifugation, washed twice with methanol under agitation, dried at 100 ◦C for 2 h, and
reused in the subsequent cycle. The performance results are depicted in Figure 6a.
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For unwashed catalysts, FAME yield decreased significantly from 100% in the first
cycle to approximately 51% by the third cycle, marking a 49% reduction in catalytic activity.
In the case of methanol-washed catalysts, the initial FAME yield started at around 97% but
decreased by about 15% after the second cycle, becoming undetectable by the third cycle.

The decline in catalytic activity in both cases was attributed to potassium leaching
from the active sites into the reaction medium, as shown in Figure 6b. This outcome
aligns with the mechanistic hypothesis that the basic sites generated by KOH activation are
primarily responsible for catalyzing the transesterification of triglycerides. However, it also
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highlights the low chemical stability of potassium on the catalyst surface, which leaches
into the organic phase under reaction conditions.

Previous studies, such as those by Samart et al., demonstrated that potassium leaching
could be partially mitigated by employing vacuum filtration between cycles, achieving
a 60% conversion to methyl esters [56]. However, washing with a methanol–ammonia
solution resulted in poorer activity, with only a 44% conversion to methyl esters. These
findings emphasize the need for optimization strategies to improve the catalyst’s reusability
and stability.

FTIR spectra of the washed and unwashed catalyst samples (Figure 7) after three cycles
present the typical absorption bands of FAME including bands in the wavelength range
from 2850 to 2920 cm−1 attributed to the C-H bond vibration; a band at 1730–1735 cm−1 due
to ester C=O axial deformation; and a band at 720 cm−1 related to the (CH2)n group [57,58].
These bands are more intense in the spectra obtained for the unwashed catalyst, which
confirms the expected effect of the methanol washing step. The higher potassium leaching
observed in catalysts washed with MeOH can be attributed to the differential solubility of
potassium compounds in methanol, which, due to its polar nature, enhances their extraction
from the catalyst surface and active sites. Additionally, MeOH washing may induce
structural modifications in the catalyst, affecting the stability of potassium-containing
species and promoting their leaching compared to other treatments. Furthermore, solvent–
catalyst interactions in the presence of MeOH can weaken the retention of potassium
within the catalyst matrix, leading to a more pronounced release under experimental
conditions [59].
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2.8. Energetic Demand and Costs Associated with the Catalyst and FAME Production

The costs and energy requirements for producing 1 kg of the catalyst are detailed in
Table 7. The price of oat hulls was obtained through a quotation from a local agro-industrial
company in Temuco, Chile. This consideration is significant in the context of a circular
economy framework, where waste materials acquire commercial value that can fluctuate
based on demand [60].
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Table 7. Energy and costs required for 1 kg catalyst produced.

Mass (kg) Volume
(L)

Price
(USD) Qs (MJ) MJ/kg Time (h)

Energy
Required

(kW)

Oat hull 4 0.23

KOH 8 134.50

Mixing water 10 10 0.02

Biomass drying 0.34 7.78

Pyrolysis 1.39 32.40 3 3

HCl 1N 8.16 8 39.30 545.62 545.62

Wash water 24 24 0.89 7022.40 7022.4

Catalysts drying 0.34 7.78

Total 176.97 7615.9

Among the inputs, KOH and HCl had the greatest impact on the final catalyst cost due
to the high mass ratios required during biochar activation and neutralization processes. On
the energy side, the neutralization step of activated biochar represented the highest energy
demand. This was calculated based on the sensible heat needed to raise the temperature of
distilled water and HCl to 90 ◦C.

Comparison with previous research highlights that this catalyst has a higher price
per kilogram but a lower energy demand compared to the previously produced acid cata-
lyst [43]. The increased cost is attributed to recent price hikes for KOH and HCl. However,
the reduced energy demand is a result of lower water consumption, which could lead to a
lower environmental impact for this catalyst. These trade-offs underline the importance of
balancing cost efficiency and environmental sustainability in catalyst production.

The production of 1 kg of FAMEs (Table 8) using the present catalyst proves to be
more cost-effective compared to the previously developed catalyst [43], due to the high
yield (100%) achieved under optimal conditions and the short reaction time (1 min). This ef-
ficiency in the reaction process suggests that scaling up production could lead to faster and
more economical biodiesel production in the future. While microwave-assisted biodiesel
production has made substantial progress at the laboratory and pilot scales [61,62], its indus-
trial application remains limited due to challenges such as optimizing reaction conditions,
achieving uniform heat distribution, and developing advanced materials for efficient en-
ergy conversion. Additionally, improving process control and monitoring using advanced
sensors remain essential [63–65]. This study contributes to addressing these challenges by
focusing on process optimization and evaluating key factors that affect efficiency, all while
incorporating sustainable catalysts like activated biochar, which aligns with the principles
of a circular economy and reduces environmental impact.

Table 8. Energy required and associated costs for 1 kg FAMEs produced.

Mass (kg) Volume (L) Price (USD) Qs (MJ) QL (MJ) Et (MJ)
Energy

Required
(kW)

Catalyst 0.025 4.43
WCO 1 1.1 0.44

Methanol 0.38 0.49 4.03 126.46 0.42 126.88
Microwave <0.01 0.01 0.20

Total 8.90 126.90
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3. Materials and Methods
3.1. Activated Biochar Production

Chemical activation of oat hull biomass was conducted through wet impregnation
using potassium hydroxide (Winkler, Heidelberg, Germany, >85%). For this process, 50 g of
oat hull biomass (sieved to 300 µm with an ASTM No. 50 sieve) was mixed with KOH pellets
at varying mass ratios (0.5 to 2), suspended in 500 mL of deionized water, and stirred at
300 rpm at room temperature for 24 h. Following impregnation, the suspension was filtered,
and the solids were dried at 105 ◦C for 12 h. Subsequently, 25 g of the impregnated oat
hull biomass was loaded into a pilot-scale electric pyrolyzer and subjected to carbonization
under nitrogen flow (1 L/min) at a heating rate of 3.0 ◦C/min, following the experimental
design parameters outlined in Table 9. After pyrolysis, the activated biochar samples were
treated with 100 mL of 1 N HCl (Merck, Darmstadt, Germany, 37%) solution at 90 ± 3 ◦C
for 30 min to leach out residual activating agents. The samples were then washed with
distilled water multiple times until reaching a neutral pH; they were subsequently dried at
105 ± 3 ◦C for 24 h and were ready for further use as catalysts. A three-level factorial design
(−1, 0, +1) was implemented to investigate the effects of pyrolysis conditions on biochar
characteristics. The factors evaluated included pyrolysis temperature (X1), pyrolysis time
(X2), and KOH/biomass ratio (X3), as shown in Table 9. Statistical analyses were performed
using Design Expert 6.0 software (Stat-Ease, Minneapolis, MN, USA), focusing on the
surface area (YBET) as the response variable. For comparison, raw oat hull biomass without
pretreatment was used as a control and pyrolyzed at 600 ◦C for 3 h (referred to as B600).
Our research group has previously reported the characterization of this sample [43].

Table 9. Matrix of the 23 factorial designs adopted for the activated biochar (AB) production.

Level

Factors

X1
Temperature (◦C)

X2
Residence Time (h)

X3
KOH/Biomass

Ratio

Low (−1) 400 1.0 0.5
Middle (0) 500 2.0 1.25
High (+1) 600 3.0 2.0

Run Identification
Sample X1 (◦C) X2 (h) X3

1 AB1 600 1 2
2 AB2 400 1 0.5
3 AB3 500 2 1.25
4 AB4 400 3 0.5
5 AB5 400 3 2
6 AB6 500 2 1.25
7 AB7 600 3 0.5
8 AB8 500 2 1.25
9 AB9 400 1 2
10 AB10 600 3 2
11 AB11 600 1 0.5

3.2. Characterization of Activated Biochar

The elemental composition of the activated biochar, including carbon (C), nitrogen
(N), hydrogen (H), and sulfur (S), was determined using an elemental analyzer (CHNS-O,
Eurovector EA 3000, Eurovector, Pavia, Italy). The oxygen content was calculated by
difference, following the method outlined in [43]. The specific surface area was measured
using the BET (Brunauer–Emmett–Teller) method, while pore volume and average pore
size distribution were analyzed using the BJH (Barrett–Joyner–Halenda) method. BET
surface area determination is based on the formation of multiple adsorption layers, while
the BJH method is based on the principle of capillary condensation and nitrogen desorption.
These parameters were determined with a NOVA 1000e Quantachrome porosimeter (Aaron
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Instruments, Chennai, India, nitrogen adsorption at 77 K) after preconditioning the samples
by outgassing at 160 ◦C for 16 h. Surface functional groups were analyzed using an
FTIR-ATR spectrometer (Agilent Cary 630, Agilent Technologies, Santa Clara, CA, USA),
and the surface morphology was examined using a scanning electron microscope (SEM,
Hitachi SU 3500, Hitachi, Tokyo, Japan). To quantify potassium content, the biochar
samples were ground, calcined at 550 ◦C, and digested with a mixture of H2O, HCl,
and HNO3 (8:1:1 v/v/v). Potassium in the digested extracts was analyzed using atomic
absorption spectrometry (UNICAM Solar 969, Labexchange—Die Laborgerätebörse GmbH,
Burladingen, Germany).

3.3. Biodiesel Production

Waste cooking oil (WCO) obtained from a restaurant in Temuco, Chile, was used in
this study. The transesterifiable lipid content (81.70%) and other properties of the WCO
were reported in a previous study [43]. Methanol and WCO were used as the reactants
for biodiesel synthesis, with methanol acting as the acyl acceptor. The activated biochar
catalyst, whose synthesis was explained in Section 3.1, was used as a catalyst at a dosage
of 10% by mass of the oil, while the molar ratio of MeOH/WCO was set to 10:1. The
catalyst used was the biochar sample with the highest specific surface area identified in
Section 2.1. Kinetic experiments were conducted to determine the reaction time required
to achieve maximum conversion of WCO to fatty acid methyl esters (FAMEs). These
experiments were performed at 200 ◦C in a microwave CEM Discover Sp reactor (CEM
Corporation, Matthews, NC, USA), for 1, 2, 3, 4, 5, 10, and 15 min, where the reaction power
was set at 250 W. The effects of three primary factors, temperature (T), catalyst dosage
(C), and WCO/MeOH molar ratio (R) on biodiesel yield, were evaluated using a factorial
experimental design (Table 10). The reusability of the activated biochar-based catalyst was
assessed by recovering the catalyst and repeating the reaction under the optimal conditions
identified in the experimental design. Catalyst recovery was achieved by centrifugation at
6000 rpm for 10 min. The conversion efficiency was determined based on the FAME yield,
which was quantified using gas chromatography (GC) equipped with a flame ionization
detector (FID).

Table 10. Matrix of the 23 factorial design adopted in the biodiesel production using activated
biochar (AB).

Level

Factors

X1
Temperature (◦C)

X2
Catalyst Dosage

(%)

X3
WCO/MeOH Molar

Ratio

Low (−1) 150 2.5 1/12
Middle (0) 200 6.25 1/30
High (+1) 250 10 1/48

Run Identification
Sample X1 (◦C) X2 (%) X3

1 B1 200 6.25 1/30
2 B2 250 10 1/12
3 B3 250 2.5 1/48
4 B4 150 2.5 1/12
5 B5 250 10 1/12
6 B6 250 2.5 1/48
7 B7 150 10 1/12
8 B8 150 10 1/48
9 B9 200 6.25 1/30
10 B10 150 10 1/48
11 B11 250 2.5 1/48
12 B12 150 2.5 1/12
13 B13 150 2.5 1/12
14 B14 200 6.25 1/30
15 B15 250 10 1/48
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3.4. FAME Determination

The percentage and concentration of FAMEs in the samples were determined following
a method adapted from EN-14103, utilizing gas chromatography with internal calibration.
A Perkin Elmer Clarus 600 gas chromatograph (GC/MS) equipped with an Elite-5MS
capillary column (30 m length, 0.1 µm thickness, 0.25 mm internal diameter) was employed
for the analysis (PerkinElmer, Waltham, MA, USA). Sample vials were prepared by adding
10 µL of the biodiesel sample to 233 µL of methyl heptadecanoate, which served as the
internal standard at an initial concentration of 2060 mg/L. The FAMEyield was calculated
using Equation (14):

%FAMEyield(wt%) =
FAMEyield(wt%)

TFA(wt%)
× 100 (14)

where FAME represents the quantification by GC-FID, and TFA corresponds to the gravimet-
ric quantification of transesterifiable lipids (81.70%). These compounds were determined by
alkaline saponification and subsequent esterification into fatty acid methyl esters (FAMEs)
according to AOCS method (Ce 2–66).

3.5. Energetic Demand and Costs Associated with the Catalyst and FAME Production

This analysis was estimated through market prices of reactive and electricity, according
to the proportional mass and energy to produce 1 kg of catalyst and FAMEs under optimal
reaction parameters. These estimates were made based on the structure published in our
previous study [43].

4. Conclusions
To increase the production yield of FAMEs, improve the interaction of the catalyst

in the reaction medium, and decrease the reaction time, activated biochar with a high
specific surface area was successfully produced using oat hull biomass as a precursor
and KOH as an activating agent through a chemical activation and pyrolysis process.
The study showed that increasing the KOH/biomass ratio enhanced the intermediate
activation reactions, resulting in a catalyst with a highly porous structure. This catalyst
demonstrated high efficiency in transforming used cooking oil into biodiesel, achieving
100% conversion in just one minute using microwave assistance, with a production cost of
USD 8.9 per kilogram of FAMEs. These results broaden the scope of the study, focusing
on the optimization of catalyst addition and cost reduction. This research highlights
the potential of utilizing residual biomass to develop reusable and sustainable catalysts,
offering a promising approach for the efficient and environmentally friendly production
of biodiesel.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/catal15080729/s1, Figure S1. N2 adsorption-desorption isotherm
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curves of samples: (A) AB1–AB4, (B) AB5–AB8, and (C) AB9–AB11.
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