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ABSTRACT: This study aimed to investigate heterogeneous
catalytic filaments of calcium oxide (CaO) for fused deposition
modeling three-dimensional (3D) printers. The CaO catalysts
were blended with acrylonitrile butadiene styrene (ABS) plastic to
form catalytic filaments. A single-screw filament extruder was used
to prepare the filaments, following which their mechanical
properties, thermal properties, morphology, catalytic characteristics
in biodiesel production, and reusability were evaluated. In
accordance with the results, a maximum CaO catalyst content of
15 wt % was recommended to be blended in the ABS pellet. The
hardness and compressive strength of these catalytic filaments were
shown to be improved. Subsequently, the catalytic filaments with
the highest CaO content (15 wt %) were used to produce methyl ester from pretreated sludge palm oil through the
transesterification process. To determine the recommended conditions for achieving the highest purity of methyl ester in biodiesel,
the process parameters were optimized. A methyl ester purity of 96.58 wt % and a biodiesel yield of 79.7 wt % could be achieved
under the recommended conditions of a 9.0:1 methanol to oil molar ratio, 75.0 wt % catalytic filament loading, and 4.0 h reaction
time. Furthermore, the reusability of the 15 wt % CaO catalytic filaments was evaluated in a batch process with multiple
transesterification cycles. The results indicated that the purity of methyl ester dropped to 95.0 wt % only after the fourth cycle. The
method used in this study for preparing and characterizing CaO catalytic filaments can potentially serve as a novel approach for
constructing biodiesel reactors using 3D printing technology.

1. INTRODUCTION
Biodiesel can be produced via transesterification using low
levels of free fatty acids (FFAs) and fats with alcohol and a
base catalyst.1 After the reaction is complete, fatty acid methyl
ester (FAME) and glycerol are formed. However, when
attempting to produce high-purity biodiesel from raw materials
with high FFA concentrations, it is generally recommended to
conduct esterification as a pretreatment step prior to the
transesterification process.2 Raw materials contribute signifi-
cantly to the overall cost of biodiesel production. Edible oils
such as palm, sunflower, soybean, and rapeseed oils have been
traditionally used as substrates in feedstocks for commercial
biodiesel production.3 However, there have been growing
concerns regarding the use of edible vegetable oil as an energy
source, as it competes with its use as a food source.4 To
address these concerns, biodiesel producers have been actively
exploring alternative sources of raw materials, particularly
nonedible oils such as jatropha, rubber seed, neem, sewage
sludge, and waste cooking oils.5 This push has resulted from
the desire to find cost-effective, sustainable feedstocks that also
address food security issues.4 In this regard, the palm oil mill

plants in Thailand generate a byproduct called sludge palm oil
(SPO). SPO is a viscous and semisolid substance containing a
high level of organic matter. Due to its low cost and significant
organic FFA content, this waste material from the settling
ponds presents a promising option as an energy source.6

To achieve both high yields and high purity of FAME during
the biodiesel production process, the catalyst plays a crucial
role in accelerating the reaction. The most commonly used,
commercially available, homogeneous catalysts for biodiesel
production via transesterification are sodium hydroxide
(NaOH) and potassium hydroxide (KOH), both of which
are soluble in the reaction mixture. These catalysts offer several
advantages over heterogeneous catalysts, such as shorter
reaction times and lower chemical consumption.7 However,
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the impracticality of removing these catalysts from the reaction
mixture is a major drawback. More wastewater is generated
during the purification process required to remove the
homogeneous catalyst from the crude biodiesel using the
washing method. Therefore, it becomes essential to treat highly
alkaline wastewater before discharging it into the environment;
however, this results in an increase in the overall cost of the
treatment procedure.8 On the other hand, heterogeneous or
solid catalysts do not need to be cleaned with water and have
been proposed as a solution to address the treatment-related
challenges of homogeneous catalysts, as they are easier to
separate and recover from the reaction mixture. Additionally,
they are chemically cost-effective because they may be
regenerated for subsequent reactions.9 Heterogeneous base
catalysts, including single alkaline earth metal oxides,10 mixed
metal oxides,11 and supported alkali metal,12 have shown
promising potential as effective catalysts for the trans-
esterification reaction in biodiesel production.9 However,
calcium oxide (CaO) is the most commonly utilized
heterogeneous base catalyst for converting glycerides to
ester, because of its lower cost, lower toxicity, and simpler
synthesis of the calcite structure.13 Nahas et al.10 studied
biodiesel production from waste cooking oil using a CaO solid
catalyst from waste scallop seashells. The results showed that
97% biodiesel was achieved under the conditions of 12:1
methanol to oil molar ratio, 10 wt % catalyst loading, and 4 h
reaction time. Moreover, the catalyst demonstrated excellent
stability even after four reaction cycles. They suggested that
this catalyst is promising for industrial applications and for
scaling up biodiesel production schemes.10 In the state of the
art of using CaO-based heterogeneous catalysts, di Bitonto et
al.14 suggested that the use of CaO supported onto biochar
showed efficient promotion of the transesterification process.
This approach also results in easier recovery and reusability of
conventional CaO solid catalysts, improving its overall
efficiency.14 Table 1 lists a comparison of using CaO
heterogeneous catalysts in the production of biodiesel. The
literature suggests that a methanol to oil molar ratio between
8:1 to 16.7:1, catalyst contents of 3 to 12 wt %, and a reaction
time of 1 to 7 h have been utilized to produce biodiesel from
various feedstocks with more than 85% biodiesel purity
obtained. These catalysts can also be reused for at least three
cycles. Therefore, the use of the CaO solid catalyst was

recommended over homogeneous catalysts due to its superior
performance, cleanliness, reusability, lower solubility, ease of
handling, and environmental friendliness.
The state-of-the-art technique known as additive manufac-

turing or three-dimensional (3D) printing can be used to
generate 3D models using computer-aided design (CAD)
software. The use of 3D printing technology offers several
benefits, including enhanced conceptual adaptability, cost-
effective manufacturing processes, and faster prototyping
capabilities.15 As a result, it has immense potential for a wide
range of industries, including dentistry, food processing,
automobile manufacturing, architecture, education, engineer-
ing, robotics, and aerospace.16 In the fused deposition
modeling (FDM) printing method, commercial thermoplastics,
such as polylactic acid (PLA), acrylonitrile butadiene styrene
(ABS), poly(vinyl alcohol) (PVA), and thermoplastic polyur-
ethane (TPU) are primarily used as source materials.15 To
explore the feasibility of augmenting the pure plastic filament
used in 3D printing, several studies have investigated the
addition of various components. These components include
carbon fibers,17 rubber materials,18 carbon black particles,19

organic fibers,20 and metal powders.21 The objective of these
investigations was to evaluate the mechanical, thermal,
electrical, chemical, and physical properties of the resulting
composite filaments. While 3D printing techniques have found
application in fields such as electrochemistry, analytical
chemistry, and biotechnology for improving filaments used in
chemical processes,22 limited research has focused on catalytic
filaments for chemical processes. In this context, heteroge-
neous catalysts are added to plastic filaments during the
extrusion process to produce catalytic filaments for use in 3D
printers. This implies that catalytic filaments can be employed
to construct catalytic reactors, in which a heterogeneous
catalyst is integrated into the plastic filament structure of the
reactor. When the chemical reactants come into contact with
the catalyst on the catalytic reactor, the reactor facilitates the
acceleration of chemical processes.23

In our previous work,24 a continuous rotor-stator-type
hydrodynamic cavitation reactor for the two-step esterification
production process of SPO for biodiesel production from high-
FFA raw materials was described. Optimization of five
parameters, namely methanol content, sulfuric acid content,
diameter of hole, depth of hole, and speed of rotor, was

Table 1. Comparing the Use of CaO Solid Catalyst in the Biodiesel Production Process

Feedstock Catalyst
Methanol to oil
molar ratio

Catalyst loading
(wt %)

Reaction
time (h)

Temperature
(°C)

Reusability
(cycle) Methyl ester Ref

Canola oil Na−K/CaO 9:1 3 3 50 4 97.6% Khatibi et al.25

Mongongo
nut oil

CaO nanoparticles 9:1 12 3 65 − 85 wt % Mmusi et al.13

Palm oil CaO/ZrO2 9:1 6 1 65 3 96.99% Li et al.11

Soybean oil Waste snail shell CaO 8:1 6 3 70 7 96.11% Das et al.26

Sunflower oil CaO/biochara 15.6:1 7.3 5 99.5 3 99.5% Di Bitonto et
al.14

Sunflower oil Waste scallop
seashells CaO

12:1 10 4 65 4 97% Nahas et al.10

Waste cooking
oil

Grooved razor shell
CaO

15:1 5 3 65 6 94% Aitlaalim et
al.27

Waste edible
oil

CaO/MgO 16.7:1 4.5 7 69 6 98.37% Foroutan et
al.28

PSPO CaO/ABS catalytic
filamentb

9:1 75 4 50 4 96.58 wt % This study

a20% CaO/biochar.14 b75 wt % catalytic filament loading (consisting of 15 wt % CaO catalyst and ABS plastic) based on the initial weight of
PSPO.
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conducted to achieve the lowest FFA content. The actual
experiment resulted in a final FFA content of 0.94 wt % and a
product yield of pretreated sludge palm oil (PSPO) of 93.9 vol
% under two-step acid catalyzed esterification. However, PSPO
still contained residual tri-, di-, and monoglycerides having
concentrations of 6.93, 2.57, and 0.30 wt %, respectively.
Therefore, to achieve high-purity biodiesel, a three-step
process involving a transesterification reaction using a base
catalyst is recommended. This transesterification reaction helps
convert the remaining glycerides in PSPO to methyl esters.24

To the best of our knowledge, there have been no reports of
extruding and printing CaO catalytic filaments for biodiesel
production, as shown in Table 1. As a result, the goal of this
study was to investigate CaO catalytic filaments for FDM 3D
printing, including their preparation, characterization, and role
in methyl ester production from PSPO in a batch process. This
involved extruding and printing catalytic filaments containing
CaO catalysts at concentrations of 5, 10, and 15 wt % blended
with ABS plastic. The study aimed to assess the mechanical
(tensile, compressive, and flexural strengths, and hardness),
characterization (morphological, composition, specific surface
area, and pore diameter), and thermal properties of the
catalytic filaments. Additionally, the response surface method-
ology (RSM) was employed to optimize the production of
biodiesel from PSPO using the CaO catalytic filaments by
varying three parameters (methanol content, catalytic filament
loading, and reaction time). Lastly, the reusability of the
catalytic filaments was evaluated in terms of the number of
transesterification cycles it could be used for in the batch
process.

2. MATERIALS AND METHODS
2.1. Materials. ABS plastic pellets (LG ABS HP171, LG

Chem Huizhou, China) were blended with laboratory-grade
CaO powder (KemAus, Australia) to produce catalytic
filaments for 3D printing. The ABS plastic material was
chosen for the purpose of this study because of its superior
resistance to chemical reactants such as acid catalysts, base
catalysts, and alcohols than to other PLA, PVA, TPU

polymers.29,30 For biodiesel production via transesterification,
commercial grade methanol (99.7%) and CaO powder
(90.0%) were used as the reactants. Similar to our previous
work, the present study used PSPO with a low level of FFAs as
the raw material. The oil was obtained from SPO through
continuous hydrodynamic cavitation in a two-step esterifica-
tion process.24 The main component of the PSPO was 89.25
wt % methyl ester, while the remaining components included
9.79 wt % triglycerides (TG), 0.80 wt % diglycerides (DG),
0.24 wt % monoglycerides (MG), and 0.94 wt % FFA. One of
the objectives of this study was to use a base catalytic filament
in the transesterification reaction to convert the remaining
glycerides (TG, DG, and MG) into high-purity methyl ester.
The PSPO had an average molecular weight of 327.1 g/mol, a
density of 850 kg/m3, and a dynamic viscosity of 5.36 cSt at 60
°C.24 To analyze the composition of the purified biodiesel,
thin-layer chromatography with flame ionization detection
(TLC/FID; Iatroscan MK-65, Mitsubishi Kagaku Latron Inc.,
Tokyo, Japan) was used, with quartz−silica gel rods as the
stationary phase (Chromarod-S5, LSI Medience Corporation,
Tokyo, Japan). For the analytical procedures, the mobile
phases used for the development of organic compounds in
biodiesel, including methyl ester, TG, DG, MG, and FFA,
consisted of hexane, diethyl ether, formic acid, and benzene, all
of which were of analytical grade.
2.2. Preparation of Catalytic Filaments for 3D

Printing. The process of preparing the catalytic filaments is
shown in Figure 1. The ABS pellets were used to make the
catalytic filaments. Subsequently, they were dried in an oven at
a temperature of 75 °C for 7 h to eliminate any residual
moisture. Following the drying process, the ABS pellets were
ground using a grinder machine (GM-800S1, OrmiSmart,
China) and then sieved with an 18 number mesh (1.0 mm).
The catalytic filaments were formed by blending ABS and CaO
powders together. They were then transformed into long
filaments using a single-screw filament extruder with a water-
cooling jacket (Desktop extruder SJ20, RobotDigg, China)
using a CaO loading range of 5 to 15 wt %. During the
extrusion process, the nozzle diameter was set at 1.75 mm, the

Figure 1. Preparation of CaO catalytic filaments for 3D printing and biodiesel production.
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screw was rotated at a speed of 12.5 rpm, and the temperature
of the metering zone in the extruder was maintained at 205 °C
using a digital temperature controller (AK6, WINPARK,
China). The average production capacity was 0.18 kg/h. The
extruded material was cooled using an air-cooling fan. The
diameter of the catalytic filaments from the extruder was
monitored in real time using a digital vernier caliper (TDG50
digital depth gauge, Bartec USA, USA), which was connected
to a microcontroller (Mega 2560 R3, Arduino, Italy) for
validation purposes. After the extrusion process, the filaments
were immediately sealed in zip-lock plastic bags filled with
absorbent silica gel to protect them from moisture in the
surrounding air. To create printed specimens using 3D
printing, the filaments were deposited layer-by-layer using
the dual nozzle of a 3D printer (Creator 3, FlashForge, China)
via the FDM technique. The printing profiles were as follows: a
nozzle diameter of 0.8 mm, a nozzle temperature of 230 °C, a
platform temperature of 110 °C, a layer height of 0.4 mm, a
base printing speed of 10 mm/s, and 100% plastic infill density.
2.3. Mechanical Properties of Catalytic Filaments. To

evaluate the mechanical properties of the catalytic reactor
fabricated through 3D printing, various tests including tensile,
compression, flexural, and hardness tests were conducted. The
weight ratios of CaO to ABS were varied from 0 to 15 wt %.
For the tensile tests, specimens in accordance with ASTM
D638 type V specimens were used,31 as shown in Figure 2.
These tests were carried out using a universal testing machine
(Z010, Zwick/Roell, Germany) equipped with a 1000 N load
cell. The hauling speed was set at 1 mm/min, and a gauge
length of 9.53 mm was employed.20 The compression
properties were evaluated based on ASTM D695.32 The
specimens used for the compression test had a diameter of 12.7

mm and a length of 25.4 mm.33 The same universal testing
machine was used with a 10000 N load cell and a test speed of
1.3 mm/min. The flexural test was conducted according to the
ASTM D790 standard.34 A different universal testing machine
(Z005, Zwick/Roell, Germany) was employed for this
experiment. The specimens had a width of 12.7 mm, length
of 50.8 mm, and thickness of 1.6 mm.35 A test speed of 5 mm/
min and a support span of 25.4 mm was used, along with a
2500 N load cell. The hardness of the printed workpieces was
measured using a hardness tester (Digitest II, Bareiss,
Germany)), following the ASTM D2240 shore D stand-
ards.36,37 The analytical tests were performed at a temperature
of 23 ± 2 °C and a relative humidity of 50 ± 5%. The average
and standard deviation were calculated based on five
repetitions for each testing condition.
A scanning electron microscope (SEM; SU3900, Hitachi,

Japan) was used to observe the dispersion of CaO catalysts in
the filaments along the cross-section of the specimens using
backscattered electron images obtained under the conditions
of a 20 kV accelerating voltage and 1000× magnification. SEM
images can provide valuable insights into the physical
interaction between the solid catalyst and the ABS material,
as well as the crystalline properties of the interface between
these two materials.17 To prepare the samples for testing, the
catalytic filaments were submerged in liquid nitrogen and then
cut in half. The fractured surfaces of the filaments were then
examined under the SEM after undergoing a gold-coating
procedure. This analysis aimed to provide a clear under-
standing of the morphological characteristics of the catalytic
filaments.20

2.4. Determination of Catalytic Filament Character-
istics. The structure and characteristics of the catalytic
filament were analyzed using an X-ray diffractometer (XRD).
The testing sample was 3D printed into a cylinder with a 32
mm diameter and 4 mm thickness to fit the sample holder. The
X-ray diffractogram was obtained via an X-ray diffractometer
(Empyrean, Malvern Panalytical, Netherlands) with a Cu tube.
The analysis was maintained at 40 kV voltage, 30 mA current,
0.154 nm wavelength, 5−90° scan range (2θ), 0.026° step size,
and 70.125 s time/step. The specific surface area and average
pore diameter of the fresh catalytic filaments were examined
using an ASAP-2460 surface area and porosimetry analyzer
(ASAP-2460, Micromeritics, USA), based on the Brunauer,
Emmet, and Teller (BET) method. Their surface was analyzed
using the static volumetric N2 absorption method at a constant
temperature of −196.85 °C, with degassing temperatures at 70
°C.6
2.5. Analysis of Thermal Characteristics. The thermog-

ravimetric analysis (TGA) and differential scanning calorim-
etry (DSC) of the catalytic filaments were performed using a
thermogravimetric analyzer (TGA/DSC3+, Mettler Toledo,
Switzerland). The TGA measurements were performed within
a temperature range of 30 to 600 °C, with a heating rate of 10
°C/min, under an inert nitrogen gas environment with a flow
rate of 50 mL/min. This method evaluates the stability of the
composite materials and quantifies the weight loss caused by
degradation at high temperatures.38 For DSC, the temperature
range was set between 30 and 250 °C, with all other
parameters the same as in the TGA analysis. DSC analysis was
used to determine the changes in the heat flux of the
composite materials over a range of temperatures, providing
valuable insights into their thermal properties and behavior
under various conditions.38 The glass transition temperature

Figure 2. Dimensions of specimens (unit: millimeters) and images of
real printed specimens for (A) tensile, (B) compressive, (C) flexural,
and (D) hardness testing.
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(Tg) is the point of phase changes in polymers, transitioning
from a glassy to a rubbery state.18 However, ABS, being a
thermoplastic polymer with an amorphous nature, lacks a
distinct melting point. Instead, it gradually softens with
increasing temperature until it reaches a liquid state.
Consequently, ABS does not exhibit a true melting peak but
rather a melting range of temperatures that can be considered
between 190 and 230 °C.39 These temperature ranges can
serve as references for estimating the temperatures within the
printing bed, nozzle, and extruder during the 3D printing
process using catalytic filaments.
2.6. Biodiesel Production Using Catalytic Filaments.

2.6.1. Experimental Procedure. The performance of the CaO
catalytic filaments in biodiesel production was assessed
through laboratory-scale experiments. The investigation
aimed to evaluate the influence of various parameters including
the methanol to oil molar ratio, catalytic filament loading, and
reaction time on the purity of methyl ester, as presented in
Table 2. Long extruded catalytic filaments were trimmed to

short filaments, with an average diameter of 1.8 mm and length
of 4.5 mm and weighing 12 mg for batch transesterification.
The PSPO feedstock for the transesterification reaction was
obtained from the two-step esterification process of SPO using
a hydrodynamic cavitation reactor, as detailed in a previous
paper.24 To prepare for the transesterification process using
short catalytic filaments, 30 g of PSPO and methanol were
heated to 50 °C and agitated at 500 rpm in a beaker using a
magnetic stirrer (B S104, RCT basic, IKA, Germany). A digital
thermometer (51 II, Fluke, China) was used to monitor the
temperature of the mixture. The catalytic filament loading
consists of 15 wt % CaO content in the weight of ABS plastic
materials, which was used to test in all experiments. A
parameter of catalytic filament loading (concentration of 15 wt
% CaO/ABS) refers to the weight of catalytic filaments with
respect to the weight of the initial PSPO. The PSPO,
methanol, and catalytic filaments were continuously stirred
according to the experimental design matrix presented in Table
3 until the desired reaction time was reached. After the
reaction, the catalytic filaments in the mixture were separated
using a filter sieve and then subjected to centrifugation at 4000
rpm for 5 min using a centrifuge device (DM0412, DLAB,
China). The samples were subsequently washed with warm
water to remove any remaining methanol and catalyst before
being sent to a TLC/FID analyzer to determine the purity of
methyl ester, TG, DG, MG, and FFA.

2.6.2. Design of Experiments. The effects of three key
factors on the purity of methyl esters: the methanol to oil
molar ratio ranging from 4−14, the catalytic filament
concentration ranging from 33−117 wt %, and the reaction
time ranging from 0.6−7.4 h. These independent variables
were transformed into five coded levels (−1.682, −1, 0, +1,
and +1.682) using a central composite design with an inscribed

mode,2 as shown in Table 2. A total of 18 experimental
conditions were established by varying these three parameters.
The resulting methyl ester purity data were included as the
response parameter in the experimental design matrix, as
indicated in Table 3. The relationship between each
independent variable and its interactions with the dependent
variable was determined using RSM, by employing a quadratic
equation (eq 1).40 The statistical significance of each
independent variable was assessed through the calculation of
p-values. Any terms with p-values exceeding 0.05 in the
predictive model were considered to have low significance and
thus removed.6 To validate the predictive model, analysis of
variance (ANOVA) was performed at a 95% confidence level
using the Microsoft Excel Solver add-in. This analysis was
performed to confirm the statistical influence between the
predictive model and the experimental data.2 Subsequently, the
model was utilized to compute the highest purity as well as the
required minimum value of 96.5 wt % for methyl ester purity.
Contour plots generated from the predictive model were used
to represent the relationships between methyl ester purity and
the three independent variables, illustrating the effects of these
independent factors on the dependent variable.

y x x x x
i

k

i i
i

ii i
i

k

j i

k

ij i j0
1 1

k
2

1 1

= + + + +
= = = = + (1)

Here, y is the dependent variable and is referred to as purity
of methyl ester in this study (wt %), β0 is the equation
constant, k is the number of independent variables, βixi is the
main effect term, βiixi2 is the quadratic term, βijxixj is the
interaction term, and ε represents the error.

2.6.3. Reusability Analysis of Catalytic Filaments. In
comparison to homogeneous catalysts, heterogeneous catalysts
offer the advantage of being reusable for multiple cycles. Solid
catalysts have the potential to be reused, which can lead to cost
reduction in the treatment process, minimized catalyst waste,
and reduction in overall production cost.10 To determine the
number of cycles the filaments could be reused for, this study

Table 2. Code Levels of Independent Variables

Code levels

Independent variables Units
−

1.682 −1 0 +1 +1.682

Methanol to oil molar
ratio (M)

molar
ratio

4 6 9 12 14

Catalytic filament loading
(C)

wt % 33 50 75 100 117

Reaction time (t) h 0.6 2 4 6 7.4

Table 3. Experimental Design Matrixa

Run
Methanol to oil
(molar ratio)

Catalytic filament
loading (wt %)

Reaction
time (h)

Methyl ester
(wt %)

1 4 75 4.0 92.91
2 6 50 2.0 92.40
3 6 50 6.0 93.95
4 6 100 2.0 93.74
5 6 100 6.0 95.29
6 9 33 4.0 94.08
7 9 75 0.6 93.80
8 9 75 4.0 96.56
9 9 75 4.0 96.60
10 9 75 4.0 96.57
11 9 75 4.0 96.57
12 9 75 7.4 96.62
13 9 117 4.0 95.80
14 12 50 2.0 94.44
15 12 50 6.0 96.02
16 12 100 2.0 95.13
17 12 100 6.0 96.61
18 14 75 4.0 95.80

aNote: The molar ratio of methanol to oil was calculated based on the
average molecular weight of PSPO, which is 327.1 g/mol.
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focused on the transesterification process using reused catalytic
filaments with the highest CaO concentration of 15 wt %. New
catalytic filaments were initially used in the first production
cycle. After the biodiesel production process, the catalytic
filaments were recovered for further transesterification, termed
as the recovery process. During this process, the catalytic
filaments were separated through a filter sieve. The used
filaments were then washed with methanol in a beaker at 300
rpm for 5 min to remove the oil. Subsequently, the recovered
filaments were dried in a hot air oven (UM 200, Memmert,
Germany) at 40 °C for 4 h. To explore an alternative to using
spent catalytic filaments for each new reaction, the dried
recovered catalytic filaments were repeatedly employed for
transesterification reactions in subsequent batches of fresh
PSPO. After each transesterification cycle, the purity of the
methyl ester was analyzed and compared to earlier results to
ensure consistency in the purity throughout the reuse of the
catalytic filaments. To check the percentages of catalyst weight
losses in biodiesel samples, the residual catalytic filaments were
filtered using filter paper (Genuine Whatman No. 1 (11 μm);
W. & R. Balston, Kent, UK). The residual catalytic (wt %) was
calculated by the weight of catalyst losses in biodiesel samples
(g) with respect to the weight of initial catalytic filament
loading (g), which relates to 100 wt % of initial catalytic
filament loading. The leaching of the calcium into the biodiesel
product was determined using an inductively coupled plasma
optical emission spectrometry41 (ICP-OES; Avio 500,
PerkinElmer, USA) analyzer.

3. RESULTS AND DISCUSSION
3.1. Mechanical Properties of Catalytic Filaments.

The single-screw filament extruder was used to extrude
mixtures of CaO and ABS powders into the catalytic filament.
Various weight ratios of the CaO catalyst to ABS powders were
tested, ranging from 0 to 15 wt %. The maximum allowable
weight percentage of the CaO catalyst blended with the ABS
powder should not exceed 15 wt% due to the limitations in the
extrusion process. Concerns about the addition of more
additives to ABS have been raised by Osman and Atia.20 In
their study, they found that modified ABS filaments became
more brittle when rice straw fibers were added at
concentrations higher than 20%.20 Moreover, preliminary
investigations have revealed that the use of a 20 wt % CaO
catalyst mixed with ABS was unsuccessful, as the high CaO
concentration hindered melting during the extrusion process
through the nozzle. Hence, it is not recommended to use a 20
wt % CaO catalytic filament for forming CaO catalytic
filaments using a filament extruder.

3.1.1. Tensile Testing of Catalytic Filaments. The tensile
characteristics of the catalytic filament were tested using
ASTM D638 type V specimens. The tensile strength of pure
ABS was 43.9 MPa. In the catalytic filament, a maximum
tensile stress of 41.2 MPa was achieved with a CaO catalyst
loading of 5 wt %. However, increasing the CaO catalyst
loading resulted in a significant reduction in tensile strength to
34.0 and 32.3 MPa for 10 wt % and 15 wt % loadings,
respectively, as shown in Figure 3A. The tensile strength of the
CaO catalytic filaments decreased by 6.2%, 22.7%, and 26.4%
for 5, 10, and 15 wt % CaO loadings, respectively, compared to
that of the pure ABS filament. The decrease in tensile strength

Figure 3. Mechanical properties of catalytic filaments: (A) tensile strength and elongation at break, (B) compressive strength, (C) flexural strength
and flexural strain at break, and (D) hardness of ABS and CaO catalytic filaments.
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can be attributed to the heterogeneous mixing of CaO powders
in the plastic filament, which may have reduced adhesion
between plastic structures and lowered tensile strength.
Another factor that could contribute to these issues is the
high material shrinkage during the layer-by-layer 3D printing
process, as it affects the mechanical properties.33 In terms of
elongation at break, it was observed that the elongation at
break decreased by 45.0%, 53.2%, and 75.8% for CaO loadings
of 5, 10, and 15 wt %, respectively, when compared to ABS, as
shown in Figure 3A. The decrease in elongation can be
attributed to poor interfacial adhesion and the agglomeration
of CaO particles and ABS.42 In addition, a high concentration
of CaO in the particles has an effect on stress concentrators,
leading to a reduction in the composite’s elongation.43 This
problem has been reported previously by Revert et al.,43 who
investigated the influence of adding brewer’s spent grain to
polypropylene (PP) plastic on the mechanical characteristics of
composite. Their results showed that the addition of waste
solid particles reduced both the tensile strength and elongation
at break of PP composites. When the filler content was
increased to 40%, the tensile strength and elongation at break
of the composites were reduced to 19 MPa and 6%,
respectively. In contrast, PP without solid particles exhibited
a tensile strength of 22.7 MPa and an elongation at break of
800%.43 In conclusion, the addition of CaO catalysts to the
plastic filament not only affected the tensile strength but also
the elongation at break of the catalytic filaments.

3.1.2. Compressive Testing of Catalytic Filaments. The
maximum compressive stress of the catalytic filament,
evaluated in accordance with ASTM D695, is shown in Figure
3B. The addition of CaO to ABS resulted in a slight increase in
compressive strength. A loading of 15 wt % CaO led to a
maximum compressive stress of 51.5 MPa. Comparing the

compressive strengths of CaO catalytic filaments with those of
the pure ABS filament, the 5, 10, and 15 wt % CaO loadings
resulted in increases of 7.7%, 18.0%, and 25.4%, respectively. A
higher CaO content in the plastic can improve its stiffness,
thereby enabling the polymer to withstand greater compres-
sion stresses.33 A higher CaO content in ABS blends improves
the compressive strength and resistance of the catalytic
filament to high pressure when applied to the construction
of a chemical reactor.

3.1.3. Flexural Testing of Catalytic Filaments. Figure 3C
shows the maximum flexural stress and flexural strain at break
for the catalytic filament, with varying weight ratios of CaO
catalyst powder. As the amount of the CaO catalyst increased
to 15 wt %, there was a slight decrease in flexural strength.
Specifically, the flexural strengths of the 5, 10, and 15 wt %
CaO loadings were reduced by 20.5%, 29.2%, and 34.1%,
respectively, in comparison to pure ABS. In all specimens
shown in Figure 3C, the flexural strain at break of ABS
combined with different concentrations of the CaO catalyst
was lower than that of pure ABS. When compared to pure
ABS, the flexural strain at break values decreased by 1.2%,
7.4%, and 17.3% for the 5, 10, and 15 wt % CaO
concentrations, respectively. Similar findings were reported
by Pavon et al.,44 who found that the addition of calcium
carbonate fillers reduced flexural strength due to insufficient
contact between the polymer matrix and filler.44 Therefore,
caution must be exercised when employing high concen-
trations of CaO in catalytic reactors to prevent deflection and
fracture as a result of significantly diminished flexural
properties.

3.1.4. Hardness Testing of Catalytic Filaments. The
hardness of the catalytic filaments was evaluated according to
ASTM D2240 shore D, and the results are shown in Figure

Figure 4. Cross-section morphological images of extruded filaments: (A) pure ABS filament; catalytic filaments with (B) 5 wt %, (C) 10 wt %, and
(D) 15 wt % CaO. (MAG is magnification, WD is working distance, HFW is horizontal field width, and HV is accelerating voltage).
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3D. The hardness of the printed specimens made using CaO
catalytic filaments increased by 4.6%, 7.9%, and 8.7% when
compared to those made from pure ABS filaments, with CaO
loadings of 5, 10, and 15 wt %, respectively. The highest
hardness value was observed in the sample containing 15 wt %
CaO, with a hardness of 75.9 shore D. These results suggest
that the combination of ABS and a CaO catalyst can
significantly enhance the hardness of printed models. This
finding is consistent with the results reported by Fouly et al.,45

who stated that the uniform distribution of solid filler particles
within the polymeric matrix contributes to increased hard-
ness.45 Moreover, the addition of CaO powder to increase the
relative density of the composite plastic improved the hardness
characteristics of the composite plastic, thereby increasing the
durability of the catalytic reactor.44

3.1.5. Morphological Analysis. Figure 4 shows a compar-
ison of the cross-section fracture surface of the catalytic
filaments as observed by the SEM analyzer with different
weight ratios of the CaO catalyst. In the case of pure ABS, the
SEM images revealed numerous rough surfaces in its
morphology, leading to porous structures and a decrease in
mechanical properties, as shown in Figure 4A. The addition of
CaO catalysts had a significant effect on the surface
morphology. The solid CaO catalyst was uniformly distributed
across the cross-sectional surface. Smooth fracture surfaces
exhibited higher levels of CaO catalyst content due to the
presence of catalyst particles, as shown in Figure 4B, C, and D.
The mechanical property testing results indicate that this filler
enhances the compressive and hardness characteristics of the
blended plastic by increasing the relative density.46 However, a
brittle failure mode can also be observed when the solid
catalyst content exceeds 10 wt %, resulting in reduced tensile,
elongation, and flexural properties due to a lack of cohesion
between the solid catalyst and ABS.33

3.2. Analysis of Catalytic Filament Properties.
3.2.1. Characterizations of Catalytic Filament. Figure 5
shows the X-ray diffractogram of the 3D-printed CaO catalytic
filament with a 15 wt % blending content. The XRD peak’s
reflections are consistent with CaO at 32.2°, 37.4°, and 53.9°,
indicating that the CaO catalytic filament has the ability to
produce biodiesel.47 The peaks at 18.0°, 28.7°, 34.1°, 47.1°,
and 50.8° indicate the presence of calcium hydroxide
(Ca(OH)2) phases, showing the hydration nature of CaO.
Minor reflections at 29.4° and 39.4° are assigned to calcium
carbonate (CaCO3) due to the exposure of fresh CaO in the
atmosphere during the extrusion and printing process.48 Other
peaks at 27.4°, 36.1°, 41.2°, and 54.3° pointed to the existence
of titanium dioxide (TiO2), which is present in commercial
ABS plastic pellets. The CaO catalytic filament has a BET

specific surface area of 0.1182 m2/g and a large average pore
diameter of 14.58 nm. These characteristics make it suitable for
use in liquid−solid heterogeneous phase reactions in a
mechanical stirrer reactor.26

3.2.2. Thermal Stability of Catalytic Filaments. To ensure
that the catalytic filaments can be used in the printing process
without undergoing thermal decomposition, the temperature
for 1% weight loss (Td,1%) was determined by conducting a
TGA analysis to identify the initial degradation temperature of
the plastic.38 The analysis results for catalytic filaments
containing varying weight ratios of the CaO catalyst are
presented in Table 4. The initial degradation temperatures of

the catalytic filaments containing 5, 10, and 15 wt % CaO were
measured to be 290, 287, and 295 °C, respectively, while pure
ABS exhibited an initial degradation temperature of 274 °C. All
CaO blending ratios demonstrated high thermal stability up to
270 °C, with no significant weight loss observed for the
extruded catalytic filaments. Consequently, the catalytic
filaments can be fabricated using 3D printers and extrusion
machines without compromising material quality through
degradation.49 After exposure to high temperatures, pure
ABS plastic underwent decomposition and left behind only 2.5
wt % of char residues, indicating its low charring ability.50 The
detected glass transition temperature of pure ABS was found to
be 107 °C, which is similar to the results reported by Hart et
al.39 For the catalytic filaments, the glass transition temperature
was slightly lower than that of pure ABS when higher solid
catalyst contents were applied. Specifically, the glass transition
temperatures of the catalytic filaments with 5, 10, and 15 wt %
CaO contents were 107, 104, and 104 °C, respectively. When
CaO particles are dispersed within the ABS matrices, they act
as a plasticizer. This results in a reduction in the intermolecular
adhesion forces between individual molecules of ABS and
consequently leads to lower thermal resistance characteristics.
Therefore, the glass transition temperature experiences a slight
decrease due to the presence of this dispersed filler in the
plastic matrix.51 The findings of this study suggest that a

Figure 5. X-ray diffractogram of the 3D-printed CaO catalytic filament.

Table 4. Thermal Properties of Catalytic Filamentsa

CaO loading (wt %) Td,1% (°C) Tg (°C)
0 (pure ABS) 274 107
5 290 107
10 287 104
15 295 104

aNote: Td,1% is the initial degradation temperature at 1% weight loss,
and Tg is the glass transition temperature.
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temperature of 110 °C is suitable for the printing bed to ensure
sufficient material adhesion during the printing process.52

3.3. Biodiesel Production from PSPO Using Catalytic
Filaments. 3.3.1. Experimental Results and Statistical
Analysis. The results of the transesterification process for
converting PSPO to methyl ester using 15 wt % CaO catalytic
filaments are presented in Table 3. The purity of the methyl
ester ranged from 92.40 to 96.62 wt %. After analyzing the
results using RSM, the low-significance terms in eq 2 were
eliminated by removing those terms in the predictive model
with p-values greater than 0.05.6 Consequently, a second-order
predictive model with seven terms of eq 2 was derived. Table 5

lists the coefficients and p-values of the predictive model for
the transesterification process. The statistical analysis indicated
that the linear term of methanol (β1M) had the lowest p-value
of 9.27 × 10−15, suggesting that methanol played a significant
role in methyl ester production using catalytic filaments. The
quadratic term of methanol (β4M2), the linear term of the
reaction time (β3t), and the linear term of the catalytic filament
(β2C) ranked second, third, and fourth, respectively, implying
that catalytic filament loading and reaction time also have an
impact on methyl ester production. The accuracy of the
predictive model was evaluated using statistical indicators, with
the coefficient of determination (R2) and the adjusted
coefficient of multiple determination (R2

adjusted) values being
notably high at 0.9994 and 0.9990, respectively. The
relationship between the actual purity of methyl ester and
the predicted value, shown in Figure 6, confirmed the accuracy
of the predictive model. Therefore, this model serves as an
accurate and efficient method for evaluating methyl ester
purity. In addition, an ANOVA conducted at a 95% confidence
level confirmed the statistical validity of the predictive model,
as shown in Table 6. The F-value (F0) of 2472.6 obtained from

the predictive model using ANOVA exceeded the critical F-
value of 3.14 (F0.05, 7, 10). Therefore, this model demonstrated
statistical significance when estimating methyl ester purity
during the biodiesel production using PSPO and CaO catalytic
filaments.

ME M C t M C t MC0 1 2 3 4
2

5
2

6
2

7= + + + + + + +
(2)

3.3.2. Influence of Parameters on the Purity of Methyl
Ester. The effects of the methanol to oil molar ratio, catalytic
filament loading, and reaction time on the purity of methyl
ester were demonstrated through three contour plots. Figure
7A, B illustrates the variations in the methanol to oil molar
ratio as a function of the purity of methyl ester. An increase in
both methanol concentration and catalytic filament loading
resulted in higher methyl ester purities, as shown in Figure 7A.
In particular, a methyl ester purity greater than 96.5 wt % was
achieved for methanol to oil molar ratios ranging from 8.5:1
and 12.5:1 and catalytic filament loadings ranging from 65 to
105 wt %. As shown in Figure 7B, similar molar ratios (8:1 to
13:1) resulted in methyl ester purities exceeding 96.5 wt %. In
accordance with statistical analysis, methanol plays the most
significant role in the production of methyl esters. Therefore,
the molar ratio of methanol to oil must be carefully prepared to
ensure the optimal purity of methyl esters. As the methanol to
oil molar ratio increased, the chemical equilibrium shifted
toward methyl ester conversion.14 Additionally, higher
amounts of methanol increased the surface area of contact,
enhancing the reaction rate and reducing the viscosity of the
reaction mixture, thus promoting mass transfer during the
mixing process.48 However, beyond the suitable content of
methanol under optimal conditions, a methanol to oil molar
ratio exceeding 13:1 could dilute the catalyst and PSPO, both
of which are essential for converting glycerides to methyl
esters.10 Similar results have been reported by Gaide et al.,40

who investigated the performance of synthesized CaO derived
from eggshells as a solid catalyst for the transesterification of
rapeseed oil with methanol. They observed reduced biodiesel
yields due to the reverse reaction of transesterification caused
by an excessive methanol to oil molar ratio. They determined
that an optimal molar ratio of 10.93:1 methanol to rapeseed oil
resulted in a maximum biodiesel yield of 97.8 wt %.40 Li et al.11

observed that excessive methanol led to the dilution of the
catalyst, resulting in reduced contact between the catalyst and
reactants.11 Hence, careful optimization of the methanol to oil
molar ratio is necessary to achieve optimal biodiesel purity.
The effects of catalytic filament loading and reaction time on
the purity of methyl ester will be discussed in further topics.
The effect of catalytic filaments on methyl ester purities is

demonstrated in Figures 7A and C, which illustrate the
relationship between catalytic filaments, methanol content, and
reaction time. In accordance with the statistical analysis, the
loading of catalytic filament is the second most significant
factor affecting the purity of methyl ester. As a result, it is
necessary to consider the loading of catalytic filament to
achieve high purity of methyl ester. The correlation between
the purity of methyl ester and the catalytic filament loading is
nonlinear due to the reaction nature of heterogeneous catalyst
systems that occur between liquid and solid phases.27 In Figure
7C, a catalytic filament loading ranging from 60 to 110 wt %
achieves a methyl ester purity of over 96.5 wt % for a reaction
time of 3.5 to 7.4 h, due to an increase in the number of active
sites available for the reaction.53 However, when the catalytic

Table 5. Coefficients and Statistics of the Predictive Modela

Terms Coefficients p-values

β0 74.906 1.9038 × 10−21

β1 2.0715 9.2688 × 10−15

β2 0.18150 1.9445 × 10−13

β3 1.3532 1.1277 × 10−13

β4 −8.9465 × 10−2 2.0688 × 10−14

β5 −9.3615 × 10−4 4.3775 × 10−13

β6 −0.11947 2.6976 × 10−12

β7 −2.3333 × 10−3 5.3402 × 10−7

aNote: R2 = 0.9994, and R2
adjusted = 0.9990.

Figure 6. Actual methyl ester purity versus predictive value.
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filament loading exceeds 110 wt %, the purity of the methyl
ester decreases. This is because a large number of filaments
become dense and obstruct the stirrer, leading to decreased
mass transfer of mixtures inside the reactor.54 Similar results
were reported by Aisien and Aisien,55 who investigated the
transesterification of rubber seed oil to biodiesel using
sulfonated CaO derived from snail shells as a catalyst. They
found that exceeding the appropriate catalyst loading resulted
in poor reactant diffusion, accumulation, and mass transfer
limitations.55 In conclusion, catalytic filament loading is crucial
for enhancing the efficiency and sustainability of biodiesel
production processes.
In terms of reaction time, although it ranks third in

importance in affecting the purity of methyl ester, careful
consideration of the reaction time is required to achieve high
purity of biodiesel. The contour plots in Figure 7B, C
demonstrate that increasing the reaction time from 0 to 3.5 h
enhances the purity of methyl ester. Additionally, a purity of
over 96.5 wt % methyl ester could be achieved, with slight
increases observed when the reaction time exceeded 3.5 h.
Extending the reaction times have been found to improve
methyl ester purity by facilitating better mixing and diffusion of
solid catalyst and reactants over heterogeneous catalysts.53

However, the purity of methyl ester may decrease when the
reaction time is too long. Similar results were reported by
Kirubakaran and Selvan,47 who synthesized a CaO catalyst
from eggshell for biodiesel production from waste chicken fat.
They observed a maximum biodiesel yield of 96.7% with a
reaction time of 2 h using a nano CaO catalyst. However, when
the reaction time was increased beyond 2 h, the biodiesel yield
was reduced to 60% due to the presence of equilibrium
conditions in the reaction mixture.47 Das et al.26 reported that
the optimal reaction time for producing biodiesel from soybean
oil with CaO derived from waste snail shells is 3 h. Longer
reaction times than the optimal duration can have a negative
impact because the transesterification reaction is reversible. As
reaction time increases, the reaction equilibrium tends to move
in a reverse direction. In addition, longer reaction times require

more energy and resources for biodiesel production.26

Therefore, careful operation under the optimal conditions of
methanol content, catalytic filament loading, and reaction time
is required in order to achieve a highly efficient process with
minimal energy and chemical consumption when using CaO
catalytic filaments for biodiesel production.

3.3.3. Optimization of Biodiesel Production from PSPO
Using Catalytic Filaments. To maximize the purity of methyl
ester for biodiesel production from PSPO, the parameters of
methanol to oil molar ratio, catalytic filament loading, and
reaction time were optimized using RSM. By performing
numerical calculations in Microsoft Excel with the solver add-
in, the optimal conditions for producing methyl ester of the
highest purity, as predicted by model eq 2 were obtained. As
shown in Table 7, the optimal conditions for achieving a
maximum purity of 97.21 wt % were found to be a methanol to
oil molar ratio of 10.5:1, a catalytic filament loading of 83.9 wt

Table 6. ANOVA Resultsa

Source Sum of squares Mean square F0 Fcritical DOF

Regression 33.496 4.7852 2472.6 3.14 7
Residual 0.019353 0.0019353 10
Lack of fit error 0.018453 0.0026361 8.79 8.89 7
Pure error 9.0000 × 10−4 3.0000 × 10−4 3
Total 33.515 17

aNote: F0 is the F-value obtained from predictive model, Fcritical is the critical F-value, and DOF is degrees of freedom.

Figure 7. Influence of parameters on the purity of methyl ester: (A) methanol to oil molar ratio and catalytic filament loading, (B) methanol to oil
molar ratio and reaction time, and (C) catalytic filament loading and reaction time.

Table 7. Optimal and Recommended Conditions of the
Predictive Modela

Conditions

Variables Units Optimal Recommended

M molar 10.5 9.0
C wt % 83.9 75.0
t h 5.7 4
MEmodel wt % 97.21 96.50
MEactual wt % 96.69 96.58
Ytransesterification

b wt % 77.6 79.7
Ybiodiesel

c wt % 76.2 78.3

aNote: M is the methanol to oil molar ratio, C is the catalytic filament
loading, t is the reaction time, MEmodel and MEactual represent the
purity of methyl ester obtained from the predictive model and actual
experiment, respectively. bYtransesterification (wt %) was calculated by the
weight of purified biodiesel (g) with respect to the weight of initial
PSPO (g), which relates to 100 wt % of initial PSPO. cYbiodiesel (wt %)
was calculated by the weight of purified biodiesel (g) with respect to
the weight of initial SPO (g), which relates to 100 wt % of initial SPO.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c03063
ACS Omega 2024, 9, 27578−27591

27587

https://pubs.acs.org/doi/10.1021/acsomega.4c03063?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03063?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03063?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c03063?fig=fig7&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c03063?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


%, and a reaction time of 5.7 h. In order to confirm the
predictions of the model, a real experiment was conducted.
The results showed that the actual purity of methyl ester was
96.69 wt %, which was very close to the predicted purity. The
transesterification process yielded a 77.6 wt % yield, and the
overall biodiesel product was 76.2 wt %. However, this optimal
condition demanded excessive chemical consumption and a
long reaction time, resulting in increased costs for chemicals
and operations. To address this issue, a commercial biodiesel
standard with a purity level of 96.50 wt % methyl ester was
introduced into eq 2. Regression analysis was then used to
recalculate the three factors, leading to the recommended
conditions of a 9.0:1 molar ratio of methanol to oil, a 75.0 wt
% catalytic filament loading, and a 4.0 h reaction time. An
actual experiment was performed to confirm the recommended
conditions, and it was found that the methyl ester purity was
96.58 wt %, which was very close to 96.50 wt %. The
transesterification process provided a 79.7 wt % biodiesel yield,
with an overall product yield of 78.3 wt %. This confirms the
accuracy and consistency of model eq 2 for optimizing the
biodiesel production process. Table 7 summarizes both the
optimal and recommended conditions from the predictive
model and actual experiment. In terms of chemical
consumption and reaction time, the recommended conditions
could save 16.7% of the methanol content, 11.9% of the
catalytic filament loading, and 42.5% of the reaction time
compared to the optimal conditions. Table 8 summarizes the

composition and physical properties of the biodiesel
synthesized using 15 wt % CaO catalytic filaments under the
recommended conditions. Additionally, Figure 8 shows the
raw materials of SPO, PSPO, and biodiesel obtained via CaO
catalytic filaments. For the biodiesel composition analysis, a
TLC/FID analyzer was used to determine the purities of
methyl ester, TG, DG, MG, and FFA. The analysis results
confirmed that the methyl ester content reached 96.58 wt %,
complying with Thailand’s biodiesel standard. The biodiesel
had a specific gravity of 0.852 at 60 °C, a dynamic viscosity of
5.43 cSt at 40 °C, a cloud point of 12 °C, a pour point of 10
°C, and an acid value of 1.2 mg KOH/g.

3.3.4. Reusability of Catalytic Filaments for Biodiesel
Production from PSPO. The number of reusability cycles for
catalytic filaments containing 15% CaO for the trans-

esterification of new PSPO were determined under the
recommended conditions. To validate the catalytic activity of
the reused filaments, the purity of methyl ester was measured
throughout each running cycle, as shown in Figure 9.
Additionally, Figure 10 shows the fresh and spent CaO
catalytic filaments for biodiesel production from PSPO after
each transesterification cycle. The purity of the methyl ester in
the biodiesel is shown in Figure 9, with the ester purities
gradually decreasing after each cycle. After the second cycle,
the purity of the methyl ester produced using the reused CaO
catalytic filaments dropped to 95.8 wt %. Nevertheless, the
purity remained above 95.0 wt % after the third cycle, and it
stabilized at a lower 95.0 wt % after the fourth cycle. To
evaluate the catalyst’s reusability, the weight loss of catalytic
filaments over successive cycles was examined. The results
found that the percentages of weight losses of catalytic
filaments in biodiesel reactants were 0.84, 0.77, 0.84, and 0.93
wt % for the first, second, third, and fourth cycles, respectively.
Moreover, the filtrate reaction mixture was analyzed using ICP-
OES to assess the calcium leaching. The observed calcium
leaching during the first through the fourth cycle was 394, 410,
340, and 493 mg/kg, respectively. These leachings could
contribute to the decrease in catalytic activity over several
cycles.41 Therefore, it is necessary to extrude ABS filaments
with more than 15% CaO powder by weight in order to
increase the number of cycles in the transesterification process.
As the catalytic activity decreases with each cycle, more cycles
are required to maintain a methyl ester purity of over 96.5 wt
%. Therefore, this study suggests a novel approach for
extruding a catalytic filament and printing a component with
a high concentration of more than 15 wt % CaO powder,
which could potentially increase the number of trans-
esterification reaction cycles in future research using a catalytic
reactor.

4. CONCLUSIONS
This study successfully explored the potential of combining
solid CaO catalysts with ABS to form CaO catalytic filaments
for use in a 3D printer. It is recommended to blend a
maximum of 15 wt % of CaO catalyst content into the ABS
material. The hardness and compressive strength of the
composite were improved by 8.7% and 25.4%, respectively,
compared to pure ABS. However, increasing CaO concen-
trations of 15 wt % in the ABS also led to a reduction in the
tensile strength, elongation at break, flexural strength, and
flexural strain by 26.4%, 75.8%, 34.1%, and 17.3%. Because of
the weak bonds between the solid catalyst and the ABS
material, the CaO catalytic filament composite was brittle.
Despite these mechanical characteristic problems, the thermal
properties of the catalytic filaments were unaffected, enabling
them to be used in 3D printers and extrusion machines
without affecting material quality. In the biodiesel production
process, optimization using the RSM resulted in a methyl ester
purity of 96.58 wt % and a product yield of 79.7 wt % under
recommended conditions. Furthermore, these CaO catalytic
filaments could be used with the purity remaining above 95.0
wt % after the third cycle and stabilizing at a lower 95.0 wt %
after the fourth cycle. In conclusion, the use of low-cost SPO
has emerged as a promising option to biodiesel feedstock. The
new catalytic filaments have the ability to convert PSPO to
high-purity biodiesel. This approach provides a sustainable and
effective solution to biodiesel production. In future work, these
catalytic filaments will be printed into other catalytic reactors

Table 8. Compositions and Physical Properties of SPO,
PSPO, and Biodiesel

Properties Units SPO24 PSPO24
Biodiesel (present

work)

Compositions
Methyl ester wt % 0.00 89.25 96.58
Triglyceride wt % 9.80 6.93 1.55
Diglyceride wt % 0.80 2.57 1.13
Monoglyceride wt % 0.24 0.30 0.38
Free fatty acid wt % 89.16 0.94 0.37
Physical properties
Specific gravity (at
60 °C)

− 0.856 0.850 0.852

Dynamic viscosity cSt 3.89a 5.36b 5.43b

Cloud point °C n/a 13 12
Pour point °C 42 11 10
Acid value mg

KOH/g
197.7 1.8 1.2

aDynamic viscosity at 60 °C. bDynamic viscosity at 40 °C.
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such as static mixer reactors, microchannel reactors, and rotors
in hydrodynamic cavitation reactors, to facilitate mixing and
accelerate the reaction during biodiesel production. Moreover,
future studies will investigate the stability of catalytic reactors
over extended reaction durations, aiming to achieve more
sustainable and cost-effective biodiesel production processes
with less waste generation.
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Figure 8. Raw material and product obtained via catalytic filaments: (A) raw material sludge palm oil, (B) pretreated sludge palm oil, and (C)
biodiesel obtained under the recommended conditions.

Figure 9. Purities of methyl ester from biodiesel production from
PSPO using fresh CaO catalytic filaments and reused catalytic
filaments after second, third, and fourth cycles.

Figure 10. CaO catalytic filaments for biodiesel production from PSPO: (A) fresh catalytic filaments, and catalytic filaments after the (B) first, (C)
second, (D) third, and (E) fourth cycles of the transesterification process.
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