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Synthetic textiles such as polyesters are essential for daily life. However, large-scale production generates large amounts of waste.
This study introduces a new approach for valorising polyester textile waste (PTW) by transforming it into a catalyst for biodiesel
production via pyrolysis. Specifically, a metal/carbon composite (PTW+ steel slag [SS] composite—PSC) with enhanced catalytic
properties was prepared by pyrolysing PTW with SS. The alkaline metals in SS facilitate the carbonisation of PTW via decarbox-
ylation, resulting in a PSC rich in carbon, iron, and alkaline compounds. This composite featured mesopores that were larger than
the micropores (MPs) typically found in PTW char. The use of porous material (silica) in thermally induced transesterification has
been proven to be an efficient method for biodiesel production, achieving a yield of 97.20wt.% in 1min (faster than the 93.82wt.%
yields in 60min observed from conventional alkali-catalysed transesterification). However, the high reaction temperature (≥
360°C) poses economic/technical challenges. To overcome this, PSC has been employed as a catalyst in thermally induced
transesterification, leveraging its mesoporous structure and high alkaline content, particularly calcium oxide. The PSC achieved
a biodiesel yield of 98.10wt.% at a markedly lower reaction temperature of 120°C within 1min. This performance was not
attainable using silica or PTW char under similar conversion conditions. These findings highlight the potential of PSC produced
through the pyrolysis of PTW and SS as effective catalysts for biodiesel production. This process is a promising strategy for
converting waste into valuable resources and mitigating the environmental impacts associated with polyester waste.
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1. Introduction

Synthetic textiles are integral to our daily lives and serve various
purposes, from clothing to household items and industrial pro-
ducts [1]. Over the last two decades, global textile production has
nearly doubled, reaching 109 million tons in 2020 [2]. Among
the various types of textiles, polyester (a synthetic fibre made of
polyethylene terephthalate) stands out because of its desirable
properties, including high tensile strength and resistance to bio-
logical and chemical degradation [3]. In 2020, polyesters
accounted for 52% of the global fibre production [4]. However,
their extensive use and production have led to massive waste
generation [5]. Polyester textile waste (PTW) is disposed of in

landfills and incinerated [6]. Owing to its non-biodegradable
nature, PTW in landfills contributes to long-term environmental
issues, such as the accumulation of microplastics in soil and
groundwater [7]. Although the incineration of polyester effec-
tively reduces its volume and recovers energy through heat, it
also risks releasing harmful chemicals, including polycyclic aro-
matic hydrocarbons (HCs), unburned HCs, and volatile organic
compounds, owing to challenges in maintaining optimal com-
bustion conditions [8–10]. Therefore, there is a need for alterna-
tive thermochemical processes, such as pyrolysis, to mitigate the
formation of toxic substances while converting waste into valu-
able resources. Pyrolysis offers a promising solution for breaking
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down PTW into useful products without the extensive release of
pollutants, making it an environmentally and economically via-
ble strategy for waste management.

Pyrolysis is a thermochemical process that decomposes
carbonaceous substances into liquid-, gas-, and solid-phase
pyrogenic products under oxygen-free conditions [11]. Dur-
ing the pyrolysis of PTW, valuable gases, such as syngas (a
mixture of H2 and CO), and liquid chemicals, such as benzoic
acid, can be recovered [12]. Thus, extensive research has
focused on optimising the recovery of gaseous and liquid
products [13]. In addition, pyrolysis generates char, a solid
residue with a high carbon content [14]. However, the physi-
cal and chemical properties of PTW char are often insufficient
for its use as an effective adsorbent or catalyst compared to
commercially available materials, requiring further activation
processes [15]. To enhance the utility of PTW char, pyrolysis
with metal-containing wastes such as steel slag (SS) offers a
viable alternative. SS, a by-product of steel production, is
generated in large quantities, with 130–200 million tons dis-
carded annually as waste [16]. SS is disposed of in landfills,
which poses adverse environmental and health risks owing to
the potential leaching of alkaline and heavy metals into the
soil [17]. Therefore, the pyrolysis of PTW and SS provides a
method for waste valorisation and helps mitigate environ-
mental impacts. During the pyrolysis of PTW and SS, PTW
melts, disperses on the surface of the SS, and undergoes car-
bonisation to form a metal/carbon composite [18]. SS, which
contains large amounts of alkaline metals (calcium), can
enhance the catalytic properties of the resulting PTW char
through a catalytic effect [19]. The composite formed by this
process, referred to as a PTW+ SS composite (PSC), holds
significant promise as a catalyst for various applications.

This study focused on the use of a PSC fabricated by the
pyrolysis of PTW with SS as a catalyst for biodiesel produc-
tion. Biodiesel is synthesised via the transesterification of tri-
glycerides (TGs) with methanol (MeOH), typically using
homogeneous acid or base catalysts [20]. Although effective,
this method has several drawbacks, including long reaction
times and low tolerance to impurities such as free fatty acids
(FAs) and water, which contribute to unwanted reactions
such as saponification and hydrolysis [21]. Moreover, sepa-
rating the catalyst from biodiesel poses a significant challenge
[22]. To address these issues, researchers have investigated the
use of heterogeneous acid/base catalysts for transesterification
[23]. Although these efforts resolve the problems associated
with homogeneous catalysts, they often require high opera-
tional temperatures and pressures, which complicate the pro-
cess [24]. An alternative approach involves thermally induced
transesterification using porous materials such as silica. This
method is technically advantageous because it exhibits a high
tolerance to impurities and operates at ambient pressure (1
bar) within 1min [25]. However, to achieve a high biodiesel
yield (>95wt.%) required high temperatures (>360°C),
which is economically impractical [26]. In this context, a
PSC derived by pyrolysing PTW with SS offers a promising
solution. Alkaline metals in SS provide strong basic sites that
facilitate transesterification, thereby enhancing biodiesel pro-
duction by offering active catalytic sites [27, 28]. To

thoroughly understand the catalyst properties and effective-
ness, the thermolytic behaviours of PTW and SS were char-
acterised using thermogravimetric analysis (TGA), whereas
the morphological properties of the PSC were characterised
using Brunauer–Emmett–Teller (BET) analysis. Finally, the
PSC was evaluated as a catalyst for thermally induced trans-
esterification, and the resulting biodiesel yields were mea-
sured at various experimental temperatures. These yields
were then compared with those obtained using silica and
PTW char under the same conditions.

2. Materials and Methods

2.1. Sample Preparation and Chemicals. The PTW was col-
lected from a textile manufacturing factory in Seoul, Korea.
The PTW was rinsed with deionised water and dried at 50°C
for 24 h. The dried PTW was cut into uniform pieces. The SS
was obtained from POSCO (Pohang, Korea). To eliminate
moisture, SS was dried at 105°C for 24 h. Subsequently, the
PTW pieces and SS were blended in a 1:1 mass ratio (PTW+
SS). Soybean oil was purchased from a local market in Seoul,
Korea. Nitrogen (N2) with 99.999% purity was acquired from
Green Gas (Korea). A standard gas mixture containing H2,
CO, and CH4 was obtained from RIGAS (Seoul, Korea).
Dichloromethane (DCM; 99.8%) and MeOH (99.9%) were
purchased from Daejung Chemicals & Metals (Gyeonggi,
Korea). Silica gel (pore size: 6 nm) and a standard mixture
containing 37 FAmethyl esters (FAMEs) were acquired from
Sigma–Aldrich (MO, USA). Potassium hydroxide (KOH;
95.0%) was purchased from Samchun Chemicals (Seoul,
Korea).

2.2. Sample Characterisation. The composition of the PTW
was determined using a Fourier-transform infrared (FT-IR)
spectrometer (Cary 630, Agilent, CA, USA), ranging from
650 to 4000 cm−1. The carbon and hydrogen contents in the
PTW and SS samples were determined using an elemental
analyser (EA3000, EuroVector, Pavia, Italy). The inorganic
contents of the PTW and SS were measured using induc-
tively coupled plasma-optical emission spectroscopy (ICP-
OES; 5800, Agilent). The thermolytic behaviours of PTW,
SS, PTW+ SS, and soybean oil were characterised using a
TGA apparatus (STA 448 F5, Netzsch, Bayern, Germany).
The sample (10mg of PTW, SS, or soybean oil, and 20mg of
PTW+ SS) was loaded into an alumina crucible and ther-
mally degraded from 35 to 900°C at a heating rate of 10°C
min−1 under a N2 atmosphere. The total N2 flow rate was
100mLmin−1, with 80mLmin−1 for purge gas and 20mL
min−1 for protective gas. Each TGA test was conducted in
triplicates to ensure reliability.

2.3. PSC Fabrication and Its Characterisation. To fabricate
the PSC, PTW, and SS were pyrolysed under an N2 atmo-
sphere. For comparison, PTW char was also produced by the
pyrolysis of PTW under the same conditions. Pyrolysis tests
were performed in a batch reactor comprising a cylindrical
quartz tube (inner diameter: 22mm, outer diameter: 25mm,
length: 1000mm) with two vacuum fittings. PTW (10 g) and
PTW+ SS (20 g) were placed at the centre of the batch
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reactor, which was then covered with a tubular furnace to
provide heat. The sample was heated from 35 to 700°C at a
heating rate of 10°C min−1 under a N2 atmosphere, followed
by isothermal holding at 700°C for 1h. During the pyrolysis,
the N2 flow rate was maintained at 800mLmin−1. The non-
condensable gaseous effluents (H2, CO, CH4, and CO2) from
the pyrolysis of PTW and SS were quantified using micro-gas
chromatography (micro-GC). To quantify the gas effluents, a
standard gas mixture was used to calibrate the micro-GC. The
liquid pyrolysates were analysed using GC/mass spectrometry
(GC/MS; 5977B, Agilent). The surface areas, pore diameters, and
pore volumes of the PTW char and PSC were determined using
a BET instrument (BELSORP-mini II, MicroTrac, Osaka,
Japan). The surface morphologies of the PTW char and the
PSC were examined using scanning electron microscopy/
energy-dispersive X-ray spectroscopy (SEM/EDX; Cube-II
Mini-SEM, Emcraft, Kyonggi-do, Korea). The inorganic content
of the PTW char and PSC were measured using ICP-OES.

2.4. Alkali-Catalysed and Thermally Induced Transesterification.
The alkali-catalysed transesterification of soybean oil was per-
formed in the presence of a KOH catalyst. Prior to transester-
ification, 3mL of MeOH and 0.1 g of KOH were mixed for 10
min at 400 rpm to obtain a homogeneous mixture. The homo-
geneous mixture was added to soybean oil (10 g) and incubated
for 60min (at 63°C). After the reaction was completed, the
converted biodiesel was separated from the glycerol using a
separatory funnel via gravimetric separation. Due to their polar-
ity, excess MeOH and KOH were included in the glycerol
(bottom layer). The separated biodiesel (top layer) was then
diluted with DCM for GC analysis. Thermally induced trans-
esterification of soybean oil was conducted using three types of
porous materials (silica, PTW char, and PSC). A batch reactor
comprising a bulkhead union (SS-400-61, Swagelok, OH, USA)
and two stoppers (SS-400-P, Swagelok) were prepared. One end
of the batch reactor was sealed with a stopper, and then 200µL
of MeOH, 7.5mg of soybean oil, and porous material (320mg
of silica, 400mg of PTW char, or 500mg of PSC) were added.
The other end of the reactor was sealed with a stopper to create
a closed system. The reactor was positioned at the centre of a
furnace. The inner temperature of the batch reactor was moni-
tored in real-time using a K-type thermocouple. Once the inner
temperature reached the desired temperature, the reactor was
removed from the furnace and cooled to 24°C using a cooling
fan. In contrast to alkali-catalysed transesterification, thermally
induced transesterification does not require an additional step
to separate biodiesel from the reaction mixture due to the use of
heterogeneous materials. Thus, the produced biodiesel was
directly diluted with DCM for GC analysis. Subsequent quali-
tative and quantitative analyses of the biodiesel were performed
using GC/MS and a GC/flame ionisation detector. Both GC
systems were equipped with a DB-WAX Ultra Inert column
(length: 30m, diameter: 0.25mm, and film: 0.25 µm). For GC
calibration, a standard mixture containing 37 FAME compo-
nents was used. The conversion yield of biodiesel was calculated
using the following equation:

Biodiesel yield wt:%ð Þ ¼ ∑Weight of converted FAME
Weight of soybean oil

× 100:

3. Results and Discussions

3.1. Characterisation of PTW and SS. Before fabricating the
metal/carbon composite (PSC), FT-IR spectroscopy was per-
formed on the PTW to identify its specific chemical charac-
teristics. The FT-IR spectrum was recorded over a range
from 650 to 4000 cm−1. The resulting FT-IR spectrum of
PTW is illustrated in Figure 1, which also includes the FT-
IR spectrum of the standard polyester for comparison. This
reference spectrum helps confirm the presence and compo-
sition of polyesters in PTW.

FT-IR analysis of the PTW revealed several characteristic
peaks indicative of its chemical composition. The peak at
2980 cm−1 corresponds to the ═C─H bond in the benzene
ring [29]. The peak at 1718 cm−1 indicates the presence of the
C═O bond in the ester [30], whereas the peak at 1505 cm−1

corresponds to the C═C bond in the benzene ring [29]. The
1413 cm−1 peak is associated with the C─C─H bond in the
benzene ring, and the 1249 cm−1 peak corresponds to the
C─O─C bond in the ester [31]. The 1100 cm−1 peak also
represents another C═O bond in ester [31]. The peaks at
873 and 724 cm−1 correspond to the para-disubstituted ben-
zene ring and C─H bond, respectively [32]. The FT-IR spec-
trum of PTW closely resembles that of polyester fibres,
confirming that PTW comprises polyester fibres.

Elemental and ICP analyses were conducted to deter-
mine the elemental composition and metal content of
PTW and SS, and the results are summarised in Table 1.
As shown in Table 1, PTW consisted of 62.61 wt.% carbon
and 4.27 wt.% hydrogen, with no presence of inorganic spe-
cies. The high carbon content of PTW suggests its potential
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FIGURE 1: FT-IR transmission spectra of PTW (black) and polyester
(red bar) as [29–32]. FT-IR, Fourier-transform infrared; PTW,
polyester textile waste.
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to serve as a porous structure on the metal/carbon compos-
ite. In contrast, SS comprises 4.89wt.% carbon and 1.60 wt.%
hydrogen, along with 36.81wt.% calcium, 2.82 wt.% alumin-
ium, 5.15 wt.% iron, and 1.42 wt.% magnesium. The high
inorganic content of SS offers its potential to function as
an active site, contributing to the catalytic effects in the
metal/carbon composite.

To determine the temperature required for fabricating
PSC through the pyrolysis of PTW and SS, the thermolytic
behaviours of the PTW and SS samples were characterised
using a TGA unit. Each TGA test was conducted from 35 to
900°C at a heating rate of 10°C min−1 under an N2 atmo-
sphere. The mass changes and thermal degradation rates of
PTW, SS, and PTW+ SS with increasing temperatures are
shown in Figure 2.

As shown in Figure 2A, mass changes in the PTW were
observed in the two temperature regimes. In the first regimes
(340–540°C), 77.49wt.% of mass change occurred, which was
attributed to the liberation of volatilematter (VM) through PTW
pyrolysis. In the second regime (540–900°C), a small mass
change (2.94wt.%) was realised, and the thermal degradation
rate was noticeably deaccelerated, indicating that the remaining
residue underwent carbonisation through dehydrogenation,
resulting in char formation. These findings suggest that PTW
char should be fabricated at>540°C. As shown in Figure 2B, the
totalmass change in the SS is 20.33wt.%, resulting in a finalmass
of 79.67wt.%, which is nearly identical to its ash content (79.16
wt.%). This suggests that themass change in SS can be attributed
to the degradation of inorganic species containing calcium,

aluminium, iron, and magnesium (Table 1). The thermolysis
of SS was observed under two temperature regimes. In the first
temperature regime (380–500°C), the mass change was attrib-
uted to the thermal decomposition of calcium hydroxide (Ca
(OH)2) through dehydration [33]. In the second temperature
regime (610–740°C), mass change was associated with the
release of CO2 from calcium carbonate (CaCO3). Consequently,
Ca (OH)2 and CaCO3 were likely transformed into calcium
oxide (CaO) [27]. As shown in Figure 2C, the thermal degrada-
tion of PTW+SS occurs between 340 and 740°C, with three
distinct degradation peaks at 436, 612, and 727°C. The peaks at
436 and 727°C correspond to the thermal degradation of PTW
and SS, respectively. Unlike the TGA results for PTW and SS
alone, a distinct peak at 612°C was observed for PTW+SS. The
residual masses of the PTW and SS at 500°C were 23.39 and
87.56wt.%, respectively; therefore, the expected residual mass of
a 1:1 blend of PTW+ SS at 500°C would be 59.88wt.%. How-
ever, the actual residual mass of the PTW+ SS was 4.4wt.%
higher than this expected value, indicating that chemicals from
the thermolysis of PTW interacted with and deposited onto SS.
These findings suggest that the distinguishable peak at 612°C
was likely due to the liberation of chemicals deposited on SS
originating from PTW pyrolysis. Considering that most VM
from the pyrolysis of PTW and SS is liberated below 640°C,
the fabrication of PSC was conducted at 700°C.

3.2. Pyrolysis of PTW and SS. TGA is limited to detecting
mass changes in PTW+ SS with respect to temperature [34].
To further elucidate the mechanism of PSC formation,

TABLE 1: Elemental and ICP analyses of the PTW and SS samples.

Sample
Elemental analysis (wt.%) ICP analysis (wt.%)

Carbon Hydrogen Calcium Aluminium Iron Magnesium

PTW 62.61 4.27 — — — —

SS 4.89 1.60 36.81 2.82 5.15 1.42

Abbreviations: ICP, inductively coupled plasma; PTW, polyester textile waste; SS, steel slag.
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FIGURE 2: Thermolytic mass change and degradation rate of (A) PTW, (B) SS, and (C) PTW+ SS. PTW, polyester textile waste; SS, steel slag.
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pyrolysis of PTW and SS was conducted from 35 to 700°C
under N2. The concentration profiles of non-condensable
gases (H2, CH4, CO, C2-HCs, and CO2) released from the
co-pyrolysis of PTW with SS are depicted in Figure 3A.

As shown in Figure 3A, the evolution of H2 is observed at
≥490°C, which indicates that carbonisation through dehydro-
genation occurs at ≥490°C. As the temperature increased, the
formation of H2 intensified, suggesting that the carbonisation
rate of PTW+ SS increased proportionally with the pyrolysis
temperature. Based on this, the resulting PSC was isother-
mally maintained at 700°C to provide sufficient time for car-
bonisation. The formation of H2 commenced at a higher
temperature than that of other gases (CH4, CO, C2 HCs,
and CO2), which was attributed to the relatively higher
bond energy of the CH bond (416 kJmol−1) compared to
the C─O (346 kJmol−1) and CC (358 kJmol−1) bonds
[35–37]. The formation of CO and CO2 was observed at
≥370°C, which was attributed to deoxygenation (decarboxyl-
ation and decarbonylation) from the cleavage of the ester
bond in PTW [38, 39]. Interestingly, the evolution patterns
of CO and CO2 during the pyrolysis of PTW and SS differ
from the general trends observed during the pyrolysis of
polyesters [40]. Specifically, additional formation of CO and
CO2 was observed at≥550°C. The increased formation of CO
and CO2 could be explained by two possible pathways. First,
the deoxygenation of chemicals deposited onto the SS likely
occurred. Between 400 and 550°C, the concentrations of CO
and CO2 from the pyrolysis of PTWwith and were lower than
those from the pyrolysis of PTW alone (data not shown).
These findings suggest that carbon was deposited onto SS
through the interaction between chemicals from the pyrolysis

of PTW and SS and subsequently released as CO and CO2 at
≥550°C. Second, CO2 evolved through the thermal degrada-
tion of CaCO3 into CaO and likely contributed to the forma-
tion of CO through gas-phase reactions with the VM liberated
from the thermolysis of PTW. Our previous studies demon-
strated this pathway [41]. This suggests that calcium may be
present as CaO in the resulting PSC. The chemical structure of
the resulting PSC was closely related to the formation of con-
densable VM liberated during the pyrolysis of PTW and SS
[42]. For an in-depth study, condensable VM (liquid pyroly-
sate) was further analysed using GC/MS (Figure 3B). The
peak areas of the chemicals identified in the liquid pyrolysate
are summarised in Table 2.

As shown in Figure 3B and Table 2, various chemicals are
produced during the pyrolysis of PTW with SS. The liquid
pyrolysate contained benzoic acid, terephthalic acid, and
benzene derivatives. These chemical compounds can result
from the thermal cracking of ester linkages in PTW. Specifi-
cally, at >300°C, ester linkages undergo a six-membered
transition, resulting in the transfer of β-H to C═O and the
consequent formation of carboxylic acid and vinyl groups at
the end of the chain [43, 44]. Subsequent decarboxylation
and ethylene cleavage led to the formation of benzoic acid
and benzene derivatives [45]. Compared to the liquid pyrol-
ysate from PTW pyrolysis alone (data not shown), benzo-
phenone (19.12 area%), diphenylmethane (11.12 area%), and
triphenylmethane (6.58 area%) were additionally formed
during the pyrolysis of PTW and SS. These findings can be
explained by the alkaline metals in SS, especially CaO, which
have a catalytic impact [46, 47]. For instance, CaO catalyses
the decarboxylation of benzoic acid, releasing CO2 and H2O
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FIGURE 3: (A) Concentration profiles of H2, CH4 CO, C2-HCs, and CO2 and (B) GC/MS chromatogram of liquid pyrolysates from pyrolysis of
PTW and SS. GC, gas chromatography; HCs, hydrocarbons; MS, mass spectrometry; PTW, polyester textile waste; SS, steel slag.
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and resulting in the formation of benzophenone. These find-
ings indicate an increase in aromatic components, which
serve as precursors for char formation [48]. Thus, highly
aromatic PSC was produced during the pyrolysis of PTW
and SS.

3.3. Characterisation of PSC. The main purpose of this study
was to investigate the effectiveness of PSC as catalysts for
biodiesel production via thermally induced transesterifica-
tion. Prior to utilising the PSC as a catalyst, its physical
and chemical properties were determined. The surface prop-
erties of the PSC were examined using SEM/EDX spectrom-
etry. Images and atomic distributions on the surface of the
PSC are shown in Figure 4, with the PTW char included for
comparison. The surface of the PTW char exhibits a plate-
like morphology in the SEM images, and the mapping image
indicates that it comprises carbon. This high carbon content
suggests that the pyrolysis temperature and isothermal reten-
tion time (RT) were sufficient to form a carbon-rich char
through carbonisation. As shown in Figure 4, the PSC exhi-
bits a rough surface. This roughness could be attributed to
the fabrication process. Specifically, the PTW transitions to a
more fluid state at conversion temperatures, disperses onto
the surface of the SS, and undergoes carbonisation to form
PSC. These processes resulted in a rough appearance of the
PSC surface. From the mapping image of the PSC, the carbon
content decreased, whereas the oxygen, calcium, and iron
contents increased compared to those of the PTW char.
This indicates that PTW provides solid carbon, whereas SS
supplies alkaline/heavy metals to the PSC. Consequently, the
pyrolysis of the PTW and SS resulted in the formation of a
metal/carbon composite that imparted catalytic effects on the
surface. However, SEM/EDX analyses are limited to the
detection of surface atoms and cannot accurately determine
the quantity of metals in PSC. To determine the metal

content of the PSC, ICP-OES analysis was conducted, which
confirmed that it contained 35.3wt.% of calcium, 4.58wt.% of
iron, 2.72wt.% of aluminium, and 1.71wt.% of magnesium.

The surface area, total pore volume, and mean pore
diameter of PTW char and PSC were determined using
BET/Barrett–Joyner–Halenda (BJH) analyses. The results
are presented in Figure 5 and summarised in Table 3.
Figure 5A shows the hysteresis loops of the PTW char and
PSC, which depend on their porous structure and pore size.
For the PTW char, a Type I hysteresis loop was observed,
indicating the development of narrow micropores (MPs)
(<2 nm) [49]. Indeed, the MP size distribution was dominant
in the PTW char (Figure 5B). Compared to the PTW char,
the surface area of the PSC decreased, whereas the pore size
showed more pronounced development. The hysteresis loop
for the PSC can be categorised as Type IV-H3, indicating the
development of parallel-plate-shaped mesopores (2–50 nm)
[50]. These findings suggest that SS contributes to the for-
mation of mesopores in PSC through the pyrolysis of PTW
and SS. Based on these findings, it can be concluded that PSC
possess enriched mesopores and inorganic content, making
them suitable porous materials and catalysts for biodiesel
production via thermally induced transesterification [27].

3.4. Application of PSC in Thermally Induced Transesterification.
It is critical to characterise the thermolytic behaviour of soybean
oil for thermally induced transesterification. To this end, a TGA
test of soybean oil was conducted from 35 to 900°C under a N2

atmosphere. The mass changes and thermal degradation rates
of the soybean oil with increasing temperature are shown in
Figure 6.

The mass change in soybean oil was observed from 310 to
490°C, with the fastest thermolytic rate occurring at 419°C.
The final residual mass was negligible. These thermolytic pat-
terns are identical to the thermolysis patterns of TGs [51],

TABLE 2: The peak areas of the major chemical species in liquid pyrolysate obtained from pyrolysis of PTW and SS.

No. RT (min) Chemical species Peak area (Abs. ×105)
1 11.35 Toluene 9.62
2 21.15 1,2-Ethanediol 1.30
3 21.49 Vinyl benzoate 5.35
4 22.01 Benzoic acid ethyl ester 1.28
5 28.87 Biphenyl 64.89
6 29.41 Diphenylmethane 11.12
7 33.98 1-Methyl 4-vinyl terephthalate 2.23
8 34.53 Ethyl phenyl ester terephthalic acid 2.32
9 35.24 Fluorene 16.20
10 36.87 Benzoic acid 255.67
11 37.72 Benzophenone 19.12
12 38.60 4-Methyl-benzoic acid 9.43
13 40.20 4-Ethylbenzoic acid 12.58
14 42.47 9H-fluoren−9-one 10.76
15 43.22 4-Vinylbenzoic acid 17.64
16 44.79 Triphenylmethane 6.58

— Total 446.08

Abbreviations: PTW, polyester textile waste; RT, retention time; SS, steel slag.

6 International Journal of Energy Research

 ijer, 2024, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1155/2024/1925113 by H

anyang U
niversity L

ibrary, W
iley O

nline L
ibrary on [27/11/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



indicating that soybean oil consists solely of TGs. TGs do not
have a specific boiling point because three different FAs are
randomly attached to the glycerol backbone [52]. The thermal
degradation of TGs begins with the dissociation of FAs from the
glycerol backbone, followed by their sequential vaporisation
[53]. Thus, the mass loss of the soybean oil was attributed to
the vaporisation of FAs from the glycerol backbone in the TGs.
The initial step for the transesterification reaction is the dissoci-
ation of FAs fromglycerol backbones, which indicates that trans-
esterification of soybean oil can be thermally induced at≥310°C.
The boiling point of MeOH is 65°C [54]. This infers that a
heterogeneous reaction betweenMeOH (gas phase) and soybean
oil (liquid phase) is developed at ≥310°C. The two different
mobilities of the reactants lead to the deceleration of the trans-
esterification reaction kinetics [55]. To expedite the reaction
kinetics, porous materials such as silica have been employed to
provide a confined space that enhances the collision frequency of
the reactants [56]. To ensure the effectiveness of this approach,
the pore size of the porous material must exceed 2nm, which
corresponds to the TG length. Therefore, PSC with large meso-
pores (2–50nm) could be suitable porousmaterials for thermally
induced transesterification.

To assess the reliability of the thermally induced trans-
esterification, conventional transesterification of soybean oil
was performed using a KOH catalyst (Figure 7). The biodie-
sel yield from the alkali-catalysed transesterification was
93.82 wt.% after 60min of reaction at 63°C. However, the
yield was <95wt.%, likely due to the reverse reaction of the
transesterification. In contrast, the biodiesel yield obtained
from thermally induced transesterification using silica was
97.20 wt.% within 1min of reaction at 360°C. This indicates
that thermally induced transesterification achieves a higher
biodiesel yield in a shorter reaction time than alkali-catalysed
transesterification. Furthermore, the biodiesel obtained from
alkali-catalysed and thermally induced transesterification
comprised C16:0, C18:0, C18:1, C18:2, C18:3, C20:0, C20:1, and
C22:0 FAMEs with nearly identical mass compositions. This
demonstrated that thermally induced transesterification is a
technically reliable method for biodiesel production.

Nonetheless, a high temperature (360°C) was required to
achieve the maximum biodiesel yield of 97.2 wt.% from ther-
mally induced transesterification using silica. Economically,
reducing the reaction temperature is necessary. To address
this, thermally induced transesterification of soybean oil

PSC

PTW char C 100 wt.% Map sum spectrum

Map sum spectrum

PTW char

PSC Ca 16.4 wt.% Fe 1.3 wt.%

C 52.9 wt.% O 25.7 wt.%

FIGURE 4: SEM/EDX images of PTW char and PSC. PSC, polyester textile waste + steel slag composite; PTW, polyester textile waste;
SEM/EDX, scanning electron microscopy/energy-dispersive X-ray spectroscopy.
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using PSC was conducted, and silica and PTW char were
used for comparison. Thermal energy is the driving force
for thermally induced transesterification. Therefore, the ther-
mally induced transesterification of soybean oil was per-
formed at various reaction temperatures in the presence of
silica, PTW char, and PSC. The biodiesel yield profiles and
their compositional matrices are shown in Figure 8 as a
function of temperature.

For silica, biodiesel conversion was initiated at 200°C, and
the yield increased with increasing temperature, reaching a
maximum of 97.2 wt.% at 360°C. These observations indi-
cated that heat energy was the driving force of thermally
induced transesterification. As shown in Figure 8B, FAME
compositional ratios obtained using silica are nearly identical,
indicating that the thermal cracking of FAME is not realised
at <370°C. For the PTW char, biodiesel conversion began at
250°C. Similar to the case of silica, the yield increased with
increasing temperature. However, the maximum yield was
significantly lower than that with silica, reaching 23.3wt.%
at 370°C. As discussed, PTW char has a high surface area
but predominantly comprises MPs (<2 nm), which are smal-
ler than the size of the TGs. This indicated that the low bio-
diesel yield was due to the presence of MPs in the PTW char.
In addition, the compositional ratio of C18:2 FA in biodiesel
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FIGURE 5: (A) N2 adsorption/desorption isothermals and (B) BJH and MP plots of PTW char and PSC. BJH, Barrett–Joyner–Halenda; MP,
micropore; PSC, polyester textile waste+ steel slag composite; PTW, polyester textile waste; STP, standard temperature (0°C) and pressure (1 bar).

TABLE 3: Surface area, total pore volume, and mean pore diameter of PTW char and PSC.

Sample Surface area (m2 g−1) Total pore volume (cm3 g−1) Mean pore diameter (nm)

PTW char 652.42 0.2602 1.595
PSC 156.36 0.2827 7.233

Abbreviations: PSC, polyester textile waste + steel slag composite; PTW, polyester textile waste.
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obtained using PTW char decreased at >350°C. This reduc-
tion can be attributed to the interaction between the pyroly-
sates fixed in the PTW char and C18:2 FA during thermally
induced transesterification. This interaction was evidenced by
the formation of compounds such as methyl 7-(2-pentyl phe-
nyl)heptanoate and (1-methyl hexadecyl)benzene (data not
shown). Unlike PTW char, PSC has well-developed meso-
pores (2–50 nm), making them more suitable porous materi-
als for thermally induced transesterification. For the PSC, the
conversion of biodiesel was initiated at 40°C, and the yield
increased with increasing temperature, reaching 98.1wt.% at
120°C. This was 240°C lower than the temperature required
to achieve maximum biodiesel yield using silica. This
enhanced efficiency is likely due to the catalytic effect of alka-
line metals, particularly CaO, present in the PSC, which accel-
erates the transesterification reaction [57]. Additionally, the
biodiesel yield plateaued at >200°C, and the FAME composi-
tional ratios remained nearly identical at these temperatures.
These findings suggest that the yield was saturated, indicating
that a high biodiesel yield could be achieved without further
cracking of the FAME.

For comparison purposes, the results from thermally
induced transesterification are summarised in Table 4 along-
side other reported heterogeneous reactions. Given that PSC

contains a high content of Ca (35.3 wt.%), a Ca-based catalyst
was selected for comparison. Although the biodiesel yield
from the thermally induced reaction was comparable to
previous research, the reaction kinetics were significantly
faster. Specifically, other studies required long reaction times
(>180min) to achieve a biodiesel yield of >95wt.% in het-
erogeneous reactions. In contrast, the thermally induced
reaction produced biodiesel in just 1min. Despite this advan-
tage, one technical limitation remains. The current study was
conducted using a small 1mL volume reactor to avoid heat
transfer challenges and gain a fundamental understanding of
the reaction. Therefore, further research is necessary to scale
up the process to ensure its feasibility for industrial applica-
tions in the future.

4. Conclusions

This study investigated the pyrolysis of PTW with SS to
enhance the physicochemical properties of PTW char. Dur-
ing the pyrolysis process, the alkaline metals in the SS facili-
tated the carbonisation of PTW, producing PSC with a high
carbon content. CaO was also formed in PSC through the
decarboxylation of CaCO3, providing a catalytic effect bene-
ficial for biodiesel production. The mean pore diameter of

TABLE 4: Comparison of conditions for biodiesel production.

Feedstock Type of catalyst Metal loading (wt.%) Support material Reaction condition
Biodiesel yield
per oil (wt.%) Refs.

Heterogeneous reaction
Sunflower oil CaO/Al2O3 10.1 Al2O3 60°C for 300min 91.5 [58]
Palm oil K-CaO/Al2O3 10.0 Al2O3 65°C for 300min 95.5 [59]
Soybean oil CaO/AC−2 5.0 Coconut shell 65°C for 300min 98.6 [60]
Cator oil Ca/C 38.7 Bagasse 65°C for 180min 95.4 [61]
Sunflower oil Ca/C 20.0 Avocado seeds 99.5°C for 300min 99.5 [62]

Thermally induced reaction (this study)
Soybean oil — — — 360°C for 1min 97.2 This study
Soybean oil Steel slag/C 35.3 Polyester 120°C for 1min 98.1 This study

FA
M

E 
co

m
po

sit
io

n 
ra

tio
s

0.0

0.2

0.4

0.6

0.8

0 50 100 150 200 250 300 350
Temperature (°C)

PTW char

ðCÞ

0 50 100 150 200 250 300 350

FA
M

E 
co

m
po

sit
io

n 
ra

tio
s

0.0

0.2

0.4

0.6

0.8

Temperature (°C)

PSC

ðDÞ
FIGURE 8: (A) Biodiesel yields from thermally induced transesterification of soybean oil as a function of temperature, and their FAME
compositional ratios obtained using (B) silica, (C) PTW char, and (D) PSC. FAME, fatty acid methyl ester; PSC, polyester textile waste + steel
slag composite; PTW, polyester textile waste.
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the PTW char increased from 1.6 to 7.2 nm in PSC, which
can contribute to facilitating biodiesel conversion through
thermally induced transesterification. To confirm this, soy-
bean oil was selected as the model compound. The biodiesel
production was tested using commercial silica, PTW char,
and PSC. The maximum biodiesel yield obtained using silica
was 97.2 wt.% at 360°C, which was significantly higher than
the 23.3 wt.% yield from PTW char at 370˚C. The low yield of
PTW char was attributed to the presence of MPs (<2 nm). In
contrast, the PSC achieved a maximum biodiesel yield of
98.1 wt.% at 120°C, which was 240°C lower than the temper-
ature required to achieve similar yields with silica. This
remarkable efficiency is due to the catalytic effect of alkaline
metals (particularly CaO) and the well-developed mesopores
in the PSC. These results demonstrate that PSCs are effective
metal/carbon composites for biodiesel production and pres-
ent a promising strategy for converting industrial waste into
valuable resources.
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