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Abstract

Biodiesel is a highly potential energy source with the characteristics of renewability and environmental friendliness. In this
study, methyl oleate (MO, unsaturated fatty acid) was selected as a model compound for biodiesel. The thermal conversion
behavior of MO and the reaction characteristics of copper slag (CS) catalytic pyrolysis of MO were investigated. The thermal
conversion behavior of MO was explored by Py-GC/MS and TG-FTIR. The results showed that the pyrolysis products of MO
mainly consisted of oxygenated compounds, alkenes, alkanes, and aromatics. Furthermore, the final product of the catalytic
pyrolysis of MO by CS was analyzed. More gas products were produced under the effect of CS. The components of the gas
products were determined by gas chromatography (GC). The results revealed that CS promoted the production of H, and CO.
The coke was analyzed and characterized by FTIR, Raman and SEM. The addition of CS enhanced the decomposition of
oxygen-containing structures, leading to the change of particle size and chemical structure of coke. The research contributes
to understanding the thermal conversion behavior of unsaturated fatty acids and the reaction characteristics under the effect of
CS. This provides valuable information for the application of biodiesel to replace fossil energy in the copper smelting process.
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1 Introduction

The significant increase in the demand for fossil energy and
the environmental problems it brings, the development of
renewable and low-carbon energy sources has been pro-
moted. Based on a survey, the continued use of fossil energy
will cause the growth of carbon emissions to 33 Gt by 2040
[1]. Meanwhile, fossil energy sources are being rapidly
depleted, with oil and natural gas predicted to run out in half
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a century [2]. Therefore, the transition to sustainable and
clean energy is becoming increasingly important. Biodiesel,
as a green energy source, has remarkable advantages such as
renewability, carbon neutrality and low sulfur content [3],
which is a type of biomass fuel with promising prospects
for development.

Biodiesel generally refers to a biomass fuel made from
renewable energy by transesterification reaction [4]. In recent
years, the primary raw materials used to produce biodiesel
have been canola oil, jatropha curcas oil, and waste cooking
oil [5]. Despite the variety of raw material sources, the main
components are methyl palmitate, methyl oleate and methyl
linoleate [6]. The application of biodiesel in engines has been
shown to significantly decrease the emissions of pollutants,
including carbon monoxide, hydrocarbons and particulate
matter [7, 8]. Nonetheless, the use of biodiesel can lead to
the production of coke and nozzle clogging, causing machine
damage and hindering the promotion and application of bio-
diesel [9]. Furthermore, relevant explorations have been con-
ducted by researchers on catalytic cracking of biodiesel into
hydrocarbon-rich fuels [10, 11]. But this method is more costly
and less economical. Therefore, exploring the application of
biodiesel in other fields can not only reduce the emission of
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greenhouse gases, but also contribute to breaking through the
limitations of biodiesel application.

The CO, emissions generated by the non-ferrous metals
industry account for more than 8% of the country’s total CO,
emissions, and have the possibility of continuing to increase
[12]. As the largest producer and consumer of non-ferrous
metal industrial products [13], China is facing a huge problem
of energy consumption and carbon emissions. In 2022, China
produced 11.063 million tons of refined copper, accounting
for 43.1% of the world's copper production, and has signifi-
cant potential for energy conservation and emission reduction.
Currently, biomass fuels such as pine sawdust, walnut shells
and waste cooking oil have been explored for use in the cop-
per smelting industry, which has a significant effect on reduc-
ing carbon emissions [14, 15]. However, the application of
biomass fuels in the copper smelting process can be affected
by the copper slag (CS) in the melting pool. The main com-
ponents of CS are fayalite (Fe,SiO,), magnetite (Fe;O,) and
a small amount of residual copper [16]. Du et al. [17] inves-
tigated the evolution of pyrolysis products of rubber seed oil
using CS as a catalyst. The yield of gas and coke increased sig-
nificantly in the presence of CS, while the tar yield decreased.
Dong et al. [18] found that carbon conversion and gas yield of
sewage sludge could be effectively improved by modifying CS.
The studies also found that Fe,SiO, can promote the cracking
of tar to improve the quality of gas production [19]. The Fe;0,
can provide more lattice oxygen for the pyrolysis gasification
reaction, thereby producing a greater amount of syngas [20].
Therefore, conducting intensive research on the product evolu-
tion of biomass fuel pyrolysis process under the effect of CS is
beneficial to the efficient utilization of biomass fuel.

In this study, MO was selected as a model compound for
biodiesel for the purpose of studying the thermal conversion
behavior of MO and analyzing the formation mechanism of
pyrolysis products of MO under the catalysis of CS. First,
the thermal transformation behavior of MO was examined
through Py-GC/MS and TG-FTIR. The components of pyroly-
sis products were determined by Py-GC/MS at different tem-
peratures. The transformation process from macromolecular
to small molecular compounds and the changes of interme-
diates were analyzed. TG-FTIR was used to determine the
pyrolysis behavior and the evolution of volatiles. Then, the
products of catalytic pyrolysis of MO by CS were investigated.
The changes in the gas products were analyzed by GC. The
coke was analyzed and characterized using FTIR, Raman,
and SEM. The conclusions of this work are favorable to break
through the limitations of biodiesel application. Meanwhile,

new insights are provided to promote sustainable development
in the non-ferrous metals industry.

2 Materials and Methods
2.1 Materials

MO (>99%) was used as a feedstock to replace biodiesel for
the study. The chemical formula of MO is C;gH;¢O,. Low
temperature (2-8 °C) storage is used to maintain its phys-
icochemical properties. Furthermore, the CS in this study
was obtained from Yunnan Copper Co., Ltd. The CS was
crushed into particle samples less than 0.75 mm in diameter
for subsequent use. Table 1 reveals that CS contains 33.06
wt.% Fe, 17.82 wt.% Cu, 19.13 wt.% SiO, and 7.03 wt.%
(CaO + Al,O3;+MgO). The X-ray diffraction (XRD) pattern
shows that CS is primarily composed of Fe;O,, Fe,Si0, and
Cu,S phases, and the results can be seen in Fig. 1.

2.2 Methods

The CS was dried at 105 °C for 24 h prior to the pyrolysis
experiments. MO was used as received. Pyrolysis experi-
ments of MO were carried out in a vertical tube furnace, and
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Fig. 1 XRD pattern of CS

Table 1 Compositional of CS

Fe(total C
samples (Wt.%) eltotal) .

Si0,

CaO S Al O, MgO Fe;0, Zn0O

33.06 17.82 19.13

2.12 8.07 2.96 1.95 12.90 1.83
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the furnace temperature stability was maintained within + 2
C. Liquid samples (MO) were injected into the reactor
through a liquid syringe pump at an injection rate of 0.05
mL/min. Quartz wool (3-5 um in diameter) was loaded from
the bottom to the middle of the reactor in order to easily
collect of coke from pyrolysis. Meanwhile, quartz wool can
also be used as a filler to secure CS (0.5 g) in the center of
the reactor. Nitrogen was used as a carrier gas to ensure that
the reaction was conducted in an inert atmosphere. The pipes
were connected according to Fig. 2 and checked for airtight-
ness of the individual interfaces. Before the experiment
started, the reactor was purged with N, (flow rate 30 mL/
min, purge time 10 min) to ensure that no other gases were
retained in the reactor. At the end of purging, the flow rate
of N, was adjusted to 10 mL/min. Then, the tube furnace
was heated to the experimental temperature (950-1150 C).
When the experimental temperature was reached, the syringe
pump was turned on to inject the liquid samples into the
reactor. The injection amount was 2.5 g each time. Finally,
the liquid products were cooled by a condenser and collected
in glass bottles. The gas products were further dried and
filtered out, and then collected in gas sampling bags.

2.3 Characterization

The composition and elemental content of CS were meas-
ured using chemical analysis and ICP-OES. The mineral-
ogical composition of CS was determined by X-ray dif-
fraction (XRD, RIGAKUTTRIII-18KW). Measurement
was made from 10° to 90° using Cu-Ka radiation at 0.02°
intervals and a step size of 10°/min. The products of rapid
pyrolysis from MO were analyzed by Py-GC/MS. The

Fig.2 Schematic flow of
pyrolysis experiment

Syringe pump T~

pyrolysis experiments were performed in the pyrolyzer
model EGA/PY-3030D, while the analysis of volatiles
from the pyrolysis was carried out in a GC/MS (QP2020
NX, SHIMADZU). Before conducting the experimental
test, 0.5 uL of the sample was injected into a crucible
using a micro syringe and the crucible loaded with the
sample was filled with quartz wool. Then, the prepared
sample was placed into the sampler. When the pyrolyzer
was heated to the specified temperature (500-900 °C), the
sample was pushed into the pyrolyzer for pyrolysis with
a residence time of 0.2 min. The pyrolysis products were
transported to the GC/MS by high-purity He (flow rate:1
mL/min and split ratio: 60:1). The GC capillary column
was Shimadzu SH-I-5SiI MS (60 m X 0.25 mm X 0.25 pm).
The interface temperature, ion source temperature and
inlet port temperature were 300 ‘C, 280 °C and 320 °C. The
scanning mass range of mass spectrometer was 45-600
(m/z). The heating program for the column oven was set
to: (1) holding at 40 °C for 2 min. (2) heating from 40 C to
150 °C at a heating rate of 5 ‘C/min and holding for 8 min.
(3) heating from 150 C to 210 °C at a heating rate of 10
‘C/min and holding for 5 min. (4) heating from 210 C to
280 C at a heating rate of 5 ‘C/min and holding for 3min.
The chromatographic peaks obtained by pyrolysis can be
identified according to the NIST MS database. The relative
amount of pyrolysis products can be determined by calcu-
lating the ratio of peak areas for individual compounds to
the total peak area. The evolution behavior of the volatiles
from the pyrolysis of MO was investigated by TG-FTIR
(TG: TG2, Mettler; FTIR: Nicolet iS50, Thermo Fisher
Scientific). The sample of 15 mg was heated from 30 C
to 800 °C (heating rate: 10 ‘C/min) under N, atmosphere.
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Then, the volatiles were purged through N, to the infrared
spectrometer. To prevent condensation, the temperature
of the transfer line was maintained at 250 °C all the time.

Gas components and contents were determined by a gas
chromatograph (GC-Agilent 7890A). The chromatographic
columns used were HP-PLOT/Q (to separate C,H,, C,H,,
C,H¢ and CO,) and HP-MOLESIEVE (to separate H,, CH,,
CO and N,), respectively. The column oven temperature was
maintained for 5 min after reaching 50 °C, then heated to 150
°C (20 ‘C/min) and held for 6 min. The gas products were
transported to the chromatographic column using Ar. The
functional group structure of coke was determined by Fourier
transform infrared spectroscopy (FTIR, NICOLET iS50). The
experimental test was performed using the potassium bromide
pellet method. The range of testing was 500-4000 cm™!. The
molecular structural information of coke was detected using a
Raman spectrometer (Raman, Renishaw inVia reflex). Raman
data were collected a scanning range of 500 to 2500 cm™". The
laser power of the excitation source was 5 mw. The excitation
wavelength and spectral resolution were 532 nm and 4 cm™".
At the voltage of 10 kV and under high vacuum pattern, the
microscopic morphology of coke was analyzed by scanning
electron microscope (Quanta FEG 250).

2.4 Calculation of Pyrolysis Products

During the pyrolysis process, the yield of liquid products
and coke can be defined according to Egs. (1) and (2). The
gas products are obtained by mass balance calculations as
shown in Eq. (3).

Mpiguid
Yiiquia = . x 100% )]
ample
_ Mcoke
YCoke = Mot x 100% )
YGas =1- YLiquid - YCoke 3)

where my; g Mcop, and mg,, are the masses of the liquid
products, coke and gas products, respectively. mg,,,, is the
mass of the sample.

The volume fraction of each gas component was deter-
mined by GC in the gas product, and the obtained data can
be used to calculate the yield of each gas with the following
formula:

QNZ X tinjection

Y, = o ecton @)

xNz msample

where Y, is the yield of different gas components (H,, CH,,
C,H,, C,H,, C,H, CO and CO,). gy, and x,, are the mass
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flow rate and volume fraction of N,, respectively. 7, o, 1S
the injection time. x; is the volume fraction of component i.

3 Results and Discussion

3.1 Analysis of the Rapid Pyrolysis Characteristics
of MO

To clarify the product transformation regulation and for-
mation mechanism of MO during pyrolysis, the compo-
nents of the pyrolysis products were determined using
Py-GC/MS. The transformation process from macromo-
lecular compounds to small molecular compounds and the
changes of intermediate products were analyzed. The evo-
lution behavior of the functional groups of volatiles during
pyrolysis was detected using TG-FTIR.

3.1.1 Py-GC/MS Analysis

The information of the identifiable pyrolysis product
in the total ion chromatogram is listed in Table S1. The
identified compounds contained oxygenated compounds,
alkenes, alkanes and aromatics. It can be seen from Fig. 3
that the relative content of pyrolysis products changed
remarkably at different temperatures. At 500 C, only
oxygenated compounds (99.87%) and alkenes (0.12%)
were detected in the pyrolysis products, while alkanes
and aromatics were not detected. The oxygenated com-
pounds were mainly dominated by methyl palmitate
(21.59%), methyl oleate (65.68%) and methyl stearate
(9.03%). When the temperature was increased to 600
‘C, the overall change in the pyrolysis components was
not significant. In the range of 700-800 °C, the content

Alkanes Aromatics Alkenes| Ocs
100 377 7.74 =077
—_~ 29.18
§ 80 | 99.87 21.15
~—
=
S‘E’ 60 k 97.18 71.45
(=}
)
2
€ 40 69.11
E 53.86
20 27.14
16.16 120
0

500 600 700 800 900
Temperature (°C)

Fig. 3 Effect of temperature on the content of pyrolysis products
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of oxygenated compounds decreased significantly from
69.11% to 16.16%. The contents of alkenes and aromat-
ics increased with the increase of temperature, reaching
53.86% and 29.18% at 800 ‘C, respectively. As the tem-
perature was further increased, aromatics were the most
abundant pyrolysis products, which accounted for 71.45%
of the total content. Nevertheless, the other three catego-
ries of products showed a decreasing trend. Aromatics can
be divided into monocyclic aromatics (MAHs) and poly-
cyclic aromatics (PAHs). The aromatics in the pyrolysis
products of MO are primarily consist of MAHs, includ-
ing 41.07% benzene, 10.9% toluene and 7.43% styrene.
The above results indicate that only preliminary pyroly-
sis of MO was performed at lower temperatures, and no
decarboxylation reaction occurred. A similar phenomenon
was found in the pyrolysis experiments of hydrogenated
palm oil by Xu et al. [21]. With the increase in tempera-
ture, oxygenated compounds undergo reactions such as
decarboxylation and decarbonylation to form alkenes and
alkanes. Meanwhile, the higher temperature enhances the
dehydrogenation reaction, resulting in the conversion of
long-chain alkenes into short-chain alkenes. When the
temperature is increased again, alkenes and alkanes
are further formed into aromatics through cyclization,
Diels—Alder reaction and dehydrogenation [22].

3.1.2 TG-FTIR Analysis

The change characteristics of the pyrolysis products of
MO were analyzed in real time by TG-FTIR, as shown in
Fig. 4. Table 2 summarizes the characteristic absorption
bands of specific gases and functional groups in the vola-
tiles from MO pyrolysis and Fig. S1 presents the TG-DTG
curves for the pyrolysis process of MO. The maximum
mass loss was 21.79 wt.% during pyrolysis of MO, cor-
responding to a temperature of 268.97 ‘C. A significant
change was observed in the infrared absorption peaks
when the pyrolysis temperature ranged from 190.68 °C to
401.44 °C (see Fig. 4(b)). The presence of smaller absorp-
tion peaks in the infrared spectrum at 190.68 °C indicates
that MO has started to volatilize at this temperature. The
band at 3040-3010 cm™! corresponds to = C-H stretch-
ing, which derives from alkene group. The antisymmetric
and symmetric stretching vibrations of C-H are located at
2933 cm~'and 2864 cm™!, which are mainly described by
the presence of aliphatic in CH, and terminal CH; groups
in the volatiles. The band at 1900—1600 cm™! corresponds
to C=0 stretching, indicating the presence of esters and
carboxylic acids in the volatiles [23]. As the temperature
increased to 224.1 ‘C, the absorption peaks observed at
1490-1350 cm™! belong to -CH, bending vibration, which

C0 CH c=0 =cn 0.15
(a) (®) -(CH), - -0 -cm, CH 401.44 °C © =
0.14 = i C
§iii i . 1 5 0.12 4
I\
. 0.10 s A i\ . o
Z o0 g [— A — A ; < 0.09-
g 2 3
£ 006 = £
2 e S
8 o 2 V. 27415 °C 2 0.064 =
(X < M 4 ] O
002 | et 0: "
0.00 / A 268.97 °C 0.03 1 > L";
- N 27.17%
) = e 0.00
= 500 1000 1500 2000 2500 3000 3500 4000 ' 500 l()IOO 15‘00 20‘00 25'00 30’00 35’00 4000
s

Temperature (°C)

Temperature (°C)

Fig.4 TG-FTIR of MO pyrolysis at 10 ‘C/min: a 3D FTIR. b FTIR at different temperatures. ¢ FTIR at the maximum absorption peak

Table 2 The characteristic absorption bands in pyrolysis volatiles [25, 26]

Wavenumber(cm ™) Peak (cm™) Assignment Possible species

3040-3010 3016 =C-H stretching vibration Alkene group

30002843 2933, 2864 C-H antisymmetric and symmetric aliphatic in CH, and terminal CH; group
stretching

1900-1600 1758 C=0 stretching Ketones, Aldehydes, Esters, Carboxylic acids

1490-1350 1440 -CH, bending vibration Alkanes group

1380-1330 1351 C-H bending vibration CH, and CHj aliphatic group

1300-950 1170, 1024 C-O-C stretching Ethers, Alcohols, Phenols

730-630 720 -(CH,), rocking vibration long chain hydrocarbon
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is mainly attributed to the alkanes group. The band located
at 1380-1330 cm™! is related to the C-H bending vibra-
tion, with the main contributions deriving from the CH,
and CHj aliphatic groups. The absorption peaks appeared
at 1300-950 cm™! corresponding to the C—O—C stretching
of alcohols, ethers and phenols. Additionally, there is an
inconspicuous absorption peak at 730-630 cm™!. This is
a characteristic peak for long chain fatty acids and rep-
resents the -(CH,), rocking vibration process [24]. The
absorbance reached a maximum at 280.41 °‘C with further
increases in temperature. Then, the absorption peak basi-
cally disappeared at 401.44 C. It is noteworthy that the
absorbance is not at its maximum at 268.97 C (maximum
mass loss temperature). This may be attributed to delayed
phenomena generated by the transfer of volatiles in the
TGA furnace and their detection in the FTIR. A similar
phenomenon was found during the study of heavy fuel oil
pyrolysis by Abdul et al. [25].

3.2 Distribution Characteristics of Catalytic
Pyrolysis Products

Figure 5 illustrates the distribution characteristics of the
pyrolysis products of MO at different temperatures and cata-
lyzed by CS. As shown in Fig. 5(a), the coke yield increased
to 69.26 wt.% and the gas yield decreased to 30.74 wt.%
with the increase of temperature (from 950 C to 1150 C).
The production of liquid products was observed only at 950
°C and 1000 C. The results indicate that high temperatures
can accelerate the pyrolysis of liquid products and favor
the generation of gas products and coke. Meanwhile, it was
observed that a significant amount of coke was produced
during the pyrolysis process. The reason is that as an unsatu-
rated fatty acid, MO has a higher degree of unsaturation, the
pyrolysis process is more tend to produce aromatic com-
pounds. Moreover, the breaking of the C—C bond in MO

a Lo
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contributes to the formation of dienes and alkenes [27]. The
Diels—Alder reaction and dehydrogenation subsequently
occur, resulting in the formation of aromatic compounds.
The aromatic compounds can further form coke through
cyclization and polymerization reactions. With the addition
of CS, it can be observed that gas products significantly
increased, while coke gradually decreased (see Fig. 5(b)).
The CS contains active metal ions such as Cu, Fe, Ca, Al,
Mg and Zn. These metal ions have a catalytic effect and
can promote the pyrolysis reaction [28, 29]. The catalytic
effect of CS becomes increasingly evident as the temperature
increases, which is favorable to the conversion of MO into
gas products. To better understand the catalytic role of CS,
it is necessary to further analyze the gas products and coke
in subsequent sections.

3.3 Variation Properties of Gas Products

The main components of gases from the pyrolysis of MO
are H,, CH,, CO, CO, and C2 gases (such as C,H,, C,H,,
C,Hy). Figure 6 shows the yields of various components in
the gas products of pyrolysis. In Fig. 6 (a-c), the yield of C2
gases gradually decreased with increasing temperature and
decreased to 0.68 mL/g (C,H,), 1.89 mL/g (C,H,), and 3.28
mL/g (C,Hy), respectively. Due to the high temperatures that
promote the dehydrogenation reaction and the Diels—Alder
reaction, more hydrocarbons are converted into aromatics,
resulting in a decrease in their yields [30]. Subsequently, the
aromatics further formed coke, which is consistent with the
phenomenon of increased coke yield in Sect. 3.2. The yield
of C2 gases in MO exhibited a decreasing trend under the
effect of CS. CaO in CS promotes condensation reactions
(such as aldehydes and ketones), which results in a decrease
of olefinic compounds decomposed into C2 gas [31]. Fe can
promote the breaking of C—C and C-H bonds [32], caus-
ing the decomposition of C2 gas into carbon and hydrogen
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Fig. 5 Pyrolysis products distribution of MO at different temperatures: a without CS. b with CS
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Fig.6 Variation of gas yield of MO under different conditions

under high temperature conditions. When the temperature
was increased from 950 °C to 1150 °C, the yield of CH, and
CO, from the pyrolysis of MO decreased from 8.27 mL/g
and 18.30 mL/g to 3.84 mL/g and 4.86 mL/g. The reason
is that high temperatures (>900 °C) promote the cracking
of CH, [33]. The decrease in CO, yield may be due to the
Boudouard reaction that occurs during the pyrolysis process.
Metal oxides (MgO, ZnO) in CS can accelerate the breaking
of C—C and C-H bonds [34], thereby reducing CH, yield.
Whereas CaO can promote the decarboxylation reaction,
which increases the yield of CO,.

It can be observed from Fig. 6 (f, g) that a significant
quantity of CO and H, is present in the gas products. When
the pyrolysis temperature was increased, the yield of CO in
MO decreased from 1088.99 mL/g to 392.10 mL/g, while
the yield of H, increased from 437.82 mL/g to 742.98 mL/g.
CO is produced by the decomposition and reformation of
C=0 and COO groups. The H, is mainly derived from the
dehydrogenation of hydrocarbons, the reformation of aro-
matic C=C and C-H groups [35]. The formation of large

1050 1100 1150

Temperature (°C)

amounts of CO and H, is primarily attributed to the second-
ary cracking of the liquid products. The yield of both CO
and H, increased under the influence of CS. The reason is
that Fe** and Cu in CS promote the decarbonylation reac-
tion, resulting in an increase in CO yield [36, 37]. Alkaline
oxides, Cu and Fe accelerated the dehydrogenation reac-
tion, which facilitated the production of H,. Furthermore,
the addition of CS also promoted an increase in the total gas
yield, which is consistent with the results analyzed of Fig. 5.

3.4 Analysis and Characterization of Coke
3.4.1 FTIR and Raman Analysis of Coke

The FTIR of two types of coke produced by the pyrolysis of
MO at different temperatures is shown in Fig. 7. Table S2
displays the types of functional groups corresponding to
the different wave numbers. The results revealed that the
absorption peaks of the two types of coke exhibited good
consistency, but the intensity of each absorption peak was
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S
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Fig.7 FTIR of two types of coke at different temperatures

different. The peaks at 3550-3400 cm™~! and 3236 cm™!
correspond to the -OH stretching vibrations of the intramo-
lecular hydrogen-bonded hydroxyl group and the intermo-
lecular hydrogen-bonded hydroxyl group, respectively. The
peak at 1618 cm™! belongs to the C=0 stretching vibra-
tion conjugated to the aromatic ring. The C-H asymmet-
ric deformation (1385 cm™!) is related to -CHj; and -CH,-.
Besides these assignments, the symmetric C-O stretching
of C—O-C in aromatic rings is identified at a bandwidth of
1134 cm™'. And at 1020 cm™" is the aromatic C-H deforma-
tion. The -OH stretching vibration decreased with increasing
temperature for the reason that high temperature promotes
the depolymerization and dehydration process of MO [38].

Furthermore, functional groups such as C-O, C=0 and -OH
were observed in coke. This is because oxygen-containing
compounds can accelerate the formation of coke during
pyrolysis, resulting in more oxygen-containing functional
groups being fixed in coke [17]. The functional group struc-
ture of coke did not change under the effect of CS. With the
addition of CS, the intensity of peaks at C=0, C-H, and
C-0 increased, indicating that CS promoted the cracking of
oxygen-containing compounds.

Raman is commonly applied to determine the ordered
and disordered character of the structure of carbon material.
The study examined the impact of CS and temperature on
the microstructure of coke through Raman. In Figs. 8(a) and
(e), it is evident that there are two distinct vibrational regions
in the first-order region of the Raman spectrum, which are
the D band and the G band. However, there is a significant
amount of overlapping structural information in the D band
and G band peaks [39]. To obtain more precise structural
information, this paper deconvolutes the first-order Raman
spectra into five bands: the S band, D band, V band, G band,
and G band. The positions corresponding to each band are
shown in Table S3. The area of each peak can be obtained
based on the result of the deconvolution and is shown in
Fig. 9(a). The total Raman area (I,;;) declined as the tem-
perature increased, indicating a reduction in the amount of
oxygen-containing functional groups in the coke [40]. The
I,;; decreased under the influence of CS. The reason is prob-
ably that CS promotes the cracking of oxygen-containing
functional groups in the coke. The G band derives from the
sp>-bonded carbon structure and is widely present in highly
ordered carbon materials, representing the degree of gra-
phitization of the carbon material [40]. The D band is asso-
ciated with disorder around the sp? carbon, indicating the
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presence of multiple (> 6) benzene rings [17]. The degree
of graphitization in carbon materials can be expressed by
the I,/ ratio. The ratio of Iy/I5 decreased from 1.72 to
1.46 as the temperature increased, as shown in Fig. 9(b).
This indicates that a decrease in the proportion of defec-
tive or edge-bonded aromatic ring structure, enabling the
graphitization of coke to increase [41]. The addition of CS
resulted in a decrease in the ratio of I /I, indicating that CS
promotes the conversion of the amorphous carbon structure
to an ordered graphite-like structure. The decrease in the
ratio of I/, also illustrates this point. However, this does
not demonstrate that the coke has transformed into graphitic
crystals. The reason is that the presence of a relatively wide
bandwidth in the D band indicates the containing of aryl
rings of varying sizes in the coke [42].

The Iy/Iy, ratio is an important parameter for measuring
the change in the number of small and large rings in coke.
The S band is associated with sp*-rich carbon structures and
represents a measure of substituents (C—C structure between
alkyl and aryl, methyl carbons hanging from the aromatic
ring) and crosslinking densities [43]. As can be seen from
Fig. 9(d) and Fig. 9(e), the ratio of I/Iy and Ig/I; both
exhibited a decreasing trend with increasing temperature.
The decrease in the ratio of I/l is probably attributed to
the consumption of larger aromatic rings and/or conversion
into smaller aromatic rings. High temperatures promote the
cracking of oxygen-containing functional groups, which
leads to the decomposition of larger oxygen-containing

aromatic rings into smaller structures. Furthermore, the
decrease in the total Raman area also confirms that high tem-
peratures favor the cracking of oxygen-containing functional
groups. The ratio of I/Iy, decreased with the addition of CS,
indicating that the presence of CS may enhance the release
of oxygen-containing functional groups. However, the over-
all change trend of the I¢/I; ratio is very small, regardless
of whether CS is added or not. This demonstrates that the S
band structure is not easily eliminated, but will persist in the
coke along with the aromatic structures.

3.4.2 SEM Analysis of Coke

The microscopic morphology of coke can be observed
using scanning electron microscopy (SEM). Figure 10
illustrates the SEM images and the corresponding parti-
cle size distribution of coke derived from MO pyrolysis at
different temperatures. The coke obtained from pyrolysis
mainly consists of an accumulation of small spherical
particles of different sizes and exhibits a similar shape
(coral-like). The pyrolysis process at high temperature
is mainly dominated by gas-phase volatiles. And the
gas-phase volatiles can generate small particles through
secondary reaction [17], so that the images observed by
SEM are basically small spherical particles. However,
the shape of coke did not undergo much change under
the effect of CS and still remained as spherical particles
(Fig. 11 (a-c)). The results indicated that the formation
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The average particle size of coke generally showed a
decreasing trend under the effect of CS, from 0.69 pm
to 0.29 um (see Fig. 11 (d-f)). The decrease in particle
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size is attributed to the high temperature conditions that
accelerated the occurrence of the devolatilization reac-
tion, resulting in the production of porous and fragmented
coke [44]. Based on the results of Raman analysis in
Sect. 3.3.1, it is shown that the concentration of small
aromatic rings in coke is increasing, which may also be
one of the reasons for the decrease in particle size. Mean-
while, the generation of volatiles can damage the internal
structure of coke, resulting in a relatively rough surface
of the formed coke.

3.5 Possible Pyrolysis Pathways of MO

Figure 12 shows the possible pyrolysis reaction pathways of
MO in the presence of CS. Based on the results of Py-GC/
MS experiments and combined with previous investigations,
the pyrolysis process of methyl oleate was divided into three
stages in this study. The first stage describes the primary
decomposition reaction of MO. Some of the chemical bonds
are broken and the cleavage products are fatty acids, ketenes
and CHj radical (pathway 1). The CH; radical combines

H HHH [o) -i
|Stage | CS + Rhé—é=é—é——Rz—-C/< I
| 4 N 0—CH |
I Methyl oleate 1
| Cracking| ! |
I l l l '
| |
| H HHH
CH, o) R ,—COOH H |
| H H |
[PLC - PO R
e
Stage 11

Decarboxylation

H l-ll H ]II
|
Co, > R]—#—CZC—?—Rz—CH;;
H
8

H .
B-scission and

H,C=C=0+R,'—R,'

I
=)
—— o e o e o o e e el

Isomerization R," e
C,H, +HC=C=0 y
l l l 7 | Decarbonylation
H H H H
CH3
R‘#‘&“‘ R—CI—CH3 HzC=&—é=C—CHz @Czﬂa ey CHL
CH:R '
C . -H-
L I [N Ot » Alkanes and Alkenes + H, !
P =2 O o e s A L e 1
1 Stage 111
I H H lli u Endo cyclization

10

O
-2H,

H R

g R'/&\/\/

»

17

Alkylation

Fig. 12 Pyrolysis reaction pathway of MO in the presence of CS

HzCZé—éZCHZ + R—C=CH; —

Diels-Alder

Dehy drooenatlon
+lsomel ization

Exo cyclization

@ Springer



4834

Y.Wang et al.

with the hydrogen radical to form CH,. The second stage
primarily involves converting fatty acids and ketenes into
hydrocarbons. Fatty acids undergo decarboxylation and
ketonization reactions to form long-chain hydrocarbons,
ketones, CO,, and H,O (pathways 2 and 3) [45]. Ketones
can produce hydrocarbons, CO and CO, through decarbon-
ylation reactions (pathways 4—7). Subsequently, unsaturated
hydrocarbons undergo p-scission and isomerization reac-
tions (pathway 8), thereby converting into chain radicals,
butadiene, and C,H, [46]. Chain radicals form alkanes and
alkenes by absorbing or reducing hydrogen atoms, accom-
panied by the production of H,. The third stage reflects the
formation pathways of cyclic and aromatic hydrocarbons.
Alkenes and alkenyl groups produce cyclic hydrocarbons
through the Diels—Alder reaction (pathway 10) and cycli-
zation reactions (pathways 11-14) [27]. Cyclic hydrocar-
bons form cycloalkanes and aromatic compounds through
hydrogenation and dehydrogenation reactions (pathways 15
and 16). In this study, it was observed that as the tempera-
ture increased, the relative content of cyclic hydrocarbons
decreased, while aromatic compounds increased. This is
due to the fact that high temperature is conducive to the
occurrence of dehydrogenation reactions [47]. Furthermore,
aromatic compounds undergo alkylation to produce alkyl-
substituted compounds (e.g., styrene and ethylbenzene).
Then, PAHs are formed through dehydrogenation and
isomerization (pathway 18) [48]. The generated MAHs and
PAHs undergo further polymerization and dehydrogenation
reactions at high temperatures, resulting in the formation of
coke. Specific components of CS can promote the pyrolysis
of MO to some extent. The presence of Cu, Fe and CaO pos-
itively affects the decarboxylation reaction (pathway 3) [34,
49]. Meanwhile, Cu and Fe** can effectively promote the
decarbonylation reaction (pathways 4-7). Fe, metal oxides
and CaO accelerate the breaking of C—C and C-H bonds,
favoring the cleavage reaction in pathway 8. The presence of
Cu, Fe, and alkaline oxides (CaO, MgO and ZnO) facilitates
the dehydrogenation reaction (pathways 16, 18, and 19).

4 Conclusions

In this study, the thermal transformation behavior of MO
was firstly investigated with the aim of elucidating the prod-
uct evolution of rapid pyrolysis of MO. Py-GC/MS analysis
indicated that the oxygenated compounds were first converted
into hydrocarbons (alkenes and alkanes) as the temperature
increased. Subsequently, the hydrocarbons were further con-
verted to aromatics. TG-FTIR results demonstrated that the
concentration of volatiles followed the sequence of C-H>C
=0>C-0-C>-CH,> =C-H>-(CH,),. Furthermore, the
changes of pyrolysis products and reaction characteristics
of catalytic pyrolysis of MO by CS were analyzed. The GC

@ Springer

measurement results demonstrate that the primary components
of the pyrolysis gas of MO are H,, CH,, CO, CO, and a small
amount of C, gases. The addition of CS promoted the produc-
tion of H, and CO. Two types of coke (without and with CS
catalysis) were analyzed and characterized using FTIR, Raman
and SEM. Raman analysis demonstrated that the total Raman
area of coke decreased as the temperature increased. Moreo-
ver, the addition of CS also resulted in a decrease of the total
Raman area. This illustrates that high temperatures and CS are
favorable for the release of oxygen-containing structures dur-
ing the pyrolysis process of MO. SEM analysis revealed that
the coke was composed of small spherical particles and pre-
sented a coral-like structure. The particle size of coke exhibited
a decreasing trend under the influence of CS. This investigation
provides favorable information to explore the application of
biodiesel in the copper smelting process, which is conducive
to the sustainable development of the copper smelting industry.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10562-024-04668-0.
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