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Abstract: Pyrolysis of biomass converts all components into liquid, gaseous, and solid products
without the need for component separation. However, the composition of liquid products from
lignocellulosic biomass is usually complex and difficult to upgrade. Slow pyrolysis of de-oiled
rapeseed cake, an agricultural waste from the rapeseed pressing process, was carried out for liq-
uid and solid fuel production. The maximum yield of bio-oil obtained was 51.6 wt.% under the
optimized conditions. The HHV of the bio-oil, containing mainly acids, hydrocarbons, esters, and
alcohols, was 32.82 MJ·kg−1, similar to that of bio-diesel, to be promising in downstream upgrading
because the fuel properties such as higher caloric value, limited moisture content, as well as neutral
pH value, were close to commercial bio-diesel. The gaseous fraction mainly consisted of CO, C1,
C2 hydrocarbons, H2, and CO2, and the corresponding LHV reached 7.63 MJ·Nm−3. The yield of
bio-chars declined from 41.8 wt.% at 400 ◦C to 28.8 wt.% at 800 ◦C, whereas the corresponding HHV
varied from 29.03 MJ·kg−1 to 30.14 MJ·kg−1, comparative to coal, indicating a promising candidate
for solid fuels or functional carbon. The liquid product shows promise as feedstock for producing
high-quality fuel.

Keywords: de-oiled rapeseed cake; bio-oil; pyrolysis parameters

1. Introduction

Energy is indispensable for the development of the global economy and the social
activities of human society, while over-reliance on fossil fuels has resulted in severe issues
of energy shortage and environmental concerns worldwide [1–4]. With the backdrop of
global carbon emission restrictions, there is an increasing focus on the detrimental effects of
traditional energy sources, such as fossil fuel, on the ecological environment [2,3]. Hence,
within the realm of energy research, a significant focus lies in the quest for alternative energy
sources that have minimal environmental repercussions. Biomass, which is a renewable and
promising resource for addressing the climate crisis and reducing anthropogenic carbon
dioxide (CO2) emissions, has been widely recognized as a key alternative in achieving
global carbon neutrality [2,3,5,6]. Furthermore, it is widely regarded as having significant
potential in addressing energy shortages via thermochemical conversion. As an effective
process for the valorization of biomass, pyrolysis can convert holocellulose, lignin, protein,
and other biomass components into bio-oil, biochar, and bio-gas (syngas), improving energy
density or obtain new materials [4,7–11].

Rather than traditional pyrolysis focusing on a single product, pyrolysis poly-generation
aims to maximize the value of given feedstock in a more diverse and environmentally
friendly approach to fuels, chemicals, and materials, which has been extensively researched
and is considered to be a promising process for biomass valorization [12–14]. Chen et al. [12]
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investigated the torrefaction of agriculture straws such as cotton stalk and corn stalk and
its effects on product properties obtained under the optimal conditions of related pyrolytic
poly-generation. Brigljević et al. [15] carried out a comprehensive feasibility assessment
of one pyrolysis poly-generation process on Saccharina japonica (one kind of brown sea-
weed) for effective valorization of 3rd generation biofuel feedstock. Lei et al. [16] launched
research on design and optimization in the utilization of municipal solid waste disposal
through a poly-generation system integrating pyrolysis, incineration, and anaerobic di-
gestion processes. Moreover, the industrial demonstration application of slow pyrolysis
poly-generation technology, utilizing agroforest residues for rural heating, has advanced
significantly in China, where Cong et al. [17] evaluated the technical characteristics and
adaptability, suggesting that the progress in industrialization satisfied the demands that
the involved plants be sustainable and capable of being replicated.

Woody biomass pyrolysis resulted in a low HHV value of 16–19 MJ·kg−1 with a bio-oil
yield of 42.4–60.9 wt.%, far lower than that of commercial fuels [18–20]. Pyrolysis of agriculture
wastes such as rice straw, wheat straw, switchgrass, and sugarcane usually leads to a lower
yield of bio-oils (25.6–46 wt.%) with HHV ranging from 13 to 24 MJ·kg−1, also much lower than
that of fossil fuel. Algae consist of protein, fatty acids, holocellulose, and lignin, different from
conventional lignocellulosic biomass, and the pyrolysis of this kind of biomass could yield more
than 65 wt.% bio-oil but with a poor HHV value of 25.7 MJ·kg−1 [21,22]. Seed hulls such as
sunflower seed hulls and soybean dregs are another kind of biomass source with acceptable
availability, and the pyrolysis of these merely leads to poor properties of bio-oils (either acceptable
HHV values but with undesirable bio-oil yield, such as 34 wt.% of bio-oil yield with HHV of
32.2 MJ·kg−1, or acceptable bio-oil yield but with poor HHV value such as 40.3–47.9 wt.% of
bio-oil with HHV of 12.3–15.3 MJ·kg−1, respectively [20,23]. Thus, the bio-oil from pyrolysis
of these feedstocks mentioned is difficult to upgrade to high-quality fuel because of their low
HHV value, high moisture content, complex composition, etc. Given the vital significance of
comprehending the attributes of bio-oil, particularly its relationship with the biomass source,
it is imperative to reexamine research endeavors focusing on bio-oil production through the
pyrolysis of diverse biomass varieties. Moreover, a comparison of the properties of bio-oils
with fossil fuels is indispensable as well. Thus, suitable feedstocks are urgently needed to be
investigated. Rapeseed ranks the third most important oilseed globally, following soybeans and
cottonseed, with a production of 86.37 MMT and contributing to 11% of the total worldwide
oilseed production, yielding a quantity of de-oiled cakes needing to be handled [24].

De-oiled rapeseed cake (DRC) is the residue produced from rapeseed pressing or
chemical leaching to obtain edible oil, where the former residue remains 12–15 wt.%
oil component, while the value for the latter is usually less than 1 wt.%. Nowadays,
the growing demand for edible oil in China has led to increased production of de-oiled
rapeseed cake (DRC), necessitating to actively explore suitable methods for recycling
DRC waste rather than utilization as a fertilizer in the soil or as an ingredient in animal
feed, the conventional way of treatment. However, achieving high-value valorization of
DRC remains challenging. Thus, exploring new approaches to valorize DRC into energy-
rich products through thermochemical processes (such as pyrolysis) or its valorization
into renewable fuels or commercial chemicals is of significance to realize the effective
valorization of renewable wastes. As the residue of the oil pressing process, DRC retains
oil components of approximately 12–15 wt.%, which is favorable in the acquisition of oil,
as well as in increasing the quality of products obtained, indicating that DRC is naturally
suitable for pyrolysis yielding bio-oil (bio-fuel), biochar and gaseous products (CO, CO2,
H2, light hydrocarbons) or value-added chemicals [25,26]. Recent studies have shown that
oil seeds can be converted into value-added products using pyrolysis, such as safflower
seed, tamarind seed, and castor seed, with an acceptable yield of bio-oil (44, 45 and
64.4 wt.%) at 400, 500 and 550 ◦C, respectively, the corresponding investigation indicated
that acceptable bio-oil yield could have resulted ranging over 400–600 ◦C [24,27–29].

This research delves into the pyrolysis of de-oiled rapeseed cake using a fixed-bed
laboratory-scale pyrolysis system targeted for bio-oil, bio-char, and bio-gas aiming at



Energies 2024, 17, 612 3 of 14

fostering a circular economy and, most importantly, striving for net-zero carbon emissions
based on slow pyrolysis technique. Key parameters such as pyrolysis temperature, carrier
gas flow rate (N2), retention time, and volumes of condenser were investigated to obtain
bio-oil with high yield and better quality. The analysis and exploration of its characteristics
are conducted using spectroscopies and chromatography-related related techniques.

2. Materials and Methods
2.1. Feedstock

De-oiled rapeseed cakes (DRC), which are the solid residues left after the traditional
rapeseed pressing process, were procured from Pengzhou County in Sichuan Province,
located in the southwest region of the People’s Republic of China. These DRC were finely
ground and sifted to obtain particles with diameters less than 0.18 mm (Dp ≤ 0.18 mm)
before undergoing lyophilization for further analysis. Various analyses were conducted
to assess the proximate, ultimate, and chemical composition of the samples. The essential
characteristics of the feedstocks are summarized in Table 1.

Table 1. Main characteristics of DRC.

Proximate Analysis
(wt.%)

Ultimate Analysis
(wt.%)

Composition Analysis
(wt.%)

VM a 71.87 C 46.96 Cellulose 9.89
FC b 20.98 H 6.98 Hemicellulose 18.07
Ash 5.69 N 6.67 Lignin 14.32

Moisture 1.46 O c 38.36 Protein 34.48
S 1.03 Extractives 15.13

H/C 1.77
O/C 0.61

HHV d,
MJ·kg−1 19.62

a VM represents Volatile matter; b FC stands for Fixed carbon; c calculated by difference; d HHV refers to a higher
heating value.

Commercially available chemicals, solvents, and reagents were employed as received
in the study. The solvents and reagents were purchased from Chengdu Kelong Chemical
Co., Ltd., Chengdu, China, while the carrier gas (N2), with a purity of 99.999%, was
provided by the Southwest Institute of Chemical Co., Ltd., Chengdu, China.

2.2. Pyrolysis System and Procedure

The pyrolysis experiments were conducted using a fixed-bed reaction system, illus-
trated in Figure S1. This system comprised a quartz pyrolizer unit, a heating unit, and a
condenser unit (consisting of tandem cooling traps), as previously described in our earlier
work [30]. In each trial, an initial purge with N2 was carried out, followed by placing a
5.0 g sample. The sample was heated from room temperature to the final temperature
using a fixed heating rate of 25 ◦C·min−1 under a continuous N2 flow, as per our prior
research findings [31]. The samples were held at the maximum treatment temperature of
no more than 2 h, and the resulting solids were referred to as DRCR (de-oiled rapeseed
cake residue). The volatile products of the reaction were swept from the reaction zone by a
carrier gas of N2. Gaseous and liquid products were collected based on their condensabil-
ity. Condensable volatiles were collected through the outer quartz tube and condensers,
while non-condensable volatiles were sampled using a gas bag. Investigations of pyrolysis
parameters such as reaction temperature, purge gas rates, duration time, and volumes of
tandem condensers were conducted in four separate sets.

The first set was to evaluate the effect of reaction temperature from 400 to 800 ◦C under
fixed purge gas (N2) rates of 50 and 80 mL·min−1 for inner and outer tubes, respectively.

To evaluate the effect of purge gas velocity on the products’ yield and composition,
corresponding experiments were conducted at flow rates of either 30 plus 40, 40 plus 60, 50 plus



Energies 2024, 17, 612 4 of 14

80, 60 plus 100, or 70 plus 120 mL·min−1 for inner and outer tubes, respectively. In this set, the
pyrolysis temperature was taken as 600 ◦C based on the result of the first set of investigations.

In the third set of investigations, the effect of the volumes of the cooling trap was
performed. Corresponding variants for the two tandem condensers were 15 + 15, 15 + 210,
and 210 + 210 cm3, respectively, where pyrolysis temperature was taken as 600 ◦C, flow
rates fixed at 50 + 80 mL·min−1 for inner and out quartz tubes, and heating rates was set at
25 ◦C·min−1 with retention time of 0.5 h.

For the fourth set of investigation, retention times ranging from 0 to 2 h were investi-
gated, and corresponding variants were set 0 h, 0.5 h, 1.0 h, 1.5 h, and 2.0 h, respectively,
where other pyrolysis parameters were chosen based on single-factor optimization method
of 1st to 3rd parameter optimization.

After pyrolysis, the system was cooled under N2 (10 mL·min−1 in two tubes, respec-
tively) to ambient temperature before product recovery. Solids remained, and apparatus
before and after pyrolysis were weighted. The liquid yield (Yliuqid) is counted by the mass
difference of the outer tube and condensers before and after the reaction, and the gas yield
(Ygas) is determined by the overall mass balance. All experimental data reported are mean
with triplicate runs with ±0.5% deviation.

Characterization and analysis details are provided in the Supplementary Materials.

3. Results and Discussion
3.1. Properties of Feedstock

As presented in Figure S2, where TGA and DTG curves were given, the thermal
degradation behavior of DRC showed three inflection points located at 245, 305, and
359 ◦C, respectively, representing three maximum weight loss rates over the corresponding
temperature regions. The total weight loss of the DRC was 71.18 wt.% over the range from
30 to 800 ◦C. Similar findings have been observed in our previous research on pyrolysis of
pubescens [32]. It could be observed that with increasing temperature from 400 to 800 ◦C, the
conversion rates augmented continuously, indicating the enhanced weight loss with aug-
mented temperature, whereas there was no obvious degradation above 600 ◦C, which was
similar to the findings reported by Chen et al. using oil plant wastes as starting material [33].
Considering the energy input and efficiency of feedstock valorization, investigations on
pyrolysis temperature were selected as 400, 500, 600, 700, and 800 ◦C. Subsequently, the
related effect of pyrolysis temperatures on the distribution of its products, characteristics of
bio-chars, and composition of bio-gas obtained was analyzed and discussed in detail as
an example of pyrolysis parameters optimization. The details of the optimization of other
parameters were provided in Supplementary Materials.

Proximate, ultimate, and components analysis of DRC are presented in Table 1. Com-
pared to lignocellulosic biomass, DRC contains more protein and extractives, which might
be favorable for obtaining high-quality bio-oil.

3.2. Effect of Pyrolysis Temperatures on Products Distribution

The pyrolysis temperature is a crucial factor that significantly affects the resulting prod-
ucts obtained from the process, which has been investigated in the pyrolysis of lignocellulosic
biomass, sludges, high/low-density polyethylene, etc. [34–36]. Thus, the effect of the final
heating temperature on the pyrolysis of DRC was carried out as well. Product distribution
under 5 final temperatures with fixed purge gas rates (50 and 80 mL·min−1 for inner and outer
tubes, respectively.), heating rates (25 ◦C·min−1) chosen according to our previous work [31]
was presented in Figure 1 and Table S1. With an increase in temperature, Yliquids augmented
initially from 40.4 to 51.6 wt.% in the temperature range over 400–600 ◦C, after that declined
till 45.4 wt.% in the range over 600–800 ◦C. The corresponding char yield decreased from
41.8 to 31.4 wt.% and then declined to 28.8 wt.%, while the gas yield varied slightly, from
17.8 to 17.0 wt.%, and then augmented to 25.8 wt.%. The decrease in liquids above 600 ◦C
could be attributed to the enhanced pyrolysis of volatiles from intermediate compounds.
Char yield decreased with increasing temperatures owing to carbon material decomposition
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promoted at higher temperatures. The maximum liquid yield (51.6 wt.%) was obtained at
600, indicating that 600 ◦C was the optimal value for DRC valorization and was selected as
the optimum value in further investigations. It could be observed that the yield of pyrolysis
liquid is acceptable, ranging from 40.4 to 51.6 wt.%, higher than that of lignocellulose (37.3 to
40.3 wt.% in the range of 400–600 ◦C) [37], yielding less solid char but more liquid products.
Thus, the pyrolysis of DRC appears to be a promising alternative for the production of biofuel
(bio-oil) to other biomass such as woody and herbaceous biomass.
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3.3. Effect of Pyrolysis Temperatures on Characteristics of Bio-Chars

In this investigation, vital pyrolysis conditions and pyrolysis temperatures were
investigated on the properties of bio-chars obtained, as had been investigated by other
researchers using different feedstocks [38,39]. Biochar modification scenarios under H2O2
oxidation from different feedstocks and pyrolysis conditions were investigated by Ghorbani
et al., achieving enhanced specific surface area and porosity in all oxidized bio-chars [40].
Moreover, biochar production from carbonization of biomass or de-oiled wastes on a
pilot scale or above was of engineering and energetically interest owing to its industrially
viable and ease to operate, as liquids could be burnt to supply heat for carbonization
but with difficulty in swift purge and cool of volatiles generated in reaction zone, which
was defined by the fixation of effective carbon into solid chars, whereas pyrolysis for
liquids aiming at elevating the effective carbon content for more condensable volatiles
acquisition [41–43]. In this research, the yield of biochar declined from 41.8 to 21.8 wt.%
by an augmented reaction temperature ranging from 400 to 800 ◦C (seen in Table S1). At
400 ◦C, the pyrolysis process was presumed to be incomplete, leading to unreacted DRC
retained within the biochar, which elucidated the bio-char’s higher heating value (HHV)
of 29.03 MJ·kg−1 at this temperature. Subsequently, augmenting temperature to 500 ◦C
reduced the proportion of the bio-char component, consequently leading to a slight increase
in HHV to 29.56 MJ·kg−1, with further increase in pyrolysis temperature, the corresponding
value increased up to 30.10, 30.10, and 30.14 MJ·kg−1 at 600, 700 and 800 ◦C, respectively.
These HHV values are higher than that of the DRC at 19.62 MJ·kg−1, as indicated in Table
S2. Corresponding values of H/C and O/C molar ratios of DRC and chars are shown in
Figure 2. With the increase in pyrolysis temperature, H/C and O/C values decreased from
1.77 to 0.52 and 0.61 to 0.16, which was enhanced in comparison with that of lignocellulosic
biomass (pubescens) [30], where corresponding values varied from 1.55 to 0.66, and 0.63 to
0.22, respectively, indicating the coalification of chars enhanced by higher temperatures.
Consequently, the solid product, or biochar, could be effectively utilized as a solid fuel
source or precursor to functional carbons, as previously investigated by Wang et al. [30].
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3.4. Effect of Pyrolysis Temperatures on Composition of Gaseous Products Obtained

With the increase of temperatures ranging from 400 to 800 ◦C, the yield of gaseous
products increased from 17.8 to 25.8 wt.%, higher than the value (12.48 to 21.11% and
12.10–16.99% in the range from 600 to 800 ◦C) obtained through pyrolysis of two biomass
feedstock reported by Wu et al. [44]. Detailed composition of gases released and corre-
sponding lower heating value (LHV) are presented in Table S3, Figure 3 and Figure S3.
The gaseous products were mainly composed of CO2, CO, C1 and C2 hydrocarbons, and
H2, where CO2 and CO have resulted from oxygenated compounds fatty acids, holo-
cellulose, and lignin from DRC. Corresponding LHVs were calculated based on Equa-
tion (S2) seen in Supplementary Materials. As could be observed, LHV increased from
5.92 MJ·Nm−3 at 400 ◦C to 7.63 MJ·Nm−3 at 600 ◦C and then declined to 7.50 and
7.40 MJ·Nm−3 at 700 and 800 ◦C, respectively. Small amounts of C1, C2 hydrocarbons, and
H2 could be yielded, indicating that strengthened reactions took place during pyrolysis
at higher temperatures. The acquisition of H2 was poor, which was similar to research
findings reported by Uddin et al., where the yield of hydrogen gas varies from various
feedstocks during pyrolysis, influenced by secondary reactions such as excessive thermal
cracking caused by insufficient purging [45]. Moreover, in the case of a specific feedstock,
the volatile matter remains constant, and a high yield of liquids corresponds to a low yield
of gaseous products. Consequently, the specific composition of the gaseous products aligns
with a lower yield.
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3.5. Optimization of Pyrolysis Parameters

The optimization of several key pyrolysis parameters, including carrier gas rates, reten-
tion time at peak temperature, and volume of tandem condensers, evaluated by maximum
bio-oil yield, was carried out as described above, and the results were shown in Figure 4a–c.
While researchers had individually investigated each of the aforementioned parameters,
there is a limited number of research findings that comprehensively explore the combined
impact of these parameters on the product results [46,47]. Herein, an integrated influence
of key pyrolysis parameters on the yield of liquid products obtained was performed.

Energies 2024, 17, x FOR PEER REVIEW  7  of  15 
 

 

 

Figure 3. Gaseous product composition at different temperatures. 

3.5. Optimization of Pyrolysis Parameters 

The optimization of several key pyrolysis parameters, including carrier gas rates, re-

tention time at peak temperature, and volume of tandem condensers, evaluated by maxi-

mum bio-oil yield, was carried out as described above, and  the  results were shown  in 

Figure 4a–c. While researchers had individually investigated each of the aforementioned 

parameters, there is a limited number of research findings that comprehensively explore 

the combined impact of these parameters on the product results [46,47]. Herein, an inte-

grated influence of key pyrolysis parameters on the yield of liquid products obtained was 

performed. 

   

 

 

Figure 4. (a) Product distribution under different flow gas rates (30 + 40-–70 + 120 mL·min−1, pyrol-

ysis temperature at 600 °C, retention time of 0.5 h, volumes of condensers with 210 + 210 cm3); (b) 

Product distribution under different retention time (0–2 h, pyrolysis temperature at 600 °C, 50 and 

80 mL·min−1 for inner and outer tubes, volumes of condensers 210 + 210 cm3); (c) Product distribution 

under different volume of condensers ((15 + 15) –(210 + 210) cm3, pyrolysis temperature at 600 °C, 

50 and 80 mL·min−1 for inner and outer tubes, retention time of 0.5 h). 

Figure 4. (a) Product distribution under different flow gas rates (30 + 40—70 + 120 mL·min−1, py-
rolysis temperature at 600 ◦C, retention time of 0.5 h, volumes of condensers with 210 + 210 cm3);
(b) Product distribution under different retention time (0–2 h, pyrolysis temperature at 600 ◦C, 50 and
80 mL·min−1 for inner and outer tubes, volumes of condensers 210 + 210 cm3); (c) Product distribution
under different volume of condensers ((15 + 15) –(210 + 210) cm3, pyrolysis temperature at 600 ◦C,
50 and 80 mL·min−1 for inner and outer tubes, retention time of 0.5 h).

For carrier gas rate optimization, as shown in Figure 4a and Table S4, the corresponding
liquid yield was 49.4 and 50.3 wt.% for 30 plus 40 and 40 plus 60 mL·min−1, respectively.
The maximum liquid yield (51.6 wt.%) could be obtained with an increase in the gas
rates to 50 plus 80 mL·min−1, which was higher than that of pyrolysis of Cotton seed
with MgO catalyst, where the corresponding value was 48.3 wt.% with flow gas rates of
200 mL·min−1 [48]. With further augment of the flow gas rates to 60 plus 100 and 70 plus
120 mL·min−1, the corresponding yield declined to 50.7 and 49.8 wt.%, respectively. Thus,
50 + 80 mL·min−1 was chosen as the optimal gas rate.

Regarding the duration time optimization, as shown in Figure 4b and Table S5, the
yield of pyrolytic liquid increased by 1.9 wt.% when the retention time was prolonged to
0.5 h from 0 h, while little variation could be observed on liquid yield with further increase
in retention time, which was higher than that of the value obtained from pyrolysis of neem
press seed cake, as there was no significant influence on the liquid yield caused by retention
time using RSM modeling and analyzing [46]. Thus, 0.5 h was chosen as the optimized
duration time.
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For the optimization of volumes of tandem condensers, as shown in Figure 4c and
Table S6, with the increase of the volume of tandem condensers, the yield of pyrolytic liquid
increased by 1.8 and 4.3 wt.%, respectively, owing to the effective condensation of volatiles
rather than insufficient cooling, indicating that augment the volume of condensers could
enhance the yield of bio-liquids in a certain degree. The influence of pyrolytic volatile
condensation under different temperatures has been investigated using various feedstocks,
while research related to the effect of volumes of tandem condensers on the variation of
liquid yield was limited [49,50].

Detailed discussions on the composition of bio-oils obtained based on parameter
optimization are presented in Supplementary Materials to avoid tedious repetition.

3.6. Characteristic of Bio-Oil Obtained from DRC Pyrolysis with Optimized Parameters

The bio-oil obtained under optimized parameters was analyzed via several techniques
and presented in Table 2. Corresponding characteristics of pyrolysis oil from lignocellulosic
biomass, bio-diesel, and petroleum diesel were listed for comparison. The influence of
related parameters such as purge gas rates, retention time, and condensation duration on
product distribution and variation of bio-oil fractions has been investigated thoroughly
as well, the details of which were given in Supplementary Materials to avoid tedious
repetition (seen as Tables S4–S10).

Table 2. Characteristic of the pyrolysis bio-oil, bio-diesel, and petroleum diesel.

Ultimate
Analysis/wt.% Category

Pyrolysis Bio-Oil of
DRC

Pyrolysis Bio-Oil of
Lignocellulosic
Biomass [37,51]

Bio-Diesel [52–55] Petroleum Diesel
[52,53]

C 67.41 53.56–61.19 59.94–78.10 86.58
H 8.64 4.91–7.98 11.00–12.40 13.29
N 8.99 0.53–2.48 0.07–0.50 0.01
S 0.55 - 0.06–0.31 <0.11

O a 14.41 25.39–36.39 9.23–23.87 0.01
H/C atomic ratio 1.53 0.96–1.77 1.89–2.18 1.83
O/C atomic ratio 0.16 0.36–0.50 0.09–0.30 <0.001
Moisture/wt.% 4.87 >10 <0.05 <0.03
Viscosity (40 ◦C,

mm2·s−1) 413.22 - 5.66–5.82 2–4.5

TAN (mg KOH/g) 44.51 - <0.5 <0.5
Density (g/mL) 1.21 - >0.86 0.86–0.90

Surface tension (25 ◦C
mN·m−1) 24.10 - - -

HHV (MJ·kg−1) 32.82 21.37–26.96 20.80–41 >43
a calculated by difference.

The carbon content in the bio-oil of DRC was 67.41 wt.%, which was in the variation
range of bio-diesel, higher than that of bio-oil from lignocellulose, but lower than that of
petroleum diesel. The corresponding value of hydrogen in bio-oil was 8.64 wt.%, much
higher than that of pyrolysis oil from lignocellulose but lower than that of both of the
other types of diesels. HHV of the bio-oil was 32.82 MJ·kg−1, lower than both the high
limit of bio-diesel and petroleum diesel, while higher than that of lignocellulosic bio-oil,
but in the HHV value range of the bio-diesel, that is, it is close to fuel of transportation
grade. The determined moisture was 4.87 wt.%, much lower than pyrolysis bio-oils from
lignocellulosic biomass such as sugarcane, pubescens, and camellia oleifera shell, usually
ranging from 10 to 30 wt.%, but higher than that of bio-diesel and petroleum diesel (lower
than 0.05 and 0.03 wt.%, respectively).
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The viscosity of the bio-oil was 413.22 mm2·s−1, hundreds of times higher than that of
bio-diesel and petroleum diesel, which was above the range of diesel standard. The
density of the bio-oil remained at 1.21 g·mL−1, close to that of bio-diesel and diesel
(>0.86 and 0.86–0.90 g/mL, respectively). As for the surface tension, a key characteristic of
biofuel facilitating the emulsion formation, the corresponding value was comparatively
low, which was 24.10 mN·m−1, lower than that of petroleum diesel (26.20). The acidity
of bio-oil (determined by TAN) was 44.51 mg KOH/g, significantly higher than that of
bio-diesel and diesel (<0.5 mg KOH/g), where the lower value is attributed to the existence
of more acids, which was in accordance with our previous research and the composition
analysis through GC-MS.

FT-IR was introduced to identify the functional groups that existed in the bio-oil
obtained at optimized values, and the spectra was presented in Figure 5 (2000–500 cm−1)
and Figure S4 (4000–500 cm−1). Characteristic absorbances of the bio-oil were assigned
according to the literature [56–60]. The outcomes highlighted the existence of organic
compounds within the sample.

Energies 2024, 17, x FOR PEER REVIEW  9  of  15 
 

 

Table 2. Characteristic of the pyrolysis bio-oil, bio-diesel, and petroleum diesel. 

Ultimate 

Analysis/wt.% 
Category 

  Pyrolysis Bio-Oil of 

DRC 

Pyrolysis Bio-Oil of 

Lignocellulosic Biomass 

[37,51] 

Bio-Diesel [52–55]  Petroleum Diesel [52,53] 

C  67.41  53.56–61.19  59.94–78.10  86.58 

H  8.64  4.91–7.98  11.00–12.40  13.29 

N  8.99  0.53–2.48  0.07–0.50  0.01 

S  0.55  -  0.06–0.31  <0.11 

O a  14.41  25.39–36.39  9.23–23.87  0.01 

H/C atomic ratio  1.53  0.96–1.77  1.89–2.18  1.83 

O/C atomic ratio  0.16  0.36–0.50  0.09–0.30  <0.001 

Moisture/wt.%  4.87  >10  <0.05  <0.03 

Viscosity (40 °C, 

mm2·s−1) 
413.22  -  5.66–5.82  2–4.5 

TAN (mg KOH/g)  44.51  -  <0.5  <0.5 

Density (g/mL)  1.21  -  >0.86  0.86–0.90 

Surface tension (25 
°C mN·m−1) 

24.10  -  -  - 

HHV (MJ·kg−1)  32.82  21.37–26.96  20.80–41  >43 
a calculated by difference. 

The viscosity of the bio-oil was 413.22 mm2·s−1, hundreds of times higher than that of 

bio-diesel and petroleum diesel, which was above the range of diesel standard. The den-

sity of the bio-oil remained at 1.21 g·mL−1, close to that of bio-diesel and diesel (>0.86 and 

0.86–0.90 g/mL, respectively). As  for  the surface  tension, a key characteristic of biofuel 

facilitating  the  emulsion  formation,  the  corresponding  value was  comparatively  low, 

which was 24.10 mN·m−1, lower than that of petroleum diesel (26.20). The acidity of bio-

oil (determined by TAN) was 44.51 mg KOH/g, significantly higher than that of bio-diesel 

and diesel (<0.5 mg KOH/g), where the lower value is attributed to the existence of more 

acids, which was in accordance with our previous research and the composition analysis 

through GC-MS. 

FT-IR was introduced to identify the functional groups that existed in the bio-oil ob-

tained at optimized values, and the spectra was presented  in Figures 5 (2000–500 cm−1) 

and S4 (4000–500 cm−1). Characteristic absorbances of the bio-oil were assigned according 

to the literature [56–60]. The outcomes highlighted the existence of organic compounds 

within the sample. 

 

Figure 5. FT-IR spectra of bio-oil obtained at optimized values ranging from 2000–500 cm−1. Figure 5. FT-IR spectra of bio-oil obtained at optimized values ranging from 2000–500 cm−1.

As shown in Figure S4, the band above 3440 cm−1, ascribed to –OH stretching vibra-
tions, was observed, and this observation could be attributed to alcohols, acids, phenols,
and water. Band between 2732–3064 cm−1 was assigned to C–H stretching vibration of
methyl and methylene groups, which underscores the significance of saturated aliphatic
hydrocarbons in the composition of bio-oil. No obvious variations could be observed in
the range from 4000 to 2000 cm−1 in comparison with bio-oil obtained at different tem-
peratures. The bands at 1738 and 1514 cm−1 were assigned to the presence of C=O, as
well as carbonyl-containing compounds, which indicated the existence of featured species
with C=O group such as aldehydes, ketones, carboxylic acids, and ester compounds,
and were further enhanced with higher pyrolysis temperature than 400 ◦C. The band at
1456 cm−1 aligned with the asymmetric vibrations of –CH2– and –CH3 functional groups,
while the band at 1278 cm−1 was associated with the presence of C–O groups, possibly
arising from ester and alcohol structures. Moreover, bands at 1456 and 1210 cm−1 were
ascribed to the vibration of the aromatic ring skeleton and –OH stretching attached to a
benzene ring, indicating the presence of an aromatic ring. The band at 1112 cm−1 was
assigned to the bending vibration of C–H, indicative of aromatic compounds. Notably, the
band at 829 cm−1 was assigned to C–H out of plane deformation of G and S units of lignin,
inductive of characteristic aromatic vibrations, specifically associated with the vibration of
lignin units [61]. The FT-IR results provide a glimpse into the intricate composition of the
obtained bio-oil.
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GC-MS was also introduced to further elucidate the composition of the bio-oil ob-
tained from pyrolysis of DRC, where compounds were classified with the declined peak
area (seen in Table S11). To achieve this, the bio-oil sample was intentionally diluted using
tetrahydrofuran (THF). The resulting chromatographic diagram revealed an array of more
than 100 peaks, and the constituents were meticulously identified by referencing the NIST
library. Given the intricate nature of the bio-liquid (bio-oil), the chromatographical analysis
revealed a complex amalgamation of compounds stemming from the decomposition of
diverse components, including cellulose, hemicellulose, lignin, protein, and extractives.
While the experimental configurations exhibited similar compositions, variations in com-
ponent reports were observed. As shown in Figure 6, groups were classified as Acids,
Hydrocarbons, Phenols, Esters, Alcohols, Ketones, N-compounds, Levoglucosenone and
Monoglycerides. As investigated by David et al. [62], bio-oils were found to have consisted
of alkanes, alkenes, alkadienes, aromatic hydrocarbons, and fatty acids as a result of the
primary and secondary reactions occurring during the pyrolysis.

Figure 6. Qualitatively identify the composition of bio-oils under optimized parameters.

As could be observed, the yield of acids (such as Acetic acid, n-Hexadecanoic acid, Oc-
tadecanoic acid, Tetradecanoic acid, and Oleic acid) was more than 56%, most importantly,
the yield of hydrocarbons, indicator of commercial fuels (such as Heptadecane, Pentadecane
and 2,6,6-Trimethyl-bicyclo[3.1.1]heptane) was 16.41%. For other kinds of compounds, the
percentage of each was lower than 10%. Among them, esters and alcohols were more than
8%, followed by phenols and ketones, with corresponding values of 3.53 and 3.16%, respec-
tively. The other three species took the other yield of 3.73%, where minor constituents, such
as N-compounds, have been noted by our previous research, underlining the precursor
role of proteins and the origin of phenols from lignin fragments, as well as protein [63]. In
fact, the conversion of acids into hydrocarbons has been widely studied [64,65], providing
clues to the upgrading of the pyrolysis bio-oil. That is, the downstream processing of
pyrolysis bio-oil from DRC is promising compared to crude bio-liquids from the pyrolysis
of lignocellulosic biomass containing many kinds of oligomers [31].

By comparing the characteristic of bio-oil obtained based on the optimized parameter
with the pyrolysis bio-oil from lignocellulosic biomass, bio-diesel, and commercial diesel
oil, as shown in Table 2, it was found that the H/C and O/C molar ratio and the density are
acceptable in comparison with petroleum diesel, but with lower HHV and poor characteris-
tics such as poor carbon and hydrogen content, higher TAN, viscosity and moisture. Its fuel
characteristics were comparable to that of bio-diesel, such as similar elemental composition
and density, as well as HHV, but with poor viscosity and TAN, as well as higher moisture.
Moreover, the characteristics of bio-oil from DRC are superior to those of lignocellulosic
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biomass in terms of various properties such as H/C and O/C molar ratio, HHV value, and
moisture content. In comparison with the caloric value of commercial diesel oil, as well as
the promising bio-diesel, bio-oil from pyrolysis of DRC seemed to be comparable to the
bio-diesel mentioned [66], even though with poor characteristics of HHV, high content of
moisture, and TAN, which needs further downstream upgrading. It was concluded that the
bio-oil obtained through pyrolysis of DRC was superior to that derived from lignocellulosic
biomass and was significantly superior to the latter for utilization in industrial boilers or
agricultural engines. Moreover, downstream upgrading of the bio-oil is indispensable for
valorization of the bio-oil into the transportation fuels, such as catalytic conversion of acids
(such as n-hexadecanoic acid, octadecanoic acid, tetradecanoic acid, and oleic acid, etc.)
into hydrocarbons via decarboxylation of long-chain acids, as well as hydrodeoxygenation
of the bio-oil with better caloric value [67–70].

4. Conclusions

De-oiled rapeseed cake (DRC), a byproduct of agricultural rapeseed pressing, emerges as
a promising source for liquid fuel production with acceptable quality via slow pyrolysis. Opti-
mal bio-oil yields of 51.6 wt.% are attainable under optimized conditions with corresponding
bio-oil’s higher heating value (HHV) of 32.82 MJ·kg−1, outperforming that of lignocellulosic
biomass, comparable to biodiesel, but being less than petroleum diesel, which was appli-
able for scale-up application for energy production from effective waste utilization. With
additional processing, such as decarboxylation and hydrodeoxygenation, this bio-oil shows
promise for use in transportation fuels. In conclusion, DRC-derived bio-oil aligns closely with
transportation fuel standards, and the resultant pyrolyzed char has potential as either a solid
fuel or a precursor for functional carbon materials in various applications.

Supplementary Materials: The following supporting information can be downloaded at
https://www.mdpi.com/article/10.3390/en17030612/s1, Figure S1: Frame diagram of pyroly-
sis process, Figure S2: The TGA and DTG curves of de-oiled rapeseed cake, Figure S3: LHV of
gaseous products at different temperatures (calculated according to [71]), Figure S4: FT-IR spectra
of bio-oils from different pyrolysis temperatures. Left panel shows the whole spectra ranging from
4000–500 cm−1, right panel indicates the specific spectra ranging from 2000–500 cm−1; Table S1:
Products Distribution via different pyrolysis temperatures, Table S2: Ultimate, Proximate and HHV
of DRC and bio-chars investigated by temperatures (calculated according to [72–74] respectively),
Table S3: Composition of gaseous products obtained at different temperature, Table S4: Products
Distribution via different flow gas rates, Table S5: Products Distribution via different flow retention
time, Table S6: Products Distribution via different volume of condensers, Table S7: Physical chemical
characteristics of the bio-oils obtained from DRC pyrolysis temperature at 5 intervals (400–800 ◦C,
50 and 80 mL·min−1 for inner and outer tubes, retention time of 0.5 h, volumes of condensers with
210 + 210 cm3), Table S8: Physical chemical characteristics of the bio-oils obtained from DRC pyrolysis
at 5 flow gas rates (30 + 40 − 70 + 120 mL·min−1, 50 plus 80 mL·min−1 for inner and outer tubes,
retention time of 0.5 h, volumes of condensers with 210 + 210 cm3), Table S9: Physical chemical
characteristics of the bio-oils obtained from DRC pyrolysis at 5 retention times (0–2 h with step of
0.5 h, pyrolysis temperature at 600 ◦C, 50 plus 80 mL·min−1 for inner and outer tubes, respectively,
retention time at 0.5 h, volumes of condensers with 210 + 210 cm3), Table S10: Physical chemical charac-
teristics of the bio-oils obtained from DRC pyrolysis at 3 tandem condensers (15 + 15) − (210 + 210) cm3,
pyrolysis temperature at 600 ◦C, retention time of 0.5 h, 50 plus 80 mL·min−1 for inner and outer tubes,
respectively, Table S11: The relative content of compounds in the bio-oil under 5 pyrolysis temperatures.
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