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KEYWORDS Abstract This paper focused on the utilization of the waste insect shell for the development of a
Polymer meditation; novel biochar-based heterogeneous catalyst (ZnO/PVP,,cqiae-BC-S) with a highly acid-base bifunc-
Insect lipid: tional catalytic capacity for the conversion of the insect lipid into biodiesel. The introduction of
Bifunctional catalyst; polyvinyl pyrrolidone (PVP) as a support mediator was believed to improve the textural properties
Synergistic effect; of support and catalytic activity of the catalyst for the conversion reaction. Meanwhile, the physic-
Biodiesel ochemical properties of the synthesized composite catalyst were characterized with XRD, SEM,

TEM, XPS, BET, and FT-IR analysis. The high biodiesel yield (94.36%) was obtained at the
defined condition (carbonization temperature = 600 °C, Zn(Ac), concentration = 0.3 mol/L,
PVP amount = 35 wt%, reaction temperature = 65 °C, catalyst loading = 6 wt%, methanol/lipid
molar ratio = 9:1). Moreover, the possible catalytic mechanism of the prepared catalyst was
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comprehensively described. In addition, the stability and reusability of the prepared catalyst during
five reaction cycles were also demonstrated. Finally, the physicochemical properties of the biodiesel
studied were well comparable with the ASTM standard as well as with the reported literature.

© 2023 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Due to the increasing urgent concern about energy scarcity and envi-
ronmental pollution, the use of alternatives to traditional fossil fuels
has drawn increasingly attractive in recent years (Liang et al., 2022;
Cipolletta et al., 2022). Biodiesel, as a sustainable, biodegradable,
and clean fuel, can be produced from conventional lipid feedstocks
(Ennaceri et al., 2022; Costa and Oliveira, 2022).

Hermetia illucens L. is a non-pest, which is found in warm temper-
ate regions worldwide (Rehman et al., 2017). Commonly, insect larvae
can feed on various kinds of organic matter in the biowastes (Lalander
et al., 2019). Importantly, insect larvae have high levels of lipids after
decomposing this organic waste (Deng et al., 2022). The sum of satu-
rated and unsaturated fatty acids accounted for more than 90% of the
total insect lipids. In recent years, the city of Wuhan in China has been
producing roughly 365,000 tons of kitchen waste annually (Zheng
et al., 2012). Meanwhile, approximately 3,000 tons of insect lipids will
be produced. Due to society’s environmental awareness and the con-
siderably high production of insect lipids, the energy insect larvae as
a renewable resource are expected to have great potential for biodiesel
production (Li et al., 2015; Feng et al., 2019).

Many investigations have been reported on biodiesel production by
using solid sulfonated carbon-based biomass catalysts (Mansir et al.,
2017; Ibrahim et al., 2020). Recently, various biomass wastes have
been converted into sulfonated carbon supports for biodiesel produc-
tion. In this study, in continuation of our interest in the development
of renewable methodologies, the waste biomass carbon was derived
from the shell of the energy insect (Hermetia illucens L.) as above.
The life cycle of the insect consists of four stages: egg, larva, pupa,
and adult (Proc et al., 2020). The process of pupation is the transfor-
mation from a pupa into a fly. The adult fly will crawl out from the
part of the shell and then fly away (Raksasat et al., 2020). This process
is similar to the cocooning process of butterflies. A large number of
insect shells as residues were generated during pupation. Notably,
the insect shell has a unique composition (called chitin) and can be
used as a bio-waste carbon feedstock with cost-free and renewable
(Guo et al., 2021). The utilization of the energy insect shell as a good
candidate feedstock is expected to be highly promising for synthesizing
sulfonated activated biochar.

In addition, it should be noted that the metal oxide elements as
promoters have been introduced into sulfonated carbon-based biomass
catalysts to induce and accelerate the conversion of oils. Among these,
zinc oxide (ZnO) is extensively used as a solid base catalyst because of
its distinctive features and low cost (Gurunathan and Ravi, 2015; Liu
and Zhang, 2011). Note that ZnO as a base metal oxide is a reactive
metal promoter in the catalytic process of biodiesel. Baskar et al.
(Baskar et al. 2018) conducted a conversion reaction on castor oil with
high free fatty acid over a Ni-doped ZnO nanocatalyst under optimum
conditions (biodiesel yield = 95.2%). As ZnO is a base promoter, a
bifunctional acid-base catalyst may be synthesized by incorporating
ZnO material on the surface of the support with acid sites. Further-
more, the presence of excellent catalytic activity of these catalysts with
many strong acid-base sites is useful for promoting simultaneous ester-
ification and transesterification.

Until now, the sulfonated biochar-based heterogeneous catalyst
prepared from the insect shell for biodiesel production has been rarely
reported. Here, a surfactant methodology was adopted to meditate the
mesopores of sulfonated biochar support from the outset, which
ensures spatial compartmentalization of chemically distinct active sites.

The molecular weight, polarity, and hydrophilicity of the introduction
of polymer matters in the catalyst synthesis process influence the speci-
fic surface area and catalytic activity of the catalyst and result in com-
posite catalyst with different morphologies and catalytic capacities (Du
et al., 2019; Jeon et al., 2013). Based on the present studies, polyvinyl
pyrrolidone (PVP) as a support mediator was introduced to improve
the textural properties and catalytic capacity of the catalyst for the
conversion reaction. This paper focused on the utilization of the insect
shell for the development of a novel bifunctional acid-base catalyst
(ZnO/PVP ,egiate-BC-S) for the conversion of the insect lipid into bio-
diesel. The synergistic catalysis of both active acidic and basic sites will
be an efficient and reusable approach for the production of biodiesel
from renewable insect lipid to biodiesel with environmentally friendly.
The physiochemical characterization of the synthesized composite cat-
alyst was investigated. The influences of the composite catalyst prepa-
ration conditions and the catalytic reaction conditions on the biodiesel
yield were also investigated. More importantly, the possible catalytic
mechanism of the prepared catalyst was comprehensively described.
Moreover, the reusability of the prepared catalyst during five reaction
cycles was demonstrated and studied to evaluate its stability. Finally,
the physicochemical properties of biodiesel were also studied.

2. Experimental section

2.1. Materials

The energy insect shells were collected from the Wuhan Insti-
tute of Technology (Fig. 1). The lipids extraction process is
similar to that reported in our previous work (Feng et al.,
2019). The fatty acid compositions of insect lipids were listed
in Table 1. Besides, Zn(Ac),, NaOH, PVP, sulfuric acid, and
methanol were analytical reagents and purchased from a local
supplier in China.

Fig. 1

The insect shell used in the present study.
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Table 1 The fatty acid compositions
of insect lipid used in the present

study.

Fatty acids Proportion (%)
Capric acid (10:0) 1.30

Lauric acid (12:0) 18.89

Myristic acid (C14:0) 9.91
Palmitic acid (C16:0) 20.96
Stearic acid (C18:0) 6.50
Oleic acid (C18:1) 22.54
Linoleic acid (C18:2) 12.67

2.2. Catalyst preparation

2.2.1. Preparation of activated biochar

Briefly, the insect shell was first washed and dried in an oven at
80 °C overnight. Then, the shell was milled and sieved to
obtain uniform-sized particles (80 mesh screen, average pore
sizex~0.18 mm). Subsequently, appropriate masses of resultant
particles and PVP (5-45% by weight, occupy the weight of
insect particles) were introduced into the distilled H,O. The
resulting mixture was continuously stirred at 60 °C for 3 h.
After treatment, the precipitate was separated and then
calcined at different temperatures (300-700 °C) in a
muffle furnace for 6 h. The carbonized product (denoted as
PVP,cqiate-BC) was later further treated with sulphuric acid

at 90 °C for 3 h. Immediately after that, the activated biochar
was washed and dried at 100 °C overnight (denoted as
PVPmediale'BC'S)'

2.2.2. Preparation of composite catalyst

Typically, the required amount of Zn(Ac), (Zn(Ac),
concentration = 0.05 to 0.7 mol/L) and NaOH were dissolved
in distilled water. Then the support (PVPediare-BC-S) was
immersed in the mixture solution. Furthermore, the mixture
was heated at 90 °C for 3 h. Finally, the resulting solid precip-
itate (ZnO/PVP egiae-BC-S) was isolated from the solution
and then dried at 80 °C for 12 h.

2.3. One-step synthesis of biodiesel from the insect lipid

The prepared solid catalyst was used to evaluate its catalytic
performance in converting insect lipid into biodiesel. An
appropriate amount of methanol (molar ratio of methanol/li
pid = 3:1-15:1), catalyst (2-10% by weight), and 10 g of insect
lipid are poured sequentially into a 250 mL flask. Then, the
mixture was heated at 65 °C for 4 h. The reaction mixture
was centrifuged to separate the solid catalyst after the reaction.
The biodiesel yield was calculated based on a formula (1)
(Zhao et al., 2018):

Weight of obtain biodiesel (g)

Biodiesel yield(%) = x 100%

(1)

Weight of insect lipid (g)

Fig. 2

SEM images of (a) raw BC-S support, (b) PVP ediare-BC-S support, and (¢) ZnO/PVP egiate-BC-S catalyst.
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2.4. Catalyst characterization

The morphologies of the prepared catalyst were investigated
using scanning electron microscopy (SEM, JSM-7500, Japan).
Transmission electron microscopy (TEM) images were
recorded with a Tecnai G2 F20 S-TWIN microscope instru-
ment. The structure and crystalline phase of the synthesized
catalyst were determined using X-ray diffraction technique
(XRD, Rigaku, Japan). The XRD patterns were recorded
from 20 of 10 to 60°. The XPS analyses were performed on
an ultra-high-vacuum VG channel detector, using Al Ka radi-
ation (1486.7 eV). Surface functional groups of the catalyst
sample were tested by Fourier transform infrared spectroscopy
(FTIR, American Thermo Electron) with spectrum of 400—
4000 cm ™!, The surface area of the prepared catalyst was eval-
uated by multi-point Brunauer-Emmett-Teller (BET) analysis
with a Micromeritics ASAP 2020 nitrogen adsorption appara-
tus (USA). The pore volume and pore diameter were deter-
mined by the Barrett-Joyner-Halenda (BJH) method. 'H
NMR spectrum of insect lipid and biodiesel were recorded
with CDCl; in FT-NMR spectrometer (Bruker Avance II).
The basicity of the prepared catalyst was measured using
Hammett indicators.

2.5. Statistical analysis

The catalytic reaction procedures were followed in duplicate.
The experiment results were processed and analyzed by using
a traditional editing software (origin pro 9.1, USA).

3. Results and discussion

3.1. Synthesis and physical characterization of the composite
catalyst

3.1.1. Surface morphology characteristic

Fig. 2 depicts the mesoscopic morphological characteristics of
raw biochar support, PVP,cqiate-BC-S support, and ZnO/
PVP,cqiate-BC-S catalysts. The presence of a few pores on
the surface of raw biochar support is shown in Fig. 2a. Mean-
while, it is interesting to find that there are some discrete pores

of various sizes on the surface of PVPcgiae-BC-S support
when PVP was used as a support mediator (Fig. 2b). The
results of this study indicated that high molecular polymer
mediation was effective in improving the porous properties
of biochar support and was also a prominent technique for
realizing hierarchical pore structure in support. However, it
is clear that the pores on the support surface were blocked
due to the dispersion of the ZnO materials from Fig. 2c. It
can thus be concluded that ZnO materials have been success-
fully dispersed in the biochar-based support.

3.1.2. Surface area analysis

The textural properties of the prepared catalyst were further
investigated via N, adsorption—desorption isotherms (Fig. 3).

The prepared catalyst shows H3-hysteresis and a typical IV
isotherm, indicating the formation of a predominantly meso-
porous structure (Fig. 3). A significant increase was observed
at a relatively high P/P, (0.8-1.0), indicating the presence of
capillary structures (Fig. 3a). Furthermore, based on these
observations, it is speculated that the synthesized catalyst
had uniform pores. The primary requirement for an ideal con-
version reaction in the presence of solid catalysts is the pore
structure. The pore diameter fractions of raw biochar (BC-S)
are 5-10 nm, according to BJH desorption isotherms
(Fig. 3b). The average pore diameter and pore volume of
raw BC-S were 8.79 nm and 0.0821 cm¥/g, respectively
(Table 2). Clearly, the pore diameter fractions and surface area
are increased after PVP mediation. The pore size distribution
revealed that the PVP cgiae-BC-S support had more meso-
pores. The SEM micrographs also revealed these changes. Fur-
thermore, after loading ZnO material on the support, there is a
slight decrease in pore volume and pore diameter. This could
be attributed to the fact that the surface of catalyst support
was covered upon ZnO active components and the pores of
the catalyst were blocked, which in turn caused the decrement
in pore properties.

3.1.3. Structure and crystallography

The typical XRD pattern obtained from ZnO/PVP,ediare-BC-S
is displayed in Fig. 4. The peaks at 20 = 31.5°, 34.2°, 36.3°,
47.35°, and 56.3°, indicate (100), (002), (101), (102), and
(110) crystalline phases in the ZnO structure (JCPDS
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Fig. 3 N, adsorption—desorption isotherms and pore size distribution of raw biochar (BC-S), PVP cqiare-BC-S support, and ZnO/

PVPmediute'BC‘S Catalyst.
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Table 2 Pore textural properties of the prepared products.

Sample Surface Pore Pore
area diameter volume
(m*/g) (nm) (em’/g)
BC-S 11.12 8.79 0.0821
PVPediate-BC-S 25.46 19.12 0.0732
ZnO/PVP,cdiate-BC-S 18.38 13.33 0.0627

36-1451), respectively (Lokhande et al., 2009). The appearance
of peaks associated with the synthesized biochar at 20 = 10—
30° and 20 = 40-50° can be readily indexed to (002) and
(101) crystalline phases, respectively (Wang et al., 2018).
According to Aziz et al. (Aziz et al., 2015), the broad peaks
(260 = 10°-30°) can be well assigned to those of amorphous
carbon. Zhao et al. (Zhao et al., 2009) mentioned that the
C—0O—C cleavage bonds of the biochar precursor were dis-
rupted by the synergistic interaction between the carbonization
process at high temperature and the sulfonation process. The
sulfonated carbon became more rigid and amorphous due to
the high degree of carbon disorder during this process. Hence,
this structural modification of the sulfonated carbon catalyst is
an important step that is responsible for the efficiency of the
catalytic reaction in this study.

3.1.4. TEM

The structural information of the synthesized catalyst has been
further examined by TEM observation, and some representa-
tive images are presented in Fig. 5. According to Fig. Sa, the
polymer functionalization approach used in this study can
introduce a significant number of mesopores with worm-
holes into BC support. In addition, the lattice fringes on the
surface region correspond to the (110) plane of ZnO. This
finding suggests that ZnO material is well loaded on the
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Fig. 4 XRD patterns of the PVP cgjaie-BC-S support and ZnO/
PVPediate-BC-S Catalyst.

surface of the biochar-based support (Fig. 5b) (Malhotra
and Ali, 2019; Kazmi et al., 2020).

3.1.5. FT-IR

The FT-IR analysis of the functional group bond on the sup-
port surface was presented in Fig. 6. The broad absorption
band at around 1426.89 cm™' can generally be assigned to
the aromatic ring C—C stretching mode of carbonate species
(Hsiao et al., 2011). Moreover, the bands at 1120 cm ™! are
related to the symmetric stretch of the —SO;H bond, present
in the structure of the sulfonic groups (Zong et al., 2007). It
should be pointed out that the sulfoxide group still exists on
the synthesized carbon support, although the support was
washed three times during the end of the pretreatment process.
This finding suggests the successful grafting of -SOsH groups
onto the carbon support after the sulfonation process for the
application in catalytic reaction (Sangar et al., 2019). In addi-
tion, two characteristic peaks at 601.99 and 670.74 cm ™! were
attributed to the stretching vibrations of Zn—O (Zhang et al.,
20009.

3.1.6. XPS

The surface chemical composition of the prepared sample was
further investigated by using XPS analysis (Fig. 7). The peak at
169 eV is ascribed to the sulfur of -SO3H groups (Song et al.,
2020). These indicate that the —SH, —SOs;H groups are pre-
sent in the prepared composite catalyst. The two peaks in
the spectrum of C 1s (Fig. 7) at 285.01 eV and 288.2 eV repre-
sent the binding energies of carbon of carbonates present in the
catalyst (Pan et al., 2020). The predominant chemical states in
ZnO materials are oxygen (O 1s) and Zinc (Zn 2p). There is
one peak with a binding energy of 531.11 eV (O 1s) associated
with the elemental oxygen of oxides present in the catalyst
(Medeiros et al., 2020). Furthermore, the peak at 1022.1 eV
(Zn 2p) is associated with Zn in the zinc oxide (Feng et al.,
2016). These binding energies fit well with the chemical bond-
ing structure of the composite catalyst.

3.2. Catalyst performance

The synthesized catalyst was applied to the catalytic reaction
of the insect lipid. Here, a series of experiments were per-
formed to test the effects of different conditions on catalytic
performance.

3.2.1. Effect of carbonization temperature

The carbonization temperature was investigated to optimize
the synthesis of catalysts for higher biodiesel yield. As seen
in Fig. 8a, the biodiesel yield increases with the increase in car-
bonization temperature from 300 to 600 °C (from 57.14% to
94.36%). The carbonization at higher temperature led to the
desorption of CO, from the insect shell support, producing
more pores that catalyzed the transesterification of insect
lipids. Additionally, the surface area of the catalyst could be
affected by carbonization temperature, which consequently
affects the efficiency of the catalyst. Moreover, it is also found
that the catalytic capacity of the catalyst (86.68%) decreased
with the further increase in the carbonization temperature.
This can contribute to both the high sintering rate of the cat-
alyst and the high energy consumption (Obadiah et al., 2012).
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Fig. 5 TEM images for the synthesized catalyst.
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Fig. 6 FT-IR analysis of the PVP,;cgiae-BC-S support and ZnO/
PVPediate-BC-S catalyst.

3.2.2. Effect of ZnO loading

A series of experiments were carried out by altering Zn(Ac),
concentrations to investigate the influence of ZnO loading on
the catalytic process (Fig. 8b). Remarkably, with this increas-
ing Zn(Ac), concentration (0.05 to 0.7 mol/L), the biodiesel
yield gradually increased from 52.66% to 94.36%. However,
there was no noteworthy increase in conversion yield with
Zn(AC), concentration beyond 0.3 mol/L. The reason for this
result can be deduced from the crystallization or agglomera-
tion of ZnO materials which resulted in poor dispersion of
active components on the surface of the support
(Tantirungrotechai et al., 2013). Meanwhile, according to the
Hammett indicator method results, the catalyst with 0.3 mol/
L Zn(Ac), concentration had the strongest basicity. With the
catalytic activity of samples, it could be concluded that high
basicity could contribute to a higher biodiesel yield.

3.2.3. Effect of PVP amounts

It is evident from this work as well as from literature that the
polymer amounts can have a pronounced effect on pore

textural properties of the prepared catalysts, and therefore
play a key role in the catalytic performance. We can see that
the pore size of the catalyst is primarily distributed at 10—
19 nm for the synthesized catalyst with PVP as a structural
meditation agent (Table 3).

Since the pore size of the synthesized catalyst is larger than
that of the triglyceride molecule (58 A), the triglyceride mole-
cule would react with the active component on the surface or
in the channel of support (Li et al., 2019). The biochar support
by PVP-mediated had a significant influence on the catalyst,
whereas the catalyst without PVP had a smaller specific surface
area and pore volume (Fig. 9). Based on these observations,
this is presumed to be due to the introduction of appropriate
PVP intensifying the dispersion of active components on the
surface of the catalyst (Margellou et al., 2018). The other pos-
sible reason is that the organic polymer with free radical struc-
tures and organic groups such as Lewis acids could withdraw
or donate electrons (Figueiredo et al., 2007). It has been
reported in the literature that the carbonyl/quinone groups
on the surface of carbon are the strong active sites for oxida-
tive dehydrogenation reactions (Pereira et al., 1999). Following
a further increase in PVP amount (beyond 35 wt%), no appre-
ciable improvement in biodiesel yield was seen. One possible
explanation for this phenomenon is that the excessive organic
calcination residues on the surfaces of support may lead to a
significant decrease in the pore volume and pore size of sup-
port (Qu et al., 2021). This phenomenon in this study is similar
to that reported in other previous literature (Guisnet and
Magnoux, 2001; Moreno-Castilla et al., 2001). Nevertheless,
the mechanism by which the organic polymer assisting
improves catalytic performance remains unclear. Thus, further
investigations are required to uncover this mechanism, and this
is the next step in our future studies.

3.2.4. Effect of catalyst loading

The catalytic reactions were carried out by varying the loading
of the synthesized catalyst (Fig. 10a). It is interesting to notice
that the conversion yield can reach 65.37% even at lower cat-
alyst loading. The biodiesel yield increased progressively with
increasing in the catalyst loading. Thus, the biodiesel yield of
94.36% could be achieved when the catalyst loading was
6 wt%. The increase in biodiesel yield with increasing loading
of the catalyst was due to the increase of active sites of the
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Fig. 7 XPS analysis of the synthesized catalyst.

catalyst participated in the conversion reaction. Moreover, the
biodiesel yield decreased with increased catalyst loading by
more than 6 wt%. There are two possible reasons caused the
decrease in biodiesel yield at a higher catalyst loading: (1)
The higher catalyst loading may lead to the increase of the vis-
cosity in the mixture reaction system, which has influenced the
mass transfer between the reactants and the catalyst (Negm
et al., 2017; Hwa et al., 2015). (2) ZnO catalyst is an ampho-
teric composite, the saponification side reaction might have
induced resulting in decreasing biodiesel yield (Santana et al.,
2012).

3.2.5. Effect of methanol amount

The catalytic reactions of the insect lipid were conducted at
methanol to lipid molar ratio of 3:1-15:1 (Fig. 10b). The

lowest conversion of lipid into biodiesel (34.22%) was
obtained when the molar ratio of methanol to lipid was 3:1.
It is evident from Fig. 10b that the biodiesel yield increases lin-
early with methanol amount. The biodiesel yield of lipid was
94.36% at a methanol/lipid molar ratio of 9:1. However, the
biodiesel yield decreases slightly when the molar ratio of
methanol/lipid exceeded 9:1. But at a higher molar concentra-
tion of methanol, there were two possibilities for reducing bio-
diesel yield: (1) Due to the reversible nature of the trans-
esterification reaction, the equilibrium of reaction has shifted
toward the backward reaction (Bhatia et al., 2020; Mutreja
et al., 2014). (2) Additionally, further excess deluges the active
sites of the catalyst that may hinder the protonation of fatty
acid at the active sites, resulting in a decrease in biodiesel yield
(Khan et al., 2020; Roy et al., 2020).
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Table 3 Pore textural properties of the prepared products
with different PVP amounts.

Sample Surface area Pore diameter Pore volume
(m*/g) (nm) (cm*/g)
0 11.12 8.79 0.0821
5% 12.29 10.13 0.0798
15% 16.14 14.78 0.0786
25% 20.66 16.23 0.0771
35% 25.46 19.12 0.0732
45% 17.26 17.68 0.0714
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Fig. 9 The effect of PVP amounts on the biodiesel yield.

3.2.6. Effect of catalytic reaction temperature

To evaluate the effect of the catalytic reaction temperature, the
catalytic reaction was conducted at different ranges of temper-
ature (Fig. 10c). It is thus apparent that the biodiesel yield
increased with increasing the reaction temperature. The reason
for this result can be deduced from the mass transfer principle

considering that the high temperature condition is helpful to
increase the probability of effective collisions between the cat-
alyst and the reactant molecules, resulting in a faster rate of
mass transfer, hence resulting in increased conversion yield
of biodiesel (Sahani et al., 2019). At the higher temperature
(65 °C), a conversion yield of 94.36% was obtained. However,
a slight decrease in the biodiesel yield was observed when the
reaction temperature exceeded 65 °C under the same reaction
conditions. This phenomenon occurred because of the vapor-
ization of the excess methanol at the optimal temperature
(Saravanan et al., 2015).

3.2.7. Effect of the alcohol types

The effect of alcohol types in the conversion reaction is shown
in Fig. 10d. Using the prepared catalyst, the biodiesel yield
decreases with increasing alcohol molecular weight. The order
of the conversion capacity is methanol, ethanol, propanol, iso-
propanol, and fert-butanol. The reason was ascribed to the
fact that the larger alcohol chains have inferior nucleophilicity.
By comparing the decomposition capacity of other alcohol,
methanol with more nucleophilicity of methoxide ion decom-
poses more quickly (Basumatary et al., 2021). In addition, lar-
ger chains have a greater sterile hindrance, which prevents
fatty acids from interacting with the catalyst (Araujo et al.,
2019).

3.3. Reusability and stability of catalyst

As regards the homogeneous catalyst, the most intriguing fea-
ture of this heterogeneous catalyst is that it still had high cat-
alytic activity and stability after successive reaction cycles.
Therefore, further recycling experiments were performed using
the synthesized catalyst under the defined conditions to evalu-
ate the reusability of the catalyst (Fig. 11). Upon completion of
each reaction, the solid was collected and directly reused in
subsequent cycles. The second catalytic reaction was carried
out under the previous same conditions and a conversion yield
of 88.66% was obtained. This procedure was repeated five
times. It is noticeable that there appears to be no significant
decrease in biodiesel yield for each repeated experiment. There
are three possible reasons caused the decrease in the activity of
the catalyst. (1) The loading of catalyst used in the next cycle
was lower than the initial cycle, which might partly be respon-



Polymer functionalization of biochar-based heterogeneous catalyst

120
104 (@)
1004 T B
3 907
S 1
= 804
2
2 704
9
4
5 60
2
2 504
104
304
20 T T T r T
2 4 6 8 10
Catalyst loading (wt %)
120
] (©
100 4
T 901
= 809
2
= 70
H
5 60
=
2 504
10
30 1
20 r T T T T
55 60 63 70 75

Reaction temperature ('C)

120
o (@)
100
A
;\: 90 4 -~
~ 7 I
= 80 /
=2 /
= 704 /
] /
. K
= 60 f
2 /
2 50 /
/
w04
&
304
20 T T T T T T
2 4 6 8 10 12 14 16
Molar ratio of methanol to lipid
120
100 4
T 804 X
= 80 P
=~ Sodesess
Soresess
2 9%t [
] P55
|
> 604 oso%te \
3 s
3 0,000
i |
5 oesnate \
] PR l
=10 eortore |
=2 Sotetels |
Rotetele
Sotetess |
Setetere |
Relele%s |
204 esesess:
Soeletel T
KX
P XA
Redelels ‘
o] |
0 Reletels) |

Methanol Fthanol Propanol  Isopropanol  tert-Butanol

Type of alcohol

Fig. 10  The effect of reaction conditions on the biodiesel yield. a-catalyst loading; b-methanol amount; c-catalytic reaction temperature;

d-alcohol types.

100

80

60

40 -

20

0-
1 2 3 4 5

Catalyst reusability

Biodiesel yield (%)

Fig. 11  Reusability of the synthesized catalyst.

sible for reducing biodiesel yield during the recycling experi-
ments. (2) The produced by-product glycerol covered the sur-
face of the catalyst and blocked the active sites of the catalyst
(Gohain et al., 2020). (3) The leaching of active components of

the catalyst would lead to the decrease of catalytic activity dur-
ing the recycling experiments (Khan et al., 2020).

To further explore the feasibility of the synthesized catalyst,
the characterizations of SEM and TEM were carried out for
the fresh and reused catalyst (five cycles). The SEM
(Fig. 12a) micrograph shows that the synthesized catalyst
retains its bulk-like nanostructure. Compared with Fig. 2(c)
and Fig. 5(a), it is likely that the surface and porous structure
of the synthesized catalyst changed slightly. The change in the
surface and porous structure of the synthesized catalyst was
due to the catalyst being poisoned by the irreversible adsorp-
tion of the free fatty acids on the active sites, which destroys
the pore structure and increases the mass transfer resistance
(Kwong and Yung, 2016; Li et al., 2022).

Meanwhile, combining Fig. 13(a) with Fig. 13(b), there was
no obvious apparent difference in the structure and the physic-
ochemical properties of the reused catalyst after five cycles.
However, there was a significant decrease in the peak intensity
of ZnO after the reused reaction, implying the loss of active
components during each reaction. Besides, the newly detected
functional groups (2920 and 2850 cm ™!, C—H stretching vibra-
tion of glycerol molecule) on the reused catalysts, may block
the active sites and result in reduced activity on the reused cat-
alyst (Yusuff et al., 2021). Consequently, the biodiesel yield
decreased as the reaction cycle increased. Further work is
ongoing to optimize the composite catalyst to limit the
decrease in the yield of biodiesel in the subsequent cycles of
use.
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Fig. 12 SEM and TEM of the reused catalyst.
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Fig. 13 XRD pattern and FT-IR spectra of the fresh and reused catalyst.

In comparing the catalytic activity of those previously
reported catalysts, it is clear that the synthesized catalyst has
better stability and reusability for biodiesel production in the
current work (Table 4). For instance, biodiesel yield reduced
from 94.36% to 47.52% after the fifth cycle when corncob bio-
mass waste-based acid catalyst was utilized as an efficient cat-
alyst in the transesterification of palm fatty acid (Tang et al.,
2020). Macawile et al. reported that biodiesel yield decreased
from 93.10% to 58.09% after the third cycle of reuse of the
novel modified solid acid catalyst (Macawile et al., 2020).

3.4. Catalytic mechanism of the prepared catalyst

The ZnO materials were loaded on the sulfonated biochar-
based support in this study. As both acid and base groups

are present on the surface of the biochar support, both acid-
base mechanisms are likely to occur. Fig. 14 depicts the pro-
posed mechanism simplified for the catalytic reaction.

Acid catalysis: The first step involves protonation of the
carbonyl group of insect lipids by the protons generated from
the acidic sites. The sulfonate groups (-SOsH) on the frame-
work of the prepared catalyst have labile hydrogen protons
that can be easily migrated to attack the most nucleophilic cen-
ters of lipids (C=O0) to form the protonated form of lipids
(Macawile et al., 2020). Then, the electron-rich hydroxyl
groups of methanol would nucleophilic attack the cationic cen-
ters on protonated lipid (Betiha et al., 2020). The unstable pro-
tonated lipid-methanol ether complex formed undergoes two
successive stabilization steps. The first includes the loss of
water molecules to produce the protonated lipid-methanol
ester intermediate. The second involves the conversion of the

Table 4 Comparison of catalytic performance of different supports used for biodiesel production.

Support Feedstock BY Cycles Reference

Corncob biomass waste Palm fatty acid 47.52% 5 Tang et al. (2020)
Functionalized carbon nanotubes High free fatty acid 58.09% 3 Macawile et al. (2020)
Li-doped activated carbon Mixture of non-edible oils 67.66% 6 Ayoob and Fadhil (2019)
Banana peel ash Soybean oil 52.16% 4 Pathak et al. (2018)
Jatropha curcas biomass Jaropha curcas oil 81.03% 4 Mardhiah et al. (2017)

BY-Biodiesel yield.
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Fig. 14  Catalytic mechanism of the synthesized catalyst.

protonated lipid-methanol ester intermediate into the corre-
sponding lipid-methanol ester by losing protons, which are
combined with the ionized acidic catalysts to retain their chem-
ical structures (Khan et al., 2021).

Base catalysis: The two types of esterification and transes-
terification simultaneously took place on the surface of the
biochar-based catalyst. ZnO as a Bronsted base was loaded
on the support during the catalysis process. A part of methanol
and triglyceride reactants may be adsorbed at different Zn
active sites on the ZnO catalyst surface. Thus, it was reason-
able that the interaction of the ZnO catalyst and triglyceride
would form the bond of Zn and -O-CH,. The presence of
ZnO in the chemical structure of the catalyst has a high influ-
ence on its alkalinity (Kouzu et al., 2009; Putra et al., 2018).
The fatty acid methyl ester is then produced and formed
diglyceride. The diglyceride further reacted with methanol to
produce the object product (fatty acid methyl ester) and inter-
mediate (monoglyceride). In the meantime, the monoglyceride
is further involved in the reaction to form fatty acid methyl
ester and by-product (glycerol). Finally, the by-product glyc-
erol may be desorbed from the active sites of the biochar-
based catalyst. In this way, the catalyst can be reused in subse-
quent reactions.

3.5. Analyses of biodiesel produced

3.5.1. FT-IR spectra analysis

Fig. 15a shows the FTIR spectra of insect lipids and biodiesel.
The absorption band at 3400 cm ™" for insect lipids, which indi-
cates the occurrence of (—OH) stretching vibration of car-
boxylic acid, alcohol, or phenol (Ayoob and Fadhil, 2019).
Interestingly, the observed absorption band disappears in the
FTIR spectra of biodiesel. Its absence in biodiesel indicates
that esterification has been highly effective. As shown in
Fig. 14a, the biodiesel spectra have two sharp and broad peaks
at 2920 cm~! and 2851 ecm™!, respectively. The bands at 2920—
2851 cm ™! are due to symmetric and C—H asymmetric stretch-
ing vibrations (Falowo et al., 2020; Falowo and Betiku, 2022).
The C=O0 stretch vibration at 1745 cm ™' of insect lipid shifts
to 1742 cm™! in biodiesel, which represents the conversion

reaction (Ayoob and Fadhil, 2020). The peak at 1461 cm !
corresponds to the bending of CH, (Li et al., 2015). A peak
at 720 cm~! was observed and assigned to the vibration of
the CH, bond from the long fatty acid chain (Li et al.,
2019). The existence of major absorption bands proved that
biodiesel was produced in this work. The results obtained in
this study were in good agreement with those reported in the
previous study (Tsanaktsidis et al., 2013).

3.5.2. 'TH NMR analysis

The synthesis of biodiesel from insect lipids was characterized
by the '"H NMR spectra (Fig. 15b). The major differences in
signals indicated the conversion of insect lipids to biodiesel.
In Fig. 13b, the peaks present at 4.28 ppm and 5.33 ppm cor-
respond to the glyceridic protons and olefinic protons
(—CH=CH—) in insect lipids, respectively (Fadhil et al.,
2019). A new singlet observed on the spectra around
3.57 ppm indicates the appearance of methoxy protons
(—CO—OCH3) (Li et al., 2015). Instead, the glyceridic peaks
near 4.28 ppm completely disappeared. The results observed
here illustrated that the insect lipid was successfully converted
to biodiesel. The signals at 2.30 ppm in the '"H NMR spectrum
of insect lipid and 2.22 ppm in the '"H NMR spectrum of bio-
diesel are due to a-CH, protons to the ester (—CH,—CO,R)
groups present in the insect lipid and biodiesel, respectively
(Macina et al., 2019). The 'H NMR signals of the methylene
—(CH,),—protons of the fatty acid chain in the insect lipid
and biodiesel are observed at 1.25 ppm and 1.18 ppm, respec-
tively (Nath et al., 2019). The terminal methyl protons (—CHj3)
of the triglycerides and biodiesel are indicated by the '"H NMR
signals at 0.87 ppm and 0.81 ppm, respectively.

3.6. Physicochemical properties of obtained biodiesel

The physicochemical properties of the biodiesel sample
obtained from the conversion of the insect lipid over the pre-
pared catalyst were determined and listed in Table 5. It can
be noted that most of the fuel properties of biodiesel produced
in this paper meet the specifications of the ASTM standard.
Biodiesel with low viscosity is preferable for better com-
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Fig. 15 FT-IR spectra and "H NMR spectra of the insect lipid and biodiesel.
Table 5 Physicochemical properties of obtained biodiesel.
Property ASTM* Insect lipid Waste cooking oil” Waste frying oil® Fried oil”
Density (kg/m°) 860-900 893 875 880 /
Viscosity (mm?/s) 1.9-6.0 14.53 5.63 4.02 4.98
Pour point (°C) —15to 16 —5.0 -9 3 /
Acid value (mg KOH/g) <0.5 0.78 / 1.76 0.27
Moisture content (mg/kg) <500 413 400 / 766

# Ref. Soltani et al. (2021).
® Ref. Mansir et al. (2017).
¢ Ref. Singh et al. (2016).
4 Ref. Viola et al. (2012).

bustibility in the engine. The viscosity reported in this study
was well below the maximum limits of the ASTM standard.
It is interesting to note that measurements of other fuel prop-
erties (acid value, density, and moisture content) from insect
lipids derived from biodiesel were similar to the previously
reported results.

4. Conclusions

In summary, a novel biochar-based heterogeneous catalyst (ZnO/
PVPediae-BC-S) with acid-base bifunctional catalytic capacity was
successfully synthesized by using PVP as a support mediator for the
conversion of the insect lipid into biodiesel. The results of these exper-
iments suggested that the biodiesel yield was 94.36% at the defined
condition. As a mediator, PVP has enhanced the interaction between
active components and support in the catalyst synthesis process. The
appropriate PVP amount will be beneficial for the catalyst to have
greater structure and crystallography of support, to maintain better
catalytic activity. Meanwhile, the biodiesel yield did not decrease sig-
nificantly after five cycles of reuse, indicating excellent stability and
reusability of the prepared catalyst. Most of the fuel properties of
the prepared biodiesel in this paper meet the ASTM standard specifi-
cations. This work demonstrates that biodiesel production with high
yield catalyzed by inexpensive and facilely fabricated biochar support
from the waste insect shell has tremendous potential for large-scale
production and practical applications.
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