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Abstract

Rape pollen with fishnet-like network structure has been used as support in the construction of high dispersion CaO materials
assigned to CaO(P) (“P” was symbol of the precipitation method). Effect of various preparation conditions such as calcina-
tion temperature was evaluated following the performance for no-glycerol biodiesel preparation. The relatively well activity
was observed by yielding to no-glycerol biodiesel of 92.69% in the rapeseed 1/1/8 mixture of oil-methyl acetate—methanol
at 65 °C for 3 h over 10 wt% of 1/1-CaO(P)-700 which is better than 80% over commercial CaO. In addition, the catalytic
performance of reused catalyst was also investigated. TGA-DSC and BET studies showed that the catalyst has good thermal
stability and high surface area with hierarchical microstructures with large and mesopores on the surface, respectively. Fur-
thermore, hierarchical basicity has been also established which provided various active sites for the heterogeneous reaction.
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Introduction

Demand for the dieselization of vehicles has grown steadily
due to the innovation of fuel market, which makes the pro-
motion and development of diesel industry a focus attention
[1]. Biodiesel, as a paradigm of biomass in the new era, has
dual advantages, not only socially but also economically,
from avoiding price fluctuations caused by traditional non-
renewable fuels to realizing structural energy saving and
emission reduction benefits [2]. However, the commercial
petrochemical-diesel fuels are mainly derived from crude
oil through a series of process methods such as distillation,
catalytic cracking, thermal cracking, hydrocracking, and
petroleum coking. Most of them are divided into hydrocar-
bons with carbon chain length concentrated between 12 and
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25, which has the two major ailments of high sulfur and
high nitrogen, severely shaking the construction of ecologi-
cal civilization, especially its impact on the atmospheric
environment [3, 4]. At present, the most common theory
about biodiesel synthesis is based on the transesterification
reaction developed by the two chemicals of triglyceride (TG)
and methanol (MeOH) [5]. The as-synthetized biodiesel is
of a low-carbon higher fatty acid composed of C, H and O,
also known as the fatty acid methyl esters (FAME) with
carbon chain lengths ranging from 16 to 20 [6]. However,
the increase in biodiesel production increases the production
of glycerin in a quantity much greater than the necessary
demand. Therefore, the secondary utilization of glycerin
resources has attracted extensive attention of the majority
of researchers [7] by addition of the novel ester reagents
to removal of by-product of glycerol [8]. In the common
crafts, the assistance of homogeneous alkali (such as NaOH,
KOH) or acid reagents (H;PO,, H,SO,) have been generally
required, but the addition of such substances cause a con-
sequence for the corrosion of equipment [9, 10]. The com-
modity oils could be obtained after neutralization, leading to
the generation of the countless industrial wastewater, which
does not accord well with the requirements of environmental
catalysis. Calcium oxide with stronger alkalinity, low cost
and low solubility in methanol, is one type of the potential
alkaline earth metal oxides (H™ value: 10.1-11.1), which is
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a solid base with commercial value and industrial prospects
[11]. Therefore, the development of a green and efficient
synthetic route for highly dispersed calcium oxide is of pro-
found significance to solve the problem of energy shortage.

In previous research, templates have attracted great atten-
tion for preparing porous materials with uniform particle
and well dispersion by controlling the growth of crystalline
by preventing active species aggregation even under high
calcination temperature during the removal process of tem-
plate [12]. In addition to physical and chemical templates,
a great deal of biologically functional tissues from nature
could also provide new inspiration for modern material sci-
ence and chemical reactions, ranging from insect wings,
pollen grains, plant fiber, paper and eggshell membranes to
bacteria, DNA, viruses, etc. [13]. Pollen has a rich porous
structure and large specific surface area, and its outer wall
has reticulated cavities with a large amount of proteins and
phospholipids, which are easy to attach precursors and
provide a medium for the doping of heteroelements [14].
Chen et al. [15]'employed five distinct natural plant pol-
lens (lotus, camellia, rapeseed, schisandra, and pine flower)
as biological templates to synthesize anatase TiO, hollow
spheres, thereby enhancing the photocatalytic performance
of multiple rare-earth elements with both single and com-
bined doping. The precipitation method is one of the most
common ways in preparing solid catalysts, which refers to
the employment of the precipitation agent (NaOH, Na,CO5)
in the aqueous solution containing the metal salt under the
control of a certain temperature and pH, to the formation of
metal salt precipitation, such as hydrous oxide, carbonate
crystals or gels. Subsequently, the as-obtained powder could
be obtained by a series of processes, such as wash, dry, and
calcination [16].

Since the critical factor in the synthesis of solid base
materials is to tailor and control dispersion, the aim of the
present work is to develop the precipitation approach based
on pollen to prepare high dispersed CaO for enhanced no-
glycerol biodiesel preparation by tri-component coupling
transesterification. Meanwhile, the templated CaO(P) was
also characterized to reveal its structure and properties.

Materials and Methods
Experimental Process

Solid-based CaO (P) was distributed in a mixing flask
equipped with refined rapeseed oil, methyl acetate and
methanol and refluxed under a magnetic stirrer at moder-
ate temperature (65 °C) for 3.5 h. Then, centrifugation and
rotary evaporation were done to complete the glycerol-free
biodiesel preparation [17].
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The yield of FAME in different periods (20, 40, 60,
90, 120, 150, 180 and 210 min) was measured using a
GC-7860 gas chromatograph with KB-Wax capillary col-
umn (30 mx0.32 mm x0.25 pm) and a flame ionization
detector (FID). The temperature program is as follows: the
temperature gradient in the range of 100-200 °C with heat-
ing rate of 20 °C min~! for 3 min and then increased in the
range of 200-220 °C with heating rate of 10 °C min~! for
3 min. At last, the temperature gradient was in the range of
220-0 °C with the heating rate of 10 °C min~"' for 3 min. In
the investigation of catalytic performance, calcination tem-
perature, mole ratio of nitrate and sodium carbonate, CaO(P)
dosage, reaction temperature and ratio of oil, ester, alcohol
were presented in detail because of their significant effects
on the catalytic capacity. The calculation results of FAME
yield were measured in accordance with Eq. (1) to determine
the optimum conditions for obtaining CaO(P), where ) A,
Ay Cyg (1 mg mL™1) and Vg (1 pl) are a symbol of the
peak area of the all FAME, the peak area of methyl hepta-
decanoate, the concentration of the methyl heptadecanoate,
the injection volume, respectively. W (mg) is of the quality
of product oil:

A W ey

yield(%) = l(ZA" - AMH)] Crir Vv X 100

Chemicals and Materials

All analytical chemicals reagent related to catalyst synthe-
sis and biodiesel preparation such as CH;COOCH; (Kelon
Co., Chengdu, China), CH;0H (Fuyu Co., Tianjin, China),
NaOH (Tianli Co., Tianjin, China), C¢H,, (Tianli Co., Tian-
jin, China), C,gH30, (TCI Co., Shanghai, China), C,H;OH
(Fuyu Co., Tianjin, China), Ca(NO;),-4H,0 (Damao Co.,
Tianjin, China), Na,CO; (Beilian Co., Tianjin, China) had
no further treatment. Rapeseed oil as raw material was
obtained from Jianxing Co., Shanxi, China. The chemical
and physical properties of rapeseed oil are shown in Table 1.
The broken rape pollen (diameter of 30-40 pm, density of
0.6-1.0 g/cm®) was obtained from Changge Yanyuan Bee

Table 1 Properties of rapeseed oil

Properties Wt %
Saturated C16 fatty acid 3.7
Saturated C18 fatty acid 14
Unsaturated C16:1 fatty acid 61.6
Unsaturated C18:2 fatty acid 21.8
Unsaturated C18:3 fatty acid 0
Density (kg/m®) 878
Kinematic viscosity (mm? /s) 4.13
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Products Co., Ltd. Commercial CaO was purchased from
Kermel Co., Ltd.

Catalyst Characterization

The structural details of the template CaO(P) were charac-
terized by various characterization techniques. By employ-
ment of Micromeritics ASAP 2020 HD88, the BET surface
areas and pore-size distribution (PSD) of the CaO(P) were
measured based on BET equation and BJH model [18]. It
was noted that the thermal properties in range of 25-800 °C
of the CaO(P) were collected by TGA-SDTAS851 analyzer
[19]. As shown by FT-IR, spectra of the CaO(P) in the wave-
number range of 4000-500 cm™! were recorded on Nicolet
5700 by means of KBr pellet technique [20]. Finally, the
SEM figures and XRD patterns (26: 10°-80°) of the CaO(P)
were presented, where they were performed using JSM-
6390A [21] and D8 ADVAHCL with Cu-K, radiation of
40 kV and 30 mA [19].

Catalyst Preparation

The rape pollen (60 g) was cleaned by anhydrous alcohol
(90 g) for 1 h under ultrasound for further experiments (step
1). The CaO(P) preparation was carried out by precipitation
approach as suggested as follow: 20 g processed pollen was
added into calcium nitrate solution (1 mol/L. 100 mL) under
stirring. After 3 h the suspension was obtained and heated to
70 °C, and then sodium carbonate solution (0.5-1.5 mol/L
100 mL) with the different molar mass as calcium nitrate
was added into suspension under continuous stirring and
controlled temperature (70 °C) for the formation of cal-
cium carbonate (step 2), following by centrifugation, wash-
ing, drying, calcination (600-800 °C) to obtain solid base
CaO(P) (step 3) as shown in Fig. 1. The templated CaO(P)
were assigned to X-CaO(P)-Y, where “X” was the mole ratio
of calcium nitrate to sodium carbonate, “Y”” was symbol of

OH
OH,, _OH
e e
- o
Oh~ ..:g. ~OH
-

Ca(NOs),

/
OH

OH

Fig.1 The preparation pollen-derived CaO

‘ot Na,CO;

the calcination temperature, as well as the expression of “P”
was referred to the precipitation method.

Reusability

The reusability of 10 wt% CaO(P) was investigated at same
react condition by repeating the transesterification reaction
several times with used catalysts. After each reaction, cata-
lysts were separated from the previous reaction mixture by
centrifugation, washed with hexane, and then dried at 60 °C
and introduced into fresh substrate.

Results and Discussion
Characterization of Catalysts
BET Analysis

For the Tables 2, 3 and Fig. 2a, b, it was depicted the
textural details of pores from as-obtained templated
CaO(P) calcined in various temperatures range from 600
to 800 °C and the mole ratios of nitrate to sodium car-
bonate (n(Ca2+):n(Na2CO3)) between 1/0.5 and 1/1.5. It
was seen that the calcination temperature is an important
factor affecting the textural properties of CaO (P), and

Table2 Pore structure properties of derived CaO(P) from different
calcination temperature and commercial CaO

Type of catalyst BET surface  Pore Average pore
area (mz/g) volume diameter (nm)
(cm¥/g)
1/1-CaO(P)-600 10.57 0.03 10.35
1/1-CaO(P)-700 14.92 0.04 11.96
1/1-CaO(P)-800 13.03 0.04 12.63
Commercial CaO-700  11.44 0.03 11.31

Step2 Step3 ) 5 % -

recipitation Calcination
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Table 3 Pore structure properties of derived CaO(P) from different
proportion of nitrate to sodium carbonate and commercial CaO

Type of catalyst BET surface  Pore Average pore
area (mz/g) volume diameter (nm)
(cm’/g)
1/0.5-CaO(P)-700 14.16 0.04 11.97
1/1-CaO(P)-700 14.92 0.04 11.96
1/1.5-CaO(P)-700 10.34 0.02 9.46
Commercial CaO-700 11.44 0.03 11.31

the results showed that BET surface area, pore volume,
pore size keep an increase tendency from 10.57 to 14.92
m?/g, 0.03-0.04 cm®/g, 10.35-11.96 nm, respectively, as
the calcination temperature changed from 600 to 700 °C.
However, with the increased calcination temperature to
800 °C, the textural parameters declined as presented by
BET surface area of 13.03 m?/g and pore volume of 0.04
cm3/g, which attributed the sintering of CaO(P) surface
and the reduction in mesopores numbers as shown in
Fig. 2.

CaO(P) obtained under different calcination conditions
were of a typical IV isotherm with a H3-type hysteresis
loop (P/P,> 0.4) for interpretation of mesopore materials
[6]. It could be further confirmed by PSD results centered
at 3.5 and 7 nm, indicating the generation of hierarchi-
cal structure [22]. Besides, it was also found that 1/1-
CaO(P)-700 had best BET surface area (14.16 m2/g) and
pore volume (0.04 cm?/g) which providing an extensive
potential for efficient catalysis of no-glycerol biodiesel
and suggested that the higher the sodium carbonate con-
tent, the pore plugging leads to the improvement of struc-
tural properties.
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XRD Analysis

In order to further explore the effect of the preparation con-
ditions of as-obtained CaO(P) powder on its phase com-
position, the evaluations in this section were the position
of diffraction peak of CaO (JCPDS 48-1467), Ca(OH),
(JCPDS 44-1481) and CaCO; (JCPDS 33-0268) [23].
The details of diffraction peaks of CaO(P) are presented
in Fig. 3a. It can be seen clearly that the calcinating tem-
perature had positive impact on composition of CaO and
Ca(OH), for reasons of the carbonate decomposition. The
crystal planes (111), (200), (202), (311) and (222), mean-
while, were observed at 260=32.21°, 37.36°, 53.86°, 64.19°
and 67.38° from 1/1-CaO(P)-700 [24] presented to CaO
phase. Moreover, it can been found that the relatively sharp
and intense diffraction peaks of CaO over 1/1-CaO(P)-700
indicated its better crystallite, while the broad peaks of the
commercial CaO-700 indicated its smaller grain size and
poor meso—macro-pore distribution according to the Scher-
rer formula (D = KAMBcos0) [25]. However, the relatively
sharp diffraction peaks of CaO over 1/1-CaO(P)-800 were
an indication of poor dispersion according to the Scherrer
formula (D = KA\/BcosB), which was due to the sintering sur-
face and a decrease in specific surface area, suggesting that
a proper calcination temperature was conducive to promote
the dispersion of CaO particles so as to its catalytic perfor-
mance to transesterification reaction [26]. Furthermore, it
can be found that the phase of CaCO; with poor catalytic
activity can be discomposed completely when calcination
temperature above 600 °C which is well consistent with the
thermal analysis result as shown in Fig. 5. Meanwhile, it was
found that the molar ratio of nitrate and sodium carbonate is
also one of the important factors affecting the morphology,
structure and composition of CaO(P) samples. As shown
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Fig.2 The N,-adsorption—desorption isotherms and pore-size distributions (PSD) of the synthesized CaO(P) samples. a The calcination tem-

perature; b the mole ratio of nitrate and sodium carbonate
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Fig.3 XRD patterns of the synthesized CaO(P) samples. a The calcination temperature; b the mole ratio of nitrate and sodium carbonate

in Fig. 3b, with an incremental sodium carbonate (1/1.5-
CaO(P)-700), the presence of CaCOj; during the pyrolysis
process under 700 °C to the worse catalytic performance
accounted for the weak conjugated base of CaCOj.

FT-IR Analysis

FT-IR spectra measurements on the pyrolyzed CaO(P) had
offered the more detailed evidences to explain its thermal
behavior. Typical FT-IR spectra, for 1/1-CaO(P)-600, 1/1-
CaO(P)-700 and 1/1-CaO(P)-800 samples, are presented at
Fig. 4a. It was encountered that the stretching vibrations of
—OH at 3648, 3448 and 1647 cm™', respectively [24], due to
the hydroxyls groups from the physisorbed water molecules
in materials [27]. Meanwhile, the sharp-pointed bands of
carbonate were seen from the wave number of 1459, 871
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and 713 cm™! [28]. Further an advancement in calcinations
temperature from 600 to 800 °C, the intensity of two types of
bands started getting a little smaller and weaker, which was
due to the full thermal decomposition of generated precipita-
tion CaCOj. Furthermore, the increasingly sharp vibration
band of COSZ_ was observed in as-obtained 1/1-CaO(P)-
600 sample, suggesting that the calcination temperature of
600 °C was supposed to incompletely remove carbonate.
While it was significant to comprehend that the increased
temperature (700 °C) promoted to the ameliorated diffu-
sivity leading to faster crystallization of CaO and then the
shrinkage was prevented. Figure 4b shows that the CaO(P)
samples calcined at 700 °C with different sodium carbonate
contents consist of CaO, Ca(OH), and CaCO,, and it can be
seen from the figure that sharp carbonate bands can be seen
from the wave numbers of 1459, 871 and 713 cm™!, which

36483448 1/1.5-CaO(P)-700 16471459 871713

R 3 b
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Fig.4 FT-IR spectra of the synthesized CaO(P) samples. a The calcination temperature; b the mole ratio of nitrate and sodium carbonate
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become larger and stronger as the amount of sodium carbon-
ate increases due to the generated more precipitate CaCOj;.

TG Analysis

TG and DTG curves of the as-synthesized CaO(P) samples
after various calcination treatment are presented in Fig. 5a,
b. It was observed that there were one major weightloss
interval assigned to the pyrolyzation of CaCOj, which was
visible in 510-790 °C with the weight loss value of 26%,
6% and 2%, expressed by 1/1-CaO(P)-600, 1/1-CaO(P)-700
and 1/1-CaO(P)-800, respectively. Conversely, commercial
Ca0O-700 had two decomposition intervals correspond-
ing to decomposed Ca(OH), and CaCO; at 330-400 °C
and 510-790 °C, as well as the more weightlessness was
observed (13%). For a series of CaO(P) materials derived
from nitrate and sodium carbonate with mole ratio of 1/1
under different calcination temperatures, a shift to higher
temperature could be seen with calcination temperature
from 600 to 800 °C, which maybe indicated the stronger
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stability as well as avoidance from the impact of the air
[29]. Certainly, the more obvious weight loss of CaCO was
observed (Fig. 5c, d) due to sodium carbonate consumption.
It should be mentioned, however, that the weightlessness of
1/0.5-CaO(P)-700, 1/1-CaO(P)-700 and 1/1.5-CaO(P)-700
were reflected in 4%, 6% and 13%. From the result it can be
observed that all of sample can be transformed to CaO after
calcined above 510 °C and an increase in the weightloss of
CaCOj; with the higher concentration of CaO(P) (calcium
nitrate/sodium carbonate), due to the generation of more pre-
cipitation or severe corrosion by air. Therefore, the CaO(P)
samples over an appropriate pyrolysis temperature (700 °C)
and the addition amount of sodium carbonate (1/1) was com-
paratively favorable to obtain well dispersion and stability
CaO particles.

CO,-TPD Analysis

The CO,-TPD curves of CaO(P) under different calcina-
tion conditions are shown in Fig. 6a. It can be seen that
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Fig.5 TG curves of the synthesized CaO(P) samples. a, b The calcination temperature; ¢, d the mole ratio of nitrate and sodium carbonate
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Fig.6 CO,-TPD curves of the synthesized CaO(P). a Calcination conditions; b the mole ratio of nitrate and sodium carbonate

the CO,-TPD curves with a single peak were presented
by CaO(P), and the CO,-desorption temperature appeared
around 700 °C, suggesting that CaO(P) had strong basic
site. When n(Ca**):n(Na,CO;) = 1/1, the CO,-TPD curve of
CaO(P) shifted to right and the peak area gradually increased
so as to the highest total basicity (4.48 mmol/g) as the calci-
nation temperature increases from 600 to 700 °C. However,
it was found that the surface of the 1/1-CaO(P)-800 had
13.03 m%g (BET specific surface area) after sintering, which
caused its total basicity to drop to 3.37 mmol/g. As seen in
Fig. 6b, it can be observed that when n(Ca2+)/n(Na2CO3)
increased from 1/0.5 to 1/1, the total basicity of CaO(P) were
calculated to 4.00 and 4.48 mmol/g, respectively, which was
attributed to the hydrolysis of Na,CO; in aqueous solution
to generate CO;2~ and OH™, followed by reaction with Ca**
to form CaCOj; and Ca(OH),, thus effectively avoiding the
precipitation of Ca**. Besides, the increase of BET specific
surface area was beneficial to the change of total basicity
as result of the increase of surface basic sites [30]. A large
amount of CaCO; and Ca(OH), were produced on the pollen
surface as n(Ca2+)/n(Na2CO3) was 1/1.5, which reduced the
BET specific surface area of 1/1.5-CaO(P)-700 to 10.34 mz/g
so as to the decreased total basicity (1.36 mmol/g). There-
fore, 700 °C of calcination and 1/1 of n(Ca2+)/n(Na2CO3)
were selected as the optimal preparation conditions for
CaO(P) [31] (Table 4).

SEM Analysis

The SEM pictures of the original pollen, pretreated pollen
(Fig. 7a, b), synthesized CaO(P) samples (Fig. 7c—g), as
well as commercial CaO prepared under 700 °C (Fig. 7h)
had been shown. It was conspicuous that the microstruc-
ture of the original pollen was similar to ultrasonic treated
pretreated pollen with germination holes and germination

Table 4 Total basicity of CaO(P) and Commercial CaO-700

Type of catalyst Total basicity Desorp-
(mmol/g) tion peaks
(area%)
1/1-CaO(P)-600 - -
1/1-CaO(P)-700 4.48 1.04
1/1-CaO(P)-800 3.37 0.78
1/0.5-CaO(P)-700 4.00 0.93
1/1.5-CaO(P)-700 1.36 0.32
Commercial CaO-700 0.79 0.18

grooves. However, it was clearly seen that the collapse
of the 3D structure after the high temperature pyrolysis
[32]. Figure 7c—e depicts images of CaO(P) calcined in
the temperature range of 600—800 °C, where the degree
of calcination agglomeration becomes increasingly appar-
ent as the temperature increases. It can be seen that the
samples calcined at 800 °C were agglomerated and sin-
tered on the surface with lower yields, while at 600 and
700 °C, the particle size distribution was uniform with
good dispersion. Meanwhile, it was important to find the
significant differences of morphology in the three tem-
plated CaO(P) pyrolyzed calcined at 700 °C from several
mole ratio, 1/0.5, 1/1 and 1/1.5 of nitrate to sodium car-
bonate, as presented in Fig. 7f, d and g. It was found that
when the molar ratio were 1:0.5 and 1:1.5, the CaO crystal
particles aggregated into lumps with poor dispersion at
insufficient or excessive amount of sodium carbonate. The
experimental results showed that the dispersion of CaO(P)
particles were not only temperature dependent, but also
the amount of sodium carbonate was a key factor, and it
was observed that the best dispersion performance was
obtained at 700 °C and 1/1.5.
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Fig.7 SEM pictures of the
synthesized CaO(P) samples. a
The original pollen; b pretreated
pollen; ¢ 1/1-CaO(P)-600; d
1/1-CaO(P)-700; e 1/1-CaO(P)-
800; f 1/0.5-CaO(P)-700; g
1/1.5-CaO(P)-700; h commer-
cial CaO
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Fig.8 Comparison of templated 1/1-CaO(P)-700 and commercial
Ca0-700

No-glycerol Biodiesel Preparation
Comparison of Catalytic Properties

Interesting distinctions of FAME yield regularity had been
drawn between as-synthesized 1/1-CaO(P)-700 and com-
mercial CaO-700 as depicted in Fig. 8. In a typical reaction,
the mixture consisting of 1 mol rapeseed oil (960 g mol™}),
1 mol methyl acetate and 8 mol anhydrous methanol were
magnetically stirred in a 65 °C water bath with the participa-
tion of the commercial CaO-700 or 1/1-CaO(P)-700 (10 wt
%). As shown, over 3 h, the FAME yield over templated 1/1-
CaO(P)-700 material can be obtained more than 90% which
is better than over commercial CaO with less than 80%. It
indicates that the templated CaO(P) material provides more
active sites which provide a great opportunity to increase the
rate of transesterification reaction [33].

Effect of Preparation Parameters on FAME Yield

The yield of no-glycerol biodiesel generally refers to the
content of fatty acid methyl ester (FAME) that determined
over a gas chromatography by testing for the product.
Accordingly, the FAME yield is an important parameter for
the catalytic performance of solid base. Calcination is the
most critical step in the preparation of template CaO(P) and
is the most important step affecting its catalytic properties,
as manifested in alkalinity strength, phase composition and
pore-size distribution. The chemical and physical proper-
ties of FAME are shown in Table 5. The effect of resulting
CaO(P) samples calcinated in range from 600 to 800 °C on
FAME yield had been seen in Fig. 9a, implying that the
catalytic performance of 1/1-CaO(P)-700 was effective,
which was due to the formation of dispersed CaO from lower

Table 5 Fuel properties of FAME

Properties Test method EN14214
Relative density, 298 K 0.89 0.86-0.90
Viscosity, 313 K (mm? /s) 4.6 3.5-5.0
Flashpoint (K) 437 >373
Ester content (%) 91.8-99.8 96.5

Free glycerol (%, m/m) 0.02 <0.02

calcination temperature, however, the reduction of the spe-
cific surface area (SSA) on catalyst surface for agglomera-
tion and sintering over higher calcination temperature [31].
Simultaneously, the transesterification was carried out in
1/1/8 (oil/ester/alcohol) mixture under stirring for 3 h, which
showed that the addition of 10 wt% 1/1-CaO(P)-700 resulted
in a considerable increase in FAME yield (92.69%) at 65 °C.
Nevertheless, the catalytic behaviors of 1/1-CaO(P)-600 and
1/1-CaO(P)-800 were obviously weakened, yielding to no-
glycerol biodiesel of 2.23% and 85.65%, respectively.

To determine the optimum mole ratio of nitrate and
sodium carbonate of CaO(P), the effect of the amount of
sodium carbonate on FAME yield was visualized as shown
in Fig. 9b. As shown, the catalytic effect of CaO(P) (dosage:
10 wt%) in the mixed solvent (1/1/8 rapeseed oil-methyl
acetate—methanol) increased from 74.69 to 92.69% after
3 h at 65 °C, which attributed that a growing number in
sodium carbonate was conducive to the formation of more
active ingredients such as CaO. Besides, it should be noted
that the FAME yield over 1/1.5-CaO(P)-700 could only
reach 73.80% (Fig. 9b) due to the accumulation of a large
amount of calcium salt deposits on the template, which fur-
ther affecting the porous structure of the obtained solid base
CaO(P).

Effects of Reaction Parameters on FAME Yield

The amount of templated CaO(P) had a significant effect on
catalytic efficiency of transesterification, which was inves-
tigated in Fig. 10a. It was observed that the variation of
FAME yield at different dosages of 1/1-CaO(P)-700 sam-
ple in the presence of mixed solution composed of 1/1/8
oil/methyl acetate/methanol at 65 °C for 3 h. As expected,
the FAME yield grew from 12.25 to 92.69% as the num-
ber of CaO(P) increased from 5 to 10 wt%, which was in
agreement with other reported studies that more provision
of active sites resulted in the easier attraction of triglyc-
eride molecules and methanol to recombination [34]. On
the contrary, the catalytic effect is greatly reduced by an
excess of CaO(P), which was related to the increase in the
viscosity of the reaction and the generation of side reactions
such as saponification, expressed in the yield of 54.31% at
15 wt% CaO(P) [35]. In conclusion, the following series of
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Fig.9 Effect of templated CaO(P) preparation parameters on yield. a The calcination temperature; b the mole ratio of nitrate and sodium car-
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experimental research will be conducted at the addition of
10 wt% CaO(P).

Within these selected parameters, the reaction tempera-
ture, as a representative, affecting FAME yield was espe-
cially prominent, and the positive correlation relationship
between FAME yield and reaction temperature in certain
range was available due to its classification of endothermic
reaction [36]. In this section, the empirical results proposed
in Fig. 10b are cited to determine the optimal value of reac-
tion temperature. Comparison of the measured curves of 10
wt% 1/1-CaO(P)-700 in three mixed reagents (1/1/8: oil/
methyl acetate/methanol) under 60, 65, 70 °C, respectively,
it can be observed that the FAME yield can reach 92.69%
after 3 h under 65 °C, nevertheless, methanol could be
vaporized to its lower content in the solution under higher
reaction temperature (70 °C), which was detrimental to the
forward movement of the equilibrium reaction [37], resulting
in a decrease in the yield of biodiesel, expressed as 81.60%.

Contrary to traditional injected quantity of methanol
with 1/3 mol L™! ratio of oil/alcohol, methanol were cus-
tomarily arranged by overdose, reflected 1/15 mol L™! ratio.
The varied molar ratio of oil-methyl acetate—-methanol was
examined under optimized factors containing temperature of
65 °C and the dosage of 10 wt%, executed by 1/1-CaO(P)-
700, which were shown in Fig. 10c. Since the increase in the
amount of methanol for the reversible esterification reaction
contributed to increase the reaction rate and accelerate the
reaction process, it can be seen that the FAME yield shot
up to 92.69% at 1/1/8. However, the ratio was increased to
1/1/10, the FAME yield decreased to 44.15% due to dilution
caused by large amounts of methanol [38].

Reutilization Experiments

The reusable property of commercial CaO and 10 wt%
CaO(P) was investigated under the optimum reaction con-
dition (Fig. 11). The results showed that the yield of FAME
over the modified catalyst was enhanced to nearly 95%. The
catalyst maintained sustaining activity even after being used
for six cycles and the FAME yield slightly decreased due
to the sensitivity of the catalyst to water and/or CO, in the
reaction.

Conclusion

In this work, a biotemplated methodology for the fabri-
cation of hierarchically porous CaO has been established
using pollen as biotemplate. Its catalytic performance in tri-
component coupling transesterification (rapeseed oil-methyl
acetate—methanol), where the yield of no-glycerol biodiesel
was investigated. It was found that the as-obtained CaO(P)
catalyst can be used as an effective and recyclable solid

100
o o o
© o ©9%9 6000460600 ¢
A A A
80 L AAAAAAAAAAAAA
X
fc 60 L O 10 wt.% CaO(p)
© A commercial CaO
>~
m
%40-
o
20
0 1 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16

Number of repetitions

Fig. 11 FAME yield upon transesterification of rapeseed oil for
repeated use of commercial CaO and 10 wt% CaO(P) at a reaction
temperature of 65 °C, a reaction time of 3 h, and a oil: methyl acetate:
methanol ratio of 1:1:8

basic catalyst and exhibits higher catalytic activity than the
commercial CaO powder sample. This is due to hierarchical
structure of the biomorphic framework along with a high
specific surface area and wide pore-size distribution includ-
ing mesopores and macropores which promoted alterna-
tives in mass transportation in this heterogeneous reaction.
Our study demonstrates an exciting preparation method for
higher dispersion catalyst with greatly potential in the fields
of catalysis.
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