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Application of Corncob Residue-derived Catalyst in the
Transesterification of Glycerol with Dimethyl Carbonate
to Synthesize Glycerol Carbonate
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Corncob was calcined within a temperature range of 300 °C to 700 °C to
prepare a series of corncob residue catalysts for the transesterification of
glycerol with dimethyl carbonate (DMC) to synthesize glycerol carbonate
(GC). Among the catalysts, the corncob residue catalyst obtained through
calcination of corncob at 500 °C (CCR-500) showed a relatively high
basicity and satisfactory catalytic activity. The structural investigation
results indicated that CCR-500 was composed of carbon material and
some alkaline mineral salts. Using CCR-500 as the catalyst, a glycerol
conversion of 98.1% and a GC yield of 94.1% were achieved when the
reaction was performed at 80 °C for 90 min, with a catalyst amount of 3
wt% and glycerol to DMC molar ratio of 1:3. The comparison of CCR-500
with the reported catalysts indicated that the CCR-500 was a low-cost,
high-active, and easily-accessible catalyst for the transesterification of
glycerol with DMC.
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INTRODUCTION
The biodiesel industry has rapidly developed in the past decade because biodiesel
shows great advantages, with respect to biodegradability and non-toxicity, compared with
traditional fossil fuels (Sani et al. 2015). However, the preparation process of biodiesel can
generate glycerol as a by-product. Generally, when 10 kg of biodiesel is produced, about 1
kg of glycerol can be simultaneously generated as a by-product. It was reported that the
production of biodiesel has already exceeded 10 million tons every year in Europe, which
means that roughly 1 million tons glycerol has been generated annually (Algoufi and Hameed
2014). Such a large amount of glycerol has forced biodiesel enterprises to pay extra costs to
store and handle the generated glycerol, which consequently can hinder the development of
the biodiesel industry. To change this situation, it is necessary to find effective ways to
manage the oversupplied by-product, glycerol. Therefore, investigations on glycerol-based
high-value-added chemicals have drawn much attention in recent years, and a series of
valuable chemicals have been developed.
Glycerol carbonate (GC) is a typical glycerol based high-value-added chemical. Its
advantages, which include biodegradability, high boiling point, low volatility, non-toxicity,
and good reaction activity, have made it an attractive chemical for industrial applications
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(Wang et al. 2017). Glycerol carbonate can be synthesized by the transesterification of
glycerol with dimethyl carbonate (DMC). This method has many advantages, such as mild
reaction conditions, high GC yield, and an environment-friendly preparation process,
compared with other GC synthesis methods (Nguyen-Phu et al. 2018). When using this
method to synthesize GC, a base catalyst must be used. Homogeneous catalysts, such as
potassium hydroxide and sodium hydroxide, exhibit high reaction activity. However,
homogeneous catalysts cannot be reused, which is unfavorable for industrial applications.
Thus, various heterogeneous catalysts have been developed, including alkaline metal oxide
or mixed metal oxide (Algoufi et al. 2017), alkaline phosphate (Okoye et al. 2016), alkaline
silicate (Wang et al. 2018), and ionic liquid (Chen et al. 2015). Despite the high catalytic
activity, these catalysts have exhibited some problems including preparation costs or
complex preparation procedures. Developing low-cost and high-active base catalysts has
become an important aspect in the field of the transesterification of glycerol with DMC.
Given the negligible cost of the feedstock, the direct use of waste materials rather than
chemical reagents to prepare the base catalyst in transesterification reactions has drawn
increased attention. Some waste materials have been used as the feedstock for preparing base
catalysts, including eggshell (Gupta et al. 2018), chicken manure (Jung et al. 2017), fish
waste (Shikhaliyev et al. 2018), marine barnacle (Manaf et al. 2018), disposable diapers
(Wang et al. 2019), and oil palm empty fruit bunch (Okoye et al. 2019). Therefore, utilizing
waste materials to prepare a base catalyst can allow for new ways to synthesize GC using the
transesterification of glycerol with DMC.
Corn is an important crop across the globe. In 2016, global corn production reached
over 1 billion tons. Processing corn can generate a significant amount of corncob, which can
account for approximately 17% of the total weight of the overall corn production (Li et al.
2018a). In some developing countries, corncob is directly discarded as waste or burned in
farmland, which causes serious environmental issues and endangers public health. To solve
this problem, investigations on how to efficiently utilize corncob have been researched.
There are mainly three ways to realize the high-efficient utilization of corncob. The first is
through biotechnological treatment, through which corncob can be used as feedstock to
prepare bioethanol (Kleingesinds et al. 2018), lignin (You et al. 2019), and fumaric acid (Li
et al. 2018b). The second is through pyrolysis treatment. By controlling the conditions of
pyrolysis, high quality bio-oil and carbon materials can be obtained. The bio-oil obtained
from pyrolysis treatment contains substantial high-value-added chemicals such as guaiacol,
2-methoxy-4-vinylphenol, and 4-vinylphenol (Demiral et al. 2012). Moreover, the carbon
materials obtained from pyrolysis treatment can be used as the electrode for a supercapacitor
(Qu et al. 2015) and high-performance adsorbents (Farnane et al. 2018). The third is through
a burning process. Because the energy content of corncob is approximately 19 MJ/kg, which
is significantly higher than that of grass or wood, corncob can be directly used as the solid
biomass fuel in industries for power production or heat generation (Ioannidou et al. 2009).
However, most of the generated corncob ash is disposed of in landfill sites, which causes
such problems as occupation of the land and leachate pollution to underground water bodies.
Therefore, the potential of utilizing corncob in industrial applications must be further
explored, which can benefit both corncob waste management and environmental protection.
To expand the application field of corncob waste and promote the conversion of the
oversupplied glycerol to valuable GC, a series of corncob residue catalysts were prepared
and applied in the transesterification of glycerol with DMC for the first time. The effect of
the preparation conditions on the catalytic activity of the corncob residue catalysts was
investigated.
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The properties of the corncob residue catalyst, which showed satisfactory catalytic
activity, were characterized using thermogravimetric analysis (TGA), field emission
scanning electron microscopy (FESEM), energy-dispersive X-ray spectroscopy (EDX),
Brunauer-Emmet-Teller (BET) surface area analysis, Fourier transform infrared
spectroscopy (FTIR), X-ray diffraction (XRD) analysis, and the titration method. After
investigating the effect of the reaction conditions on the catalytic activity of this corncob
residue catalyst, its performance was compared with that of the reported catalysts.

EXPERIMENTAL
Materials
The corncob used in the present study was collected from Fushun County, Liaoning,
China. All chemical reagents, including glycerol, DMC, and ethanol, were obtained from
Damao Chemical Reagent Co., Ltd., Tianjin, China. These analytical grade reagents were
used directly without further purification.
Methods
Preparation of the catalyst
The preparation procedure of the catalyst was similar to the literature (Gohain et al.
2017). The corncob was washed three times with twice-distilled water to remove the dust on
its surface. Then, the cleaned corncob was oven-dried at 110 °C for 48 h. After that, the dried
corncob was ground into particles using a grinder (SA-20; Jitian Plastic Machinery Co., Ltd.,
Dongguan, China). The corncob particles were calcined in air using a muffle furnace at the
selected temperature ranging from 300 °C to 700 °C for 4 h. Then the residue was triturated
and passed through a 180 mesh sieve. The obtained corncob residue powder was collected
and applied in the transesterification of glycerol with DMC. The corncob residue catalyst
was named as CCR-T, where CCR means corncob residue and T indicates the calcination
temperature. For example, the catalyst prepared by calcination of the corncob at 500 °C for
4 h was named CCR-500.
Characterization of the catalyst
The thermal decomposition behavior of the corncob was examined using a
thermogravimetric analyzer (Q50; TA Instruments, New Castle, DE, USA) from room
temperature to 800 °C under air flow. The functional group of the corncob residue was
investigated with a Fourier transform infrared spectrometer (Prestige-21; Shimadzu
Corporation, Kyoto, Japan). The morphology and elemental composition of the corncob
residue catalyst was examined using a field emission scanning electron microscope fitted
with an energy-dispersive X-ray spectrometer (SU8010N; Hitachi Limited, Tokyo, Japan).
The XRD pattern of the catalyst was recorded via a powder X-ray diffractometer (XRD6000; Shimadzu Corporation, Kyoto, Japan) using CuKα radiation at 40 kV and 30 mA with
a scanning speed of 5º min-1. The Brunauer-Emmet-Teller surface area was determined via
nitrogen adsorption/desorption isotherms using a volumetric adsorption instrument (JWBK122W; JWGB Sci. Tech. Co., Ltd., Beijing, China). The total basicity of the catalyst was
determined by the acid-base titration method used in previous studies (Chakraborty et al.
2010).
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Transesterification of glycerol with DMC
To complete the transesterification reaction of glycerol with DMC, a 100-mL threenecked flask reactor attached with a magnetic stirrer, a thermometer, and a reflux condenser
was used. In a typical experiment, 4.6 g of glycerol and 13.5 g of DMC (molar ratio glycerol:
DMC of 1:3) were mixed in the three-necked flask reactor at the agitation speed of 500 rpm.
A certain amount of corncob residue (e.g., 0.54 g, 3 wt% of raw material) was added into the
three-necked flask reactor to start the reaction when the mixture of the reactants was heated
to the pre-set temperature (e.g., 80 °C). The transesterification reaction of glycerol with DMC
was conducted at this temperature for a specific time (e.g., 90 min). After the reaction, the
catalyst was removed from the reaction mixture via filtration. The composition of the
reaction product was analyzed using a gas chromatograph (Agilent GC-7890A; Agilent
Technologies, Santa Clara, CA, USA), which was fitted with a flame ionization detector.
Based on the results of the composition of the reaction product, the glycerol conversion and
GC yield were quantitatively calculated using the method reported in a literature
(Shikhaliyev et al. 2018).

RESULTS AND DISCUSSION
Thermal Decomposition Behavior of Corncob
The thermal decomposition behavior of the corncob is presented in Fig. 1. The weight
loss of the corncob during the heating process can be divided into three stages. The first stage
occurred at the temperature below 150 °C. In this stage, a slight weight loss of approximately
3% was observed, which was attributed to the evaporation of the physically absorbed
moisture.
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Fig. 1. Thermogravimetric analysis (TGA) and derivation thermogram (DTG) curves of the corncob
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The second stage occurred in the temperature range of 250 °C to 350 °C. A rapid
weight loss of approximately 57% was observed when the temperature increased from 250
°C to 350 °C. Moreover, two distinct peaks appeared in the corresponding DTG curve. The
first peak corresponded to the decomposition of hemicellulose in the corncob and the second
peak was due to the decomposition of cellulose in the corncob (Zhang et al. 2018a). The
third stage happened in the temperature range 350 °C to 725 °C. In this stage, the rate of
weight loss was slow with a weight loss of approximately 38%, which was caused by the
decomposition of the lignin in the corncob and the carbon material formed during the heating
process (Gupta et al. 2018). When the temperature was higher than 725 °C, no obvious
weight loss was observed. Because most of the organic materials and carbon material
decomposed during the heating process, the corncob residue remaining at above 725 °C was
mainly composed of inorganic salts and oxides. The TGA results showed the complex
thermal decomposition behavior of the corncob. When the corncob was calcined at different
temperatures, the composition of its corresponding residue was different, leading to different
catalytic activity in the corncob residue catalysts. Thus, it was necessary to first investigate
the catalytic activity of the corncob residue catalysts obtained after the calcination of the
corncob at different temperatures.
Effect of the Calcination Temperature on the Catalytic Activity of the
Corncob Residue Catalysts
Corncob showed no catalytic ability, while the corncob residues that were calcined
at different temperatures exhibited different catalytic abilities. Figure 2 shows that the
glycerol conversion increased from 1.9% to 98.1% when the calcination temperature was
increased from 300 °C to 500 °C. With a further increase in the calcination temperature, a
slight change of the glycerol conversion appeared. Usually, the catalytic activity of a catalyst
used in the transesterification reaction strongly depends on its total basicity (Wang et al.
2017). Thus, the corresponding total basicity of the prepared catalysts was determined, and
the results are presented in Fig. 2. Compared with the effect of the calcination temperature
on the glycerol conversion, the effect of the calcination temperature on the total basicity
exhibited a similar tendency. When the corncob was calcined at 300 °C for 4 h, the lowest
total basicity of 0.3 mmol/g was obtained. When the calcination temperature was increased
to 500 °C, the total basicity of the prepared CCR-500 rose rapidly to 8.8 mmol/g. This
occurred because the higher total basicity resulted in relatively higher glycerol conversion
(Okoye et al. 2019). The glycerol conversion reached 98.1% when the CCR-500 was used
as the catalyst in the transesterification reaction. A further increase of the calcination
temperature to 600 °C and 700 °C did not lead to a rapid increase of the total basicity of the
CCR-600 (9.3 mmol/g) and CCR-700 (9.7 mmol/g), which showed similar catalytic activity
to the CCR-500. These investigation results demonstrated that during the calcination process,
the content of the alkaline substance in the corncob residue catalysts rose with the increased
calcination temperature. The increase of the content of the alkaline substance led to higher
total basicity and catalytic activity of the CCR-500, CCR-600, and CCR-700 than was
recorded for the CCR-300 and CCR-400. Considering its relatively high catalytic activity
and low preparation temperature, the CCR-500 was selected as the optimum catalyst for
further investigations. Because the study on the total basicity of the catalysts could not
provide more information on the structure and component of the catalyst, the FESEM, BET,
FTIR, EDX, and XRD investigations on the CCR-500 were performed.
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Fig. 2. Effect of the calcination temperature on the catalytic activity and total basicity of the corncob
residue catalysts; reaction conditions: glycerol: 0.05 mol (4.6 g), DMC: 0.15 mol (13.5 g), catalyst
amount: 3 wt% (0.54 g), temperature: 80 °C, and time: 90 min

Characterization of Corncob and the CCR-500
The FESEM surface images of the corncob and the CCR-500 are shown in Fig. 3.
The surface morphology of the corncob and the CCR-500 was considerably different. Figure
3a shows a representative cavity structure with a diameter higher than 10 µm that was
observed on the surface of the corncob (Guo et al. 2017). However, this kind of cavity cannot
be found on the surface of CCR-500, which presented an irregular morphology with the
particles, bulges, and cracks aggregated sporadically on its surface. The FESEM
investigation demonstrated that thermal decomposition of the corncob occurred during the
calcination process, leading to different surface morphologies for the corncob and the CCR500. Moreover, the BET surface area of the CCR-500 (3.08 m2 g-1) was higher than that of
the corncob (2.54 m2 g-1) (Table S1), while the pore diameter of the CCR-500 was smaller
than that of the corncob, indicating that with the change in the surface morphology of the
CCR-500, the textural properties of the CCR-500 changed correspondingly.

Fig. 3. FESEM surface images of (a) corncob and (b) CCR-500
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Figure 4 shows the FTIR spectra of the corncob and CCR-500 in the range of 4000
cm to 400 cm-1. As can be observed from the spectrum of the corncob, a strong and broad
peak appeared at above 3000 cm-1, which can be associated with the stretching vibration of
O-H and N-H (Farnane et al. 2018). The peak at 2931 cm-1 was ascribed to the C-H stretching
vibration of cellulose and hemicellulose in corncob. The peak at 1730 cm-1 was the typical
stretching vibration of the xylan component in hemicellulose (Chen et al. 2018). The
presence of the peak at 1515 cm-1 came from the benzene skeletal vibration of lignin. The
peaks at 1259 cm-1, 1121 cm-1, and 1149 cm-1 can be assigned to the stretching vibrations of
C-O-C, C-O, and C-OH, respectively (Zhu et al. 2018). The weak peak at 899 cm-1 was due
to the presence of the β-(1-4)-glycosidic linkage (Zheng et al. 2019). These observed peaks
from the spectrum of the corncob were all characteristic vibrations of the cellulose,
hemicelluloses, and lignin in the corncob. However, most of these peaks, including the peaks
at 2931 cm-1, 1730 cm-1, 1515 cm-1, 1259 cm-1, 1049 cm-1, and 899 cm-1, were not observed
in the CCR-500 spectrum, which suggested that the organic component in the corncob
decomposed. Moreover, some new peaks appeared in the CCR-500 spectrum. The peaks at
881 cm-1 and 699 cm-1 came from the vibration of carbonate (Wang et al. 2019). The peak at
1061 cm-1 can be ascribed to phosphate (Shikhaliyev et al. 2018). The peaks at around 1468
cm-1 and 1452 cm-1 can be related to the vibration of chloride and silicate, respectively
(Indran et al. 2016). The FTIR investigations indicated that with the decomposition of the
organic materials, mineral salts formed in the corncob residue during the calcination process
of the corncob.
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Fig. 4. FTIR spectra of (a) corncob and (b) the CCR-500

Figure 5 presents the XRD investigation results of the corncob and the CCR-500.
Two broad diffraction peaks were observed at approximately 16.6° and 21.6° in the XRD
pattern of the corncob. These two peaks indicated the presence of the crystalline cellulose in
the corncob (Kleingesinds et al. 2018). After the calcination of the corncob at 500 °C, due to
the decomposition of cellulose, the diffraction peaks of cellulose disappeared, and some
sharp diffraction peaks appeared in the XRD pattern of the CCR-500. The strong
characteristic peaks of potassium chloride can be observed at 28.3°, 40.5°, 50.1°, and 66.4°
Wang et al. (2020). “Corncob derived catalyst,” BioResources 15(1), 142-158.
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(Joint Committee on Powder Diffraction Standards (JCPDS) No. 41-1476). The peaks that
appeared at 26.1°, 31.6°, 34.1°, 37.7°, 42.8°, and 45.5° were attributed to the diffraction
peaks of potassium carbonate (JCPDS No.16-0820). Despite these characteristics of the
diffraction peaks of potassium chloride and potassium carbonate, some weak diffraction
peaks of other mineral salts were also observed in Fig. 5b. The peak that appeared at 30.9°
was attributed to the diffraction peak of potassium aluminum pyrophosphate (JCPDS No.
36-1459). The peak corresponding to potassium silicate was observed at 29.6° (JCPDS
No.49-0163). The peak that appeared at 27.9° was attributed to the diffraction peak of
potassium magnesium phosphate (JCPDS No. 50-0146). These XRD investigations revealed
the complex composition of CCR-500, which included halide, carbonate, silicate, and
phosphate. As reported in literatures, these alkaline mineral salts, including potassium
carbonate, potassium silicate, led to the high catalytic performance of CCR-500 ( Li et al.
2013; Indran et al. 2016). Meanwhile, both Fig. 1 and Fig. 4 show that the corncob was not
totally decomposed at 500 °C, and that carbon material was still present in the CCR-500.
These investigations demonstrated that CCR-500 is a composite of carbon material and
alkaline mineral salts. The remaining carbon material, which has high stabilizing ability on
the mineral salts (Li et al. 2013), can stabilize these alkaline mineral salts to make the CCR500 a high-performance heterogeneous catalyst.
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Fig. 5. XRD patterns of (a) corncob and (b) CCR-500

Catalytic Performance of the CCR-500
Effect of the reaction parameters on the transesteriﬁcation reaction
Figure 6a presents the effect of the molar ratio of glycerol to DMC on the
transesterification reaction of glycerol with DMC. As the molar ratio of glycerol to DMC
was varied from 1:1 to 1:3, the glycerol conversion and GC yield constantly increased. The
high glycerol conversion of 98.1% and GC yield of 94.1% were achieved when the molar
ratio of glycerol to DMC reached 1:3. A further increase of the portion of DMC did not lead
to any obvious increase of the glycerol conversion and GC yield. Meanwhile, greater use of
Wang et al. (2020). “Corncob derived catalyst,” BioResources 15(1), 142-158.
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DMC corresponded with higher costs for purification of the product by distillation. As such,
the suitable molar ratio of glycerol to DMC was 1:3.
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Fig. 6. (a): The effect of the molar ratio of glycerol to DMC (reaction conditions: catalyst amount: 3
wt% (0.54 g), temperature: 80 °C, time: 90 min); (b): Effect of the catalyst amount (reaction
conditions: glycerol: 0.05 mol (4.6 g), DMC: 0.15 mol (13.5 g), temperature: 80 °C, time: 90 min);
(c): Effect of the reaction time (reaction conditions: glycerol: 0.05 mol (4.6 g), DMC: 0.15 mol (13.5
g), catalyst amount: 3 wt% (0.54 g), temperature: 80 °C; (d): Effect of the reaction temperature
(reaction conditions: glycerol: 0.05 mol (4.6 g), DMC: 0.15 mol (13.5 g), catalyst amount: 3 wt%
(0.54 g), time: 90 min

The effect of the catalyst amount on the transesterification reaction of glycerol with
DMC is shown in Fig. 6b. When the catalyst amount was increased from 1% to 3%, the
glycerol conversion and GC yield rose from 86.2% to 98.1% and 83.7% and 94.1%,
respectively. This was due to the fact that the active alkaline site in the reaction mixture
increased with the increase of the catalyst amount. With a further increase of the catalyst
amount, the glycerol conversion rose slightly, while the GC yield presented a decreasing
tendency. When the catalyst amount rose to 5%, a glycerol conversion of 98.8% and GC
yield of 93.2% were obtained. The decreased GC yield occurred because more glycidol (GD)
was generated with the increase of the catalyst amount. This phenomenon could be attributed
to the increase in strong basic sites with the rising of the catalyst amount (Song et al. 2017).
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Therefore, the optimum catalyst amount for the transesterification reaction of glycerol with
DMC was 3%.
To demonstrate the effect of the reaction time on the transesterification of glycerol
with DMC, reactions were completed at different time durations ranging from 60 min to 180
min. Figure 6c presents the corresponding results. When the reaction time was increased
from 60 min to 90 min, the glycerol conversion and GC yield rose from 85.5% to 98.1% and
80.3% to 94.1%, respectively. This result indicated that adequate reaction time allowed for
sufficient contact of the reaction mixture with the active alkaline site of the CCR-500
catalyst, leading to high glycerol conversion and GC yield. When the reaction time was
longer than 90 min, no obvious increase of the glycerol conversion and GC yield was
observed. Thus, 90 min was the suitable reaction time for the transesterification reaction of
glycerol with DMC.
Increasing the reaction temperature could improve the miscibility of glycerol with
DMC and allow for better contact between the reagents and the catalyst. Figure 6d presents
the effect of the reaction temperature on the transesterification reaction of glycerol with
DMC. When the reaction temperature was increased from 65 °C to 80 °C, the glycerol
conversion constantly rose from 82.5% to 98.1%. When the reaction temperature was higher
than 80 °C, no obvious increase of the glycerol conversion and GC yield was observed.
Moreover, the excessive reaction temperature can lead to the generation of GD (Shikhaliyev
et al. 2018). Hence, 80 °C was the optimum reaction temperature for the transesterification
of glycerol with DMC.
Reusability of the CCR-500 catalyst
Reusability is an important characteristic for heterogeneous catalysts. However, it
can be affected by leaching of the active site in the heterogeneous catalysts during the
reaction process, which is due to the relatively high reaction temperature and long reaction
time (Okoye et al. 2019). To clarify the reusability of the CCR-500 catalyst, a reuse
experiment was conducted. After the reaction was finished, the CCR-500 was separated from
the reaction mixture and washed three times with ethanol. Then, it was applied in the next
cycle after being oven-dried at 150 °C for 2 h. The result of the reuse experiment is shown
in Fig. S1. A gradual decrease of the glycerol conversion and GC yield, from 98.1% and
94.1% to 78.2% and 74.8%, respectively, was observed in the reuse experiment. This
observation indicated that the catalytic activity of CCR-500 decreased during the reuse
experiment.
Because the decrease of the catalytic activity of a catalyst is usually caused by the
leaching of its active site, EDX investigations on the CCR-500 and the reused CCR-500 were
performed to explore the reason for the decrease of the catalytic activity of CCR-500. Table
1 shows the corresponding EDX investigation results. After the reuse experiment, the most
notable change of the elemental composition of the reused CCR-500 was the evident
decrease of the element content of K and Cl. The content of K decreased from 10.8% to
6.1%, and the content of Cl decreased from 3.4% to 0%. Because potassium chloride is a
neutral salt and the leaching of potassium chloride cannot affect the catalytic activity of CCR500, an XRD investigation was conducted to clarify the reason behind the decrease in the
catalytic activity of CCR-500.
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Table 1. Elemental Composition of the CCR-500 and the Reused CCR-500
Element
O
C
K
N
Cl
Si
P
Mg
S
Al

CCR-500 (wt%)
37.6
30.1
10.8
8.7
3.4
3.2
3.1
1.9
0.7
0.5

Reused CCR-500 (wt%)
39.6
30.7
6.1
9.4
1.6
6.1
5.1
0.9
0.5

The XRD investigation result of the CCR-500 and the CCR-500 that was reused four
times is presented in Fig. S2. The strong diffraction peaks of potassium chloride were hardly
observed in the XRD pattern of the four-times-reused CCR-500, which was in accordance
with the EDX investigation results. The decrease of the intensity of the diffraction peak of
potassium carbonate was observed simultaneously, which indicated leaching of potassium
carbonate contained in the CCR-500 during the reuse experiment. The diffraction peaks of
potassium silicate, potassium aluminum pyrophosphate, and potassium magnesium
phosphate can still be observed in Fig. S2a, indicating the relatively high stability of these
alkaline mineral salts compared to potassium chloride and potassium carbonate. Because
potassium carbonate has a relatively high basicity, the leaching of potassium carbonate can
lead to the decrease of the catalytic activity in CCR-500.
Comparison of CCR-500 with the reported catalysts
Usually, a catalyst can be evaluated from two aspects. One is its performance,
including its catalytic activity and reusability. The other is the preparation cost of the catalyst.
Table 2 shows the comparison of CCR-500 with the reported catalysts from these two
aspects. These catalysts were divided into two categories according to the preparation cost,
namely: the high-cost catalysts (entries 1 to 4) and the low-cost catalysts (entries 5 to 7). The
high-cost catalysts were prepared using chemical reagents and the preparation procedure was
relatively complicated. Most of the high-cost catalysts showed high catalytic activity with a
glycerol conversion higher than 90% in the transesterification of glycerol with DMC.
However, the reusability of the high-cost catalysts was different. The catalyst KF/La-Zr
exhibited the lowest reusability. Because of the leaching of KF, the glycerol conversion of
the reaction catalyzed by KF/La-Zr decreased to 54% after it was used 3 times. The catalyst
NiFe2O4@(CaO-La2O3) showed the highest reusability among the high-cost catalysts. Even
when NiFe2O4 @(CaO-La2O3) was used 6 times in the reaction, the glycerol conversion still
reached 95%. Although these high-cost catalysts showed acceptable performance in the
reaction, the expensive chemical reagents needed during preparation, and the relatively
complicated preparation procedure, hinders the industrial application. The low-cost catalysts
were usually prepared by using waste materials. The negligible preparation cost and simple
preparation procedure made the low-cost catalysts more attractive in the transesterifcation of
glycerol with DMC. As shown in Table 2, the low-cost catalysts exhibited comparably high
catalytic activity as the high-cost catalysts. Among these low-cost catalysts, coal ﬂy ash-
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derived catalyst showed the best catalytic activity and reusability (entry 5). However, the
preparation of coal ﬂy ash derived catalyst still required a chemical reagent, potassium
hydroxide, which made its preparation cost higher than that of the oil palm empty fruit bunch
ash (EFBA) and CCR-500. In contrast, the addition of a chemical reagent was not needed to
prepare these two waste material-derived catalysts, which meant the preparation cost of the
EFBA and CCR-500 was low. Compared with the EFBA, the reusability of CCR-500 was
relatively low. After CCR-500 was used 4 times in the reaction, the glycerol conversion only
reached 78%. Despite this result, CCR-500 had advantages over the EFBA in terms of the
feedstock supply. The feedstock for the EFBA, oil palm empty fruit bunch, can only be
obtained in the tropics and subtropics (including Malaysia, Indonesia, west and central Africa,
and Central America). Compared with the EFBA, the feedstock for CCR-500, corncob, can
be easily collected from plantations all over the world. As the feedstock for the biomass
power generation, with the development of the biomass power generation, the collection of
corncob residue can be more convenient, leading to appreciably low preparation costs of the
corncob residue catalyst. Thus, CCR-500 is a more accessible catalyst than the EFBA and
has potential for industrial application in the synthesis of GC by the transesterification of
glycerol with DMC.
Table 2. Comparison of the CCR-500 with the Reported Catalysts
Entry

Catalyst

Materials a

Conf (%) b

Reuse
Times

Conr (%) c

1

Li/ZnO-500

ZnO, LiNO3

98

4

61

2

KF/La-Zr

92

3

54

3

Ti-SBA-15

94

3

91

(Devi et al.
2018)

4

NiFe2O4@(
CaOLa2O3)

99

6

95

(Zhang et
al. 2018b)

La(NO3)3, Zr(NO3)4,
and KF
Titanium
isopropoxide, SBA15
Ni(NO3)2, Fe(NO3)3,
CaCl2, and La(NO3)3

Reference
(Song et al.
2017)
(Song et al.
2018)

(Algoufi and
Hameed
2014)
(Khanday et
6
Li/zeolite
LiNO3, oil palm ash
100
5
86
al. 2017)
Oil palm empty fruit
(Okoye et
7
EFBA
96
4
86
bunch
al. 2019)
Present
8
CCR-500
Corncob
98
4
78
study
a
Feedstock for the preparation of the catalyst; b Glycerol conversion corresponding to the fresh
catalyst; c Glycerol conversion corresponding to the reused catalyst
5

K-zeolite

KOH, coal ﬂy ash

100

4

94

CONCLUSIONS
1. The corncob residue catalyst prepared by calcination of the corncob at 500 °C had a
relatively high total basicity of 8.8 mmol/g and showed high catalytic activity in the
transesteriﬁcation reaction of glycerol with DMC.
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2. The structural investigation on CCR-500 indicated that it was composed of carbon
material and a certain amount of mineral salts such as potassium chloride, potassium
carbonate, potassium silicate. Potassium carbonate and potassium silicate were
responsible for the basicity and catalytic activity of CCR-500.
3. The successful application of the corncob residue catalyst in the transesteriﬁcation
reaction of glycerol with DMC can greatly reduce the cost of corncob waste management
and promote the utilization of glycerol.
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APPENDIX: SUPPLEMENTARY MATERIAL
Table S1. Textural Properties of Corncob, CCR-500, and the reused CCR-500
BET Surface Area
(m2 g-1)
2.54
3.08

Material
corncob
CCR-500
4 times reused
CCR-500

Pore Diameter (nm)

Pore Volume (cm3 g-1)

26.86
19.87

0.017
0.015

20.28

0.014

2.91

Glycerol conversion

Glycerol conversion and

(%) and GC yield (%)
GC yield
Glycerol
conversion

100

GC yield

80
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40
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Fig. S1. Reusability of the CCR-500 (reaction conditions: glycerol: 0.05 mol (4.6 g), DMC: 0.15 mol
(13.5 g), catalyst amount: 3 wt% (0.54 g), temperature: 80 °C, and time: 90 min)
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Fig. S2. XRD patterns of (a) the four times reused CCR-500 and (b) the CCR-500
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