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Banana peels as agro-waste residues contain potassium oxide as the main component after calcination. The
calcined waste banana peels (WBPs) successfully transesterified palm oil to biodiesel at room temperature
using a homogenizer. The catalyst was characterized by TGA, SEM, XRD and XRF. The catalytic activity of
calcined WBPs was determined using parameters of the molar ratio of palm oil to methanol, catalyst
weight, reaction time and rotational speed of the homogenizer. The highest biodiesel conversion of 97.7
+ 0.6% was achieved with a molar ratio of 1:15, catalyst weight of 7 wt%, reaction time of 30 min and
rotational speed of 6000 rpm. Unfortunately, the calcined WBP cannot be reused unless some fresh
catalyst is added to defend its catalytic activity, as the concentration of K,O decreases after the reaction.
However, the catalyst showed better performance as the transesterification reaction could be carried out

rsc.li/rsc-advances

1. Introduction

Regardless of some advantages of homogeneous catalysts
including their high catalytic activity in biodiesel production,
the process requires neutralization and purification of prod-
ucts.” These post-production processes commonly use an
excessive volume of water, which therefore raises another
problem regarding wastewater treatment before release to the
environment. The volume of water required to wash 1 L of
biodiesel products is 3-10 L.* Even though the homogeneous
catalyst consumes only 1% of the total biodiesel production
cost,* those additional steps had increased the overall cost.
Hence, it is reducing biodiesel competitiveness in the fuel
market against petro-diesel. Other disadvantages of using
a homogeneous catalyst include non-reusability and require-
ment of refined oil with free fatty acid content below 2%, which
have also limited the utilization.>*

To overcome the disadvantages of homogeneous catalysts,
heterogeneous substances are used as catalysts. Currently, many
solid base or acid catalysts are developed either as a single
compound or in combination with other compounds to increase
their activity.” Notwithstanding the ability of the heterogeneous
catalyst to recover and recycle, its catalytic activity remained
lower than that of the homogeneous catalyst. Bitire et al. (2021)
concluded that KOH has better catalytic activity than that of
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at room temperature in a short reaction time using a homogenizer compared with other methods.

calcined chicken bone in the transesterification of parsley seed
oil.®? This is attributable to a different phase of heterogeneous
substance with methanol and oil, which limited mass transfer
and hence resulted in a lower reaction rate.> However, presently,
some solid catalysts, particularly which contain potassium
element, show a similar catalytic activity to homogeneous base
catalysts.” The waste of Brassica nigra plant which contains
56.13 wt% potassium was used as a catalyst in the trans-
esterification of soybean oil and a biodiesel yield of 98.78% was
obtained in a reaction time of 25 min at 65 °C.*® The result is
comparable when sodium hydroxide was used as a catalyst.""*
This heterogeneous catalyst emerged abundantly in agricultural
wastes such as banana peels,' banana peduncles,** tucuma peel
(Astrocaryum aculeatum Meyer),** walnut shell,® coconut husk,"”
palm bunch ash,>**?° and passion fruit peel.”*

Furthermore, the agricultural waste biomass-derived catalyst
could catalyse the transesterification reaction at room temper-
ature. The calcined waste of passion fruit peels showed excel-
lent performance in the transesterification of palm oil at room
temperature. The biodiesel conversion of 95.4 + 2.8% was
achieved in a reaction time of 30 min.** The transesterification
reaction time could be shortest when using a reaction-
intensified device such as a microwave and homogenizer.
Falowo et al. (2019) calcined the husk of an elephant-ear tree
pod at 700 °C for 4 h to form a solid catalyst that contains
50.01% of potassium element.”” The heterogeneous catalyst
showed higher catalytic activity with a biodiesel yield of 98.77 +
0.16 wt% achieved in 5.88 min under microwave irradiation.*
Our previous work has successfully demonstrated that palm
bunch ash (containing 35.9% K,0) could catalyze palm oil to
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biodiesel using a homogenizer. The biodiesel conversion of
98.9% was achieved under operational parameters of a homog-
enizer at a speed of 4000 rpm and a reaction time of 10 min.?
The objectives of this research are to determine the perfor-
mance of WBPs (Musa paradisiaca var. sapientum) as heteroge-
neous catalysts for biodiesel production from palm oil using
a homogenizer. Banana peels are known to contain a high
amount of potassium element,*** and hence, have the potential
to be used as catalysts. Banana is very abundant in Indonesia with
the production amounting to 8.74 million tons in 2021.*° Banana
fruit consists of 40% peels.*® Therefore, there are 3.5 million tons
of banana peels and their utilization remains limited as a fertil-
izer. Homogenizer equipment has been proven to facilitate bio-
diesel production at atmospheric temperature and pressure.”
However, to date, the utilization of calcined WBPs as solid cata-
lysts using a homogenizer has not been studied. The effects of
some factors such as the molar ratio of palm oil to methanol,
catalyst weight, reaction time and rotational speed on the bio-
diesel conversion and yield were investigated. Furthermore, the
reusability and leaching study of the catalyst was also determined.

2. Experimental
2.1 Materials

The palm oil was purchased from a local market. The fatty acid
profile of palm oil is dominated by palmitic acid (36.86%) and
oleic acid (46.03%). The total saturated fatty acid is 42.07%,
monounsaturated fatty acid is 46.36% and polyunsaturated fatty
acid is 11.57%. All the chemicals used were purchased from a local
distributor and used as received without further purification.

2.2 Catalyst preparation and characterization

The WBP was collected from a banana flour plant in Yogyakarta,
Indonesia, washed several times, dried in an oven at 110 °C
overnight and then crushed and sieved using a 100 mesh sieve.
The WBP powder was calcined in a furnace at 600 °C for 2 hours.
The calcined WBP was characterized by thermogravimetric
analysis (TGA), X-ray diffraction (XRD), scanning electron
microscopy (SEM), and X-ray fluorescence (XRF). The TGA ther-
mogram was recorded using a Shimadzu DTG-60, while XRD and
XRF patterns were acquired using a Shimadzu XRD-7000 and
a Rigaku Supermini-200, respectively. The surface morphology of
the calcined WBP was observed using a SEM equipped with
a JEOL JSM-6510LA energy-dispersive X-ray (EDX) spectrometer.

2.3 Biodiesel production

The transesterification reaction was carried out in a 500 mL
homogenizer vessel. The homogenizer apparatus consists of
a rotor-stator (diameter of 25 and 35 mm), and it was operated
at room temperature. The operating parameters of the
homogenizer were varied in the range of 3000-7000 rpm with an
increment of 1000 rpm for rotational speed, reaction times of 5,
10, 20, 30 and 40 min, molar ratios of palm olein to methanol of
1:9 to 1:21 and catalyst weights of 5% to 15% based on oil.
80 mL of palm olein, and prescribed amounts of methanol and
catalyst were dispersed in a homogenizer vessel with the
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assigned rotational speed and reaction time. After the reaction,
biodiesel and the leftover methanol and catalyst were separated
by centrifugation at 7000 rpm for 10 min. Three layers were
formed after centrifugation. The upper layer was biodiesel,
followed by the mixture of methanol and glycerol, and the WBP
catalyst. The biodiesel product was collected and stored in
a desiccator for yield and conversion analysis.

2.4 Biodiesel conversion determination and yield
calculation

The biodiesel conversion was determined by gas chromatog-
raphy (GC) analysis following the procedure reported in previ-
ously published studies.>*** The biodiesel product was
weighted (w) and the aliquot was added with methyl heptade-
canoate as the internal standard. Then, 1 puL of the sample was
injected into a GC Shimadzu type 2010 equipped with a capillary
column and flame ionization detector with helium as the carrier
gas. The temperature of the injection port and flame ionization
detector was set at 260 °C and that of the column oven at 90 °C.
The biodiesel conversion (C) was calculated based on the
difference in the peak area of all fatty acid methyl ester (> _A)
and the internal standard (4s) multiplied by the concentration
(Cs) and volume (V) of internal standard and divided by the
mass of the sample (m), as shown in eqn (1). Further, the mass
of biodiesel was calculated using eqn (2). The biodiesel yield in
percentage was achieved by dividing the mass of biodiesel by
the mass of palm oil used as follows (eqn (3)):

coxA=A GV, 1)
A
Mass of methyl esters = C x w (2)

mass of methyl esters

Yield = mass of palm oil

100% 3)

2.5 Leaching and reusability of the calcined WBP catalyst

The calcined WBP contains some active species that can be
leached into the reaction medium causing contamination of the
biodiesel product and could further decrease the catalytic
activity. The concentration of potassium as the main element in
the calcined WBP was detected by the EDS analysis before and
after the dispersion. Hence, the leaching test of the catalyst was
conducted under a reaction condition of 4 gram catalyst
homogenized in 80 mL of methanol at a rotational speed of
4000 rpm for 30 min reaction time. Upon completion, the
catalyst was filtered and dried in an oven at 40 °C overnight and
stored in a desiccator for EDS analysis. For the reusability study,
the catalyst separated from the reaction mixture through
filtration was directly used for the subsequent cycle and the
biodiesel product was collected for GC analysis.

2.6 Statistical analysis

The experiment data were obtained from 3 replications, and are
presented as means + standard deviation of the mean. One-way

© 2023 The Author(s). Published by the Royal Society of Chemistry
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analysis of variance (ANOVA) was performed to identify statis-
tically significant differences between parameters using Statis-
tica v13. Tukey's post-hoc test (P < 0.05) was used to determine
the significant difference between specific means.

3. Results and discussion

3.1 Catalyst characterization

The TGA analysis for the WBP is illustrated in Fig. 1A. The
weight losses obtained from the TGA measurement curve
showed three stages. The first one is related to the water evap-
oration of the WBP at 100-200 °C followed by the decomposi-
tion of the organic compound contained in the WBP at 200-
400 °C.”* The final stage occurred at 400-600 °C due to the
decomposition of carbonaceous compounds into carbon
monoxide and carbon dioxide-producing metal oxide
compounds.*® Furthermore, above 600 °C, the thermogram
showed an insignificant weight loss; hence, that temperature
was set as the calcination temperature. The result is similar to
that of Fan et al.'s (2019) study, which reported that metal oxide
compounds were composed after calcination at 600 °C.** The
SEM image of calcined WBP is shown in Fig. 1B. The surface
morphology of the catalyst was recorded at 10 pm magnifica-
tion. The magnified photo displayed an irregular shape and
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agglomerated structure with some pores. A similar SEM image
was reported in a study by Betiku et al. (2016), in which banana
peels were calcined at 700 °C for 4 hours.” Other researchers
also notified similar morphology images after the calcination of
banana peels at 600 °C for 2 hours.*

The XRD pattern of the catalyst is shown in Fig. 1C, which
displays some major inorganic compounds contained in the
calcined WBP. The diffractogram showed potassium in the form
of oxide as the main component followed by SiO,, P,Os and
CaO. This result was further corroborated by the XRF analysis
result. As shown in Fig. 1D, K,O is the major component present
in the calcined WBP. Further, the EDS analysis clarifies the
presence of the K,O element with a concentration of 47.01 wt%.
However, this result is considerably lower than that reported by
a previous researcher who obtained 65.11 wt% of K,0.*°

3.2 Effect of the molar ratio of palm olein to methanol

An additional mole of methanol above the stoichiometric value
is usually required in the transesterification reaction to drive
the reaction forward to the biodiesel product.>** Some biodiesel
production studies have observed that optimum biodiesel
production occurred using a molar ratio of oil to methanol of 1 :
9.>3132 Therefore, the effect of the molar ratio of palm olein to
methanol was determined using the ratio of 1:9 to 1:21 with
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Fig. 1 Calcined WBP characterization: (A) TGA thermogram; (B) SEM image; (C) XRD spectra; and (D) XRF spectra.
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Fig.2 Effect of (A) molar ratio of palm olein to methanol, (B) catalyst weight, (C) reaction time, and (D) rotational speed on biodiesel conversion.

an increment of 3 molars. The reaction condition set up for this conversion of 85% was achieved with the highest conversion of
study was a catalyst weight of 7 wt%, a reaction time of 30 min 92 + 0.8% at a molar ratio of 1:9, as shown in Fig. 2A. The
and a rotational speed of 4000 rpm. The average biodiesel maximum biodiesel yield of 85.8 £ 3.7% (Fig. 3B) was also
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Fig. 3 Effect of (A) molar ratio of palm olein to methanol, (B) catalyst weight, (C) reaction time, and (D) rotational speed on biodiesel yield.
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achieved at a molar ratio of 1:9. However, this result differs
from previous research results, which achieved an optimum
biodiesel yield using a molar ratio of 1:7.6 in the trans-
esterification of Napoleon's plume seed oil with the WBP.* In
contrast, our earlier study in homogenizer-intensified biodiesel
production using palm bunch ash as a catalyst achieved
a maximum biodiesel conversion at a molar ratio of 1:15,?
which is a slightly higher ratio than that obtained in this study.
Further, the analysis of variance revealed that the molar ratio of
palm oil to methanol has a significant effect both on biodiesel
conversion and yield. Tukey's test emphasizes the significance
driven by molar ratios of 1: 9 and 1: 21 for biodiesel conversion
and yield, respectively.

3.3 Effect of the catalyst weight

In the catalytic-transesterification reaction method, the catalyst
weight or concentration plays a vital role in biodiesel conversion
or yield.* Increasing catalyst weight could increase the bio-
diesel conversion up to the maximum peak before gradually
decreasing.”® This is presumably due to the increased viscosity
of the reactant mixture, which decreases the active site of the
heterogeneous catalyst.**** Therefore, the catalyst weight was
investigated under reaction conditions of a molar ratio of 1: 15,
areaction time of 30 min and a rotational speed of 4000 rpm. As
recorded in Fig. 2B the biodiesel conversion was increased with
the increase in catalyst weight reaching the highest conversion
of 96.8 + at 15 wt%. This result is in agreement with the
previous findings of researchers who reported a similar
pattern.”” Similarly, our result for the utilization of the
homogenizer-enhanced transesterification reaction using palm
bunch ash showed increasing biodiesel conversion with the
increase in catalyst weight (from 88.3% using 5 wt% to 97.8%
using 15 wt%).? In contrast, the biodiesel yield (Fig. 3B) did not
show a similar pattern. The catalyst weight did not affect the
yield with the highest value of 84.3 £ 2.7 achieved at 12 wt%.
One-way ANOVA depicted that the catalyst weight has a signifi-
cant effect on both biodiesel conversion and yield. This signif-
icant effect was driven by all the parameters tested based on
Tukey's post hoc test.

3.4 Effect of the reaction time

Choosing an appropriate reaction time is necessary to avoid
incomplete or backward reactions as transesterification is
a reversible reaction. Hence, the homogenizer-facilitated
transesterification reaction of palm oil to biodiesel using the
calcined WBP as a catalyst was performed in reaction times of 5,
10, 20, 30 and 40 min. To study this parameter, all the reactions
were conducted under the reaction condition of a molar ratio of
1:15, a catalyst weight of 7 wt% and a rotational speed of
4000 rpm. An average biodiesel conversion of 90% was obtained
for all experiments, as shown in Fig. 2C, with the lowest
concentration of 84.5 + 3.9% achieved at a reaction time of
30 min and the highest concentration of 95.8 £+ 1.1% at a reac-
tion time of 40 min. Equivalently, the biodiesel yield showed
a similar pattern with an average yield of 86.8% (Fig. 3C). In
contrast to biodiesel conversion, the highest biodiesel yield of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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90.6 £ 4.2% was achieved at a reaction time of 30 min, while the
lowest (79.5 &+ 1.7%) was obtained at a reaction time of 5 min.
Previous studies on the transesterification of soybean oil using
a homogenizer and CaO as a catalyst* observed similar results
to this study. However, the present result is lower than our
previous result obtained using biomass containing potassium
element as a catalyst and homogenizer in the transesterification
of palm oil.> The significant effects of changing the reaction
time on both the biodiesel conversion and yield were detected
by ANOVA. Further, using Tukey's post hoc test, we identified
that the significance was driven by all parameters tested for
biodiesel conversion, while a short reaction time of 5 min
significantly affected the biodiesel yield.

3.5 Effect of the rotational speed

The transesterification reaction rate increases with the increase
in the mixing speed of the reactant.’” A different phase of oil,
methanol and heterogeneous catalyst has to limit diffusion
between them, and hence, requires mixing intensity to increase
the interaction and mass transfer.*® Accordingly, a molar ratio
of palm oil to methanol of 1: 15, a catalyst weight of 7 wt% and
a reaction time of 30 min were chosen for homogenizer-
intensified biodiesel production using the calcined WBP as
the heterogeneous catalyst with different rotational speeds
ranging from 3000 to 7000 rpm (with an increment of 1000
rpm). Biodiesel conversion >95% routinely occurred for all the
parameters tested; except for the rotational speed of 4000 rpm
(Fig. 2D). This result indicated that high turbulence, provided
by the homogenizer, could intensify the intermolecular inter-
action.*>*° The highest biodiesel conversion of 97.7 + 0.6% was
obtained using a rotational speed of 6000 rpm. Furthermore,
Fig. 3D shows a plateau line of biodiesel yield, indicating that
increasing rotational speed did not affect the yield. An average
yield of 89.8% was achieved with the lowest yield of 88.1 & 1.0%
obtained at a rotational speed of 7000 rpm and the highest yield
0f 90.9 £+ 0.7% at 5000 rpm. This result supports the previously
reported result obtained using palm bunch ash as a catalyst in
homogenizer-intensified biodiesel production at room temper-
ature.” Similarly, other published research studies also reported
that increasing rotational speed did not have a significant effect
on the biodiesel yield after the maximum yield was achieved.*®
They concluded that high rotational speed produces super
cavitation, which reduces the intermolecular interaction due to
the collapse of cavities.*® Using a single ANOVA, we determined
the significant effect of the rotational speed on the biodiesel
conversion and yield. The significance was driven by the low

Table 1 Reusability and leaching test of the catalyst

Biodiesel conversion Concentration

Cycle (%) of K,O (wt%)
Raw/cycle 1 97.4 + 0.2 47.01

Cycle 2 72.3 £ 1.9 17.47

Cycle 3 46.1 + 1.1 13.2

Cycle 4 16.2 £ 0.7 —

Cycle 5 6.9 + 0.5 —

RSC Adv, 2023, 13, 6217-6224 | 6221
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Table 2 Summary of banana bio-based catalyzed biodiesel production

Potassium Calcined temperature Biodiesel
Banana parts/species concentration (wt%) (°C) and time (h) Reaction condition conversion (%)  Ref.
Pseudotem/Musa acuminata  26.2 700; 4 1:14.9; 5.9 wt%; 65 °C; 178.1 min 98 24
Peduncle/Musa spp. 68.37 700; 4 1:9.2; 1.99 wt%; 65 °C; 60 min 98.7 45
Trunk/Musa acuminata 23.45 NA 1:6; 7 wt%; RT; 360 min 98.39 42
Peel/Musa paradisiaca 37.23 700; 4 1:9; 7 wt%; 65 °C; 120 min 76.87 43
Peels/Musa acuminate Colla  74.4 650; 3 1:8; 1.7 wt%; 60 °C; 53 min 98.8 41
Peels/Musa sapientum 56.22 600; 2 1:15; 4 wt%; 65 °C; 120 min 98.91 46
Peels/— n.a. 700; 4 1:0.8 (v/v); 4 wt%; 65 °C; 65 min 99.5 47
Peels/— n.a. 600; 2 1:15; 1.5 wt%; 65 °C; 60 min 95.1 13
Peels/Musa balbisiana Colla  41.37 700; 4 1:9; 2 wt%; 60 °C; 80 min 96.3 48
Peels/Musa ‘Gross Michel’ 99.73 700; 4 1:30; 2.75 wt%; 65 °C; 69.02 min ~ 98.5 29
Peels/Musa paradisiaca 47.01 600; 2 1:15; 7 wt%; RT; 30 min 97.7 This study

conversion at a rotational speed of 4000 rpm, while Tukey's post
hoc test did not detect the significance for the biodiesel yield.

3.6 Reusability and leaching test of the calcined WBP

To establish the reusability information of the calcined WBP,
the reaction condition was set to a molar ratio of 1: 15, a catalyst
weight of 7 wt%, a reaction time of 30 min and a rotational
speed of 6000 rpm. Upon completion of each cycle, the
remaining catalyst was separated and directly used as a catalyst
for the subsequent cycle. As shown in Table 1, the biodiesel
conversion gradually decreased in the subsequent cycles. The
conversion declined 25% from cycle 1 to cycle 2 and 93% from
cycle 1 to cycle 5. This is presumably due to the leaching of the
catalyst. Furthermore, to clarify this issue, the leaching test was
performed using the EDS analysis to determine the concentra-
tion of potassium oxide. The concentration of K,O sharply
decreased amounting to 62.8% after the first cycle, and it
continued to decrease for the next cycle. Hydrolysis of K,O to
form KOH was presumably the reason that either biodiesel or
potassium oxide concentration was reduced.>*"**> Vadery et al.
(2014) demonstrated the transesterification of jatropha oil
using the leached-out catalyst achieving 96.1% biodiesel
conversion."” Therefore, the calcined WBP catalyst cannot be re-
used unless it is refreshed by adding some fresh catalysts to
maintain its catalytic activity.

3.7 Comparison of biodiesel production using the banana
residue-derived bio-based catalyst

Most of the studies on the utilization of banana residue as
a heterogeneous catalyst used peels, and they are summarized
in Table 2. In all the cases of calcined waste banana residue-
catalyzed transesterification reactions, the biodiesel conver-
sion routinely reached >95% except for a study by Ma'arof et al.
(2021) who obtained a conversion of 76.87%.* All the banana
residues contain potassium element as the main component.
However, the concentration of potassium did not significantly
affect the biodiesel conversion. The banana pseudostem,
which contains the lowest potassium concentration** as indi-
cated in Table 2, showed a high biodiesel conversion, which is
comparable with that of the banana peels,* which contain the

6222 | RSC Adv, 2023, 13, 6217-6224

highest concentration of potassium ion. The reaction param-
eters such as the molar ratio of oil to methanol and catalyst
weight do not have a significant effect on biodiesel conversion.
The molar ratio used varied from 1:6 to 1:30 and the catalyst
weight ranged from 1.5 to 7 wt%. Interestingly, two studies
reported biodiesel production at room temperature. Rajku-
mari and Rokhum (2020) used a banana trunk that was burnt
to ash as a heterogeneous catalyst in the transesterification of
soybean oil to biodiesel.*> The reaction was conducted at
ambient temperature and achieved a biodiesel conversion of
98.39% after 360 min of reaction time. In contrast, this study
showed that the calcined WBP could catalyze biodiesel
production in a reaction time of 30 min at room temperature.
In fact, among all calcined studies that used banana residues
as heterogeneous catalysts, a reaction time of 30 min was the
shortest while the longest was 360 min. However, this shortest
reaction time was achieved using a homogenizer apparatus
that provides large turbulence enhancing the mass transfer
rate of the reactants.>**

4. Conclusion

In this investigation, WBPs were calcined and successfully used
as heterogeneous catalysts in the homogenizer-facilitated
transesterification of palm oil to biodiesel. Potassium oxide
was the main element in the calcined WBP with a concentration
of 47.01 wt%. The highest biodiesel conversion and yield of 97.7
£ 0.6% and 90.0 + 2.3% respectively were achieved under
reaction conditions of a molar ratio of palm oil to methanol of
1:15, a catalyst weight of 7 wt%, a reaction time of 30 min and
a rotational speed of 6000 rpm. The reusability and leaching
study showed that the addition of a fresh catalyst is necessary to
maintain the catalytic activity as the concentration of potassium
element is decreased after every reaction cycle. However, this
study was conducted at room temperature for a short reaction
time compared with other methods that require heating at
methanol boiling point and a long reaction time.
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