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Discovery of lanthanide metal oxide catalyst for
transesterification reaction by fluorescence-based
high-throughput screening method and
application to biodiesel productionfy
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The development of heterogeneous metal oxide catalysts for transesterification reactions is crucial owing
to their seamless reusability and environmental friendliness. In recent years, numerous studies have been
conducted on rare-earth oxides, such as lanthanide metal oxides. Various metal oxides were screened
for transesterification using a new fluorescence-based high-throughput screening (HTS) method with
a pyrene excimer probe, bis(4-(1-pyrenyl)butyl) maleate (BPBM). Praseodymium(iv) oxide (PrO,) yielded
the highest catalytic activity among the prepared metal oxides. Various substrates were successfully
transesterified, and biodiesel was produced in a high yield (90%) from soybean oil through
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Introduction

Transesterification is a fundamental organic reaction in which
an ester reacts with an alcohol to form a different ester and
alcohol. The reaction is used in organic synthesis to obtain
various complex ester molecules from commercially available
methyl esters and in industrial applications, such as polymers
and paints." Various types of catalysts that promote trans-
esterification have been studied, including Lewis acids,>*
bases,” " and N-heterocyclic carbenes.™** Among these, the use
of heterogeneous catalysts is advantageous owing to seamless
reuse and the resulting environmental friendliness.>*

Metal oxides have been extensively studied as heterogeneous
catalysts for transesterification, and the functionalization of
esters and carbonates has been achieved using transition metal
oxides such as Fe,03-Zn0,'® ZnO,"” Cu/V,0s,"® and TiO, (ref. 19)
as catalysts. These transesterification reactions are widely
employed for the functionalization of esters, with a notable
example being the conversion of vegetable oils or animal fats
into fatty acid methyl esters (FAMEs) for biodiesel production.
Several transition metal oxides have been reported as effective
catalysts for biodiesel production through transesterification
reactions.”*>*
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transesterification using the catalyst. The selected catalyst

required minimal amounts for the

transesterification of various organic substrates (0.7 mol%) and soybean oil (0.8 wt%).

Rare earth oxides have recently been utilized in trans-
esterification reactions in addition to conventional transition
metal oxides. For example, cerium oxide, a lanthanide element,
has been utilized to catalyze transesterification reactions
between various esters and alcohols.”® Moreover, praseo-
dymium has been mixed with titanium oxide (Ti¢ 9sPr0.0405) to
enhance the transesterification reaction converting propylene
carbonate to dimethyl carbonate and propylene glycol.>® Rare-
earth oxide catalysts have also been utilized in the functionali-
zation of glycerides. For instance, transesterification between
rapeseed oil and methanol was tested using various rare earth
oxides, and La,O; was identified as an effective catalyst for
producing FAMEs.”” The transesterification of corn oil and
waste cooking oil was achieved using a rare earth metal oxides-
zirconia (Lay,Ceo30;.9-Zr0O,) catalyst,®® and the conversion
efficiency was enhanced by doping the praseodymium to the
CaO nanocatalyst extracted from mussel shell.*® As can be seen
in these recent studies, metal oxide catalysts containing rare-
earth metals are promising for transesterification.

To develop a catalyst, selecting one with high activity for
a target reaction among various catalysts is crucial, and signif-
icant effort and time are required to run many reactions and
evaluate each catalyst. Therefore, various high-throughput
screening (HTS) methods have been developed to improve the
efficiency of catalyst and reaction development. However, HTS
using traditional analytical methods, such as gas chromatog-
raphy (GC),**** liquid chromatography (LC),**** mass spec-
trometry (MS),**” and nuclear magnetic resonance (NMR)*** is
disadvantageous owing to the lengthy processing time per
sample or high-cost automated equipment. HTS methods using
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colorimetric or fluorometric responses have been
developed, which enable rapid sample processing using rela-
tively inexpensive equipment to overcome these vulnerabilities.
Various reactions, such as the Heck reaction,* arylation,*>*
reduction,” and coupling reaction®® have been monitored
through fluorescence changes. However, to the best of our
knowledge, fluorescence-based monitoring method for trans-
esterification reactions of alkyl esters is not reported.

In this study, various transition or lanthanide metal oxides
were prepared to develop rare-earth oxide catalysts for trans-
esterification reactions. The optimal catalyst for trans-
esterification was selected from these catalyst candidates
through a newly developed excimer-based fluorescence HTS
method. The selected metal oxide catalyst was evaluated for
catalytic activity in transesterification across various substrates,
including for biodiesel production.

Experimental section
Materials and instruments

All chemical reagents were purchased from commercial sources
and used as received without further purification. The details
about the reagent sources are shown in the ESIL{ The instruments
used in the experiment included nuclear magnetic resonance
(NMR), high-resolution mass spectrometer (HRMS), and fluores-
cence spectrophotometer. The details about the manufacturer
and model of the instrument are shown in the ESL

General procedure for preparation of transition or lanthanide
metal oxides

Transition metal or lanthanide metal chlorides (5 mmol) were
dissolved in 50 mL of a water/ethanol (3/2, v/v) mixed solvent. An
aqueous solution of NaOH (2 g of NaOH in 10 mL of water) was
added to the mixture with vigorous stirring. After stirring for 4 h,
the suspension mixtures were filtered and washed several times
with a water/ethanol (2/1, v/v) mixed solvent until the pH of the
filtrate became neutral. Transition or lanthanide metal hydroxide
residues were dried in an oven and calcined at 600 °C for 6 h.

Synthesis of pyrene excimer probe, bis(4-(1-pyrenyl)butyl)
maleate (BPBM). 1-Pyrenebutanol (0.89 g, 3.2 mmol) and maleic
anhydride (0.16 g, 1.6 mmol) were dissolved in chloroform (20
mL), and p-toluenesulfonic acid (0.06 g, 0.32 mmol) was added.
The reaction mixture was heated at reflux overnight, diluted
with chloroform, and washed with water. The organic layer was
dried over Na,SO,, and the solvent was removed in vacuo. The
residue was purified by column chromatography (SiO,, CH,Cl,/
hexane = 2/1) to give bis(4-(1-pyrenyl)butyl) maleate (BPBM,
0.89 g, 87%). 'H NMR (400 MHz, CDCl;) 6 8.20-7.78 (m, 18H),
6.22 (s, 2H), 4.17 (t,J = 6.5 Hz, 4H), 3.28 (t,] = 7.6 Hz, 4H), 1.89-
1.72 (m, 8H). HRMS (ESI): m/z calculated for C44H;,04 [M + H]'
629.2686, found 629.2682.

General procedure for fluorescence-based HTS of
transesterification

Bis(4-(1-pyrenyl)butyl) maleate (BPBM, 0.63 mg, 1 pmol) was
dissolved in chloroform (0.2 mL), and methanol (0.2 mL,
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160 mg, 5 mmol) was added to the solution. Subsequently,
transition or lanthanide metal oxide catalysts (10 mg) were
added to the solution and refluxed for 24 h. After adding 0.6 mL
of chloroform, the reaction mixtures were centrifuged at
600 rpm for 10 min to allow the lanthanide oxide catalyst to
settle. The supernatants were diluted 1/10 with chloroform and
analyzed using a fluorescence spectrophotometer.

General procedure for transesterification of aryl esters with
alcohols

PrO, nanoparticle catalyst (2 mg) was added to the mixtures of
esters (1.6 mmol) and alcohols (3.2 mmol), and the reaction
mixtures were stirred at 200 °C. The reactions were terminated
when the yield exceeded 90% by NMR monitoring aliquots of
the twin reaction mixtures of identical compositions for each
reaction. The crude products were purified by column chro-
matography on silica gel to obtain the transesterified ester
products.

Transesterification of glyceryl trioctanoate

A mixture of glyceryl trioctanoate (0.77 g, 1.6 mmol) and
methanol (0.52 g, 16 mmol) was placed in a Teflon container,
and a PrO, nanoparticle catalyst (6 mg) was added to the
mixture. The Teflon container containing the reaction mixture
was placed in an autoclave and heated at 200 °C for 8 h. The
resulting oil was filtered over silica gel and washed with
dichloromethane. The solvent and excess methanol were
removed in vacuo to yield methyl octanoate. "H NMR (400 MHz,
CDCl;) 6 3.66 (s, 3H), 2.30 (t, ] = 7.6 Hz, 2H), 1.65-1.59 (m, 2H),
1.32-1.26 (m, 8H), 0.88 (t, / = 6.8 Hz, 3H).

Production of biodiesel by transesterification of soybean oil

A mixture of soybean oil (0.8 mL) and methanol (0.52 g, 16
mmol) was placed in a Teflon container, and a PrO, nano-
particle catalyst (6 mg) was added to the mixture. The Teflon
container containing the reaction mixture was placed in an
autoclave and heated at 200 °C for 8 h. The aliquot of the
resulting oil was analyzed by "H NMR, and the FAME yield was
calculated by comparing the peak of the -OCH; from FAMEs
and the peaks of the -OCH, from triglycerides.

Results and discussion

Development of high-throughput screening method for
transesterification with pyrene excimer fluorescent probe

Pyrene is one of the most valuable fluorophores because of its
unique excimer behavior, as well as its high quantum yield and
lifetime. A probe capable of screening the transesterification
reaction was designed based on the significant differences in
the fluorescence properties of pyrene excimers and pyrene
However, because pyrene is a fluorophore
composed only of aromatic rings with low reactivity, it has the
advantage of not causing side reactions other than the target
transesterification reaction. Bis(4-(1-pyrenyl)butyl) maleate
(BPBM) which bears two pyrenes and linkers to form a pyrene
excimer was designed as a fluorescent probe. And this probe can

monomers.
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Fig. 1 Comparison of fluorescence spectra between BPBM (pyrene
excimer probe) and 1-pyrenebutanol (transesterification product).

be converted into molecules containing only one pyrene by
breaking the bond through transesterification at the ester
functional groups. Because the pyrene excimer exhibits fluo-
rescence emission at a longer wavelength than the pyrene
monomer, a decrease in fluorescence emission at longer wave-
lengths and an increase at shorter wavelengths are anticipated
as the reaction progresses.

The fluorescent probe BPBM was synthesized with 87% yield
via a one-step reaction using 1-pyrenebutanol and maleic
anhydride (Fig. S17). Both BPBM and 1-pyrenebutanol were
analyzed using a fluorescence spectrophotometer (Fig. 1). 1-
Pyrenebutanol, a transesterification product of BPBM with
alcohols, exhibits a strong fluorescence turn-on characteristic
around 390 nm when irradiated with excitation light at 345 nm
with respect to BPBM before the reaction. Therefore, the prog-
ress of the reaction can be effectively determined. Ratiometric
analysis was achievable by combining the fluorescence turn-on
characteristic at approximately 390 nm and the turn-off char-
acteristic at approximately 480 nm. The fluorescence spectrum
exhibits an isoluminescent point at 457 nm, where the fluo-
rescence emission intensity remains constant. This provided
self-correction for various analyte-independent factors, such as
errors from sample dilution, enabling more precise screening.

The fluorescence spectra of the mixtures containing the
BPBM probe and 1-pyrenebutanol product were recorded
(Fig. 2(a)), yielding a fluorescence calibration curve based on the
fluorescence intensity ratios (F. I. at 378 nm F. L. at 480 nm) and
mixing ratios (Fig. 2(b)). After transesterification of the BPBM
probe and methanol using various transition or lanthanide
metal oxide catalysts, the reaction mixtures were analyzed using
a fluorescence spectrophotometer, and the conversion of the
probe and yield of the product was calculated by substituting
the fluorescence intensity into the calibration curve.

High-throughput screening of transition or lanthanide metal
oxide catalysts

Eight transition metal oxides and thirteen lanthanide metal
oxides were prepared as catalysts following our previous
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Fig. 2 (a) Fluorescence spectra of mixed solutions of BPBM probe and

1-pyrenebutanol product. The mixing ratio between the BPBM probe
and 1-pyrenebutanol product depends on the progress of the trans-
esterification reaction (excitation wavelength: 345 nm, excitation/emis-
sion slit width: 5 nm/5 nm, PMT: 500 V). (b) The plot of fluorescence
intensity at 378 nm divided by fluorescence intensity at 480 nm versus
various mixing ratios of the BPBM probe and 1-pyrenebutanol product
depends on the progress of the transesterification reaction in chloroform
and the calibration curve (red line). The yield of the reaction is calculated
as In[{(F. I. 378 nm F. I. 480 nm) + 2.50}/5.25]/0.0256 (%).

research.”® The catalytic activities of the prepared metal oxides
were screened by transesterification reactions of 1 pmol of
BPBM with methanol in chloroform. The yields of the trans-
esterification reactions were determined by measuring the
fluorescent spectra of the reaction mixtures after 24 h reaction
at 80 °C. Through three or more repeated experiments, copper,
praseodymium, and samarium oxide catalysts showed high
transesterification yields exceeding 60% under the screening
conditions (Fig. 3). However, other transition or lanthanide
metal oxides showed low yields of less than 50%. In particular,
praseodymium oxide was selected as an outstanding hit cata-
lyst, with a yield exceeding 80%. A powdered XRD pattern was
obtained to characterize the selected praseodymium oxide
(Fig. 4). The analysis revealed that the synthesized oxide had
a cubic structure of praseodymium(iv) oxide (PrO,) rather than

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 XRD pattern of praseodymium oxide catalyst. The catalyst was
found to have a cubic structure of PrO, by comparing the XRD pattern
with the JCPDS 75-0152.

PrO, Pr,03, or PrgO;4, and the XRD pattern correlated well with
JCPDS 75-0152. The synthesized PrO, was analyzed using
transmission electron microscopy (TEM), which demonstrated
that the metal oxide was synthesized in the form of uniformly
sized nanoparticles ranging from 10 to 20 nm (Fig. 5(a)—(c)) and
confirmed its crystallinity (Fig. 5(d)). Elemental mapping
images show that Pr and O are evenly distributed (Fig. S37).

Optimization of reaction conditions

Following the screening of the catalysts utilizing BPBM, the
reaction conditions were optimized to conduct the trans-
esterification reaction for various substrates using the selected
PrO, catalyst. Benzyl benzoate (3aa) formation through the
transesterification of methyl benzoate (1a) and benzyl alcohol

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 TEM images of PrO, nanoparticle catalyst. (a)—(c) The particle
size is uniformly distributed in the range of 10 to 20 nm. (d) The high-
resolution TEM image confirms the crystallinity.

(2a) served as a model reaction. First, compared to the catalyst
screening conditions (1 pmol BPBM substrate, 5 mg catalyst),
the amount of ester substrate (1a) was increased to 1.6 mmol,
while the catalyst loading was slightly reduced. The reaction was
conducted at 100 °C for 6 h using 2 mg of the PrO, catalyst
without a solvent. However, almost no benzyl benzoate (3aa)
was produced, and little conversion occurred (Table 1, entry 1).
Despite the reaction time increasing to 12 h, only an insignifi-
cant amount of benzyl benzoate (3aa) was produced (entry 2).
When the reaction temperature was raised to 150 °C, the yields
were increased to 9% and 18% after 6 h and 12 h, respectively

Table 1 Reaction condition optimization for transesterification®

o0 o
OMe + —_— o/\©
Neat
1a 2a 3aa

Catalyst loading Temperature Time Yield®
Entty  (mg) (°C) (h) (%)
1 2 100 6 0.3¢
2 2 100 12 0.9¢
3 2 150 6 9°
4 2 150 12 18
5 2 200 6 95
6 4 200 6 1.5°
7 1 200 6 90
8 5 200 6 94

“ Reaction conditions: 1.6 mmol of 1a and 3.2 mmol of 2a without
solvent. ” Isolated yield. © Calculated by NMR. ¢ Without the catalyst.

RSC Adv, 2025, 15, 8102-8110 | 8105
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Table 2 Comparison of different metal oxide catalysts for transesterification
Alcohol/ Reactiontemperature Yield

Catalyst Ester Alcohol estemolar ratio Catalyst loading” (°C) (%)  Reference
ZnO-Fe,03 Methyl benzoate Propanol 2 13.7 mg mmol " 150 84 16

ZnO Methyl nitrobenzoate Ethanol 34 2 mol% 100 45 17
Cu/V,05 Ethyl-10-undecenoate Benzyl alcohol 2 5 mg mmol * 100 78 18

TiO, Dimethyl carbonate ~ Phenol 1 2.5 mg mmol 180 9 19

CeO, Methyl benzoate Octyl alcohol 1.2 20 mg mmol " 160 97 25
Tio.06Pr0.0402 Propylene carbonate Methanol 5 3.6 mg mmol " 165 82 26

Pro, Methyl benzoate Benzyl alcohol 2 0.7 mol% or 1.25 mg mmol ' 200 95 This work

¢ Catalyst loading was expressed in mol% when specified; otherwise, it was given as the mass relative to the molar amount of the ester substrate.

(entries 3 & 4). Furthermore, an excellent yield of 95% was ob-
tained in just 6 h or reaction at 200 °C (entry 5). In a control
experiment without using catalyst, only a negligible conversion
to 3aa was observed (entry 6). This suggests that the reaction
predominantly proceeds via catalysis, highlighting the necessity
of the catalyst. When the catalyst loading was changed, the
reaction yield using 1 mg of the PrO, catalyst decreased to 90%.
However, the yield did not improve even when the amount of
catalyst was increased to 5 mg (entries 7 & 8). Therefore, a suit-
able catalyst loading was determined to be 2 mg. To the best of
our knowledge, the optimized catalyst loading (2 mg) represents
the lowest amount used among the heterogeneous catalysts,
corresponding to 0.7 mol% in molar ratio and 1.25 mg mmol "
by mass (Table 2).

Substrate scope

Transesterifications were performed using various alcohols and
esters under optimized conditions to evaluate the applicability
of the catalyst to various substrates. Using primary benzyl
alcohols (2a), the transesterification of methyl benzoate (1a)
proceeded with an excellent yield of 95% within 6 h (Table 3,
entry 1). This result demonstrates a higher yield in a shorter
reaction time compared to reactions using other heterogeneous
catalysts such as ZnCl,-hydroxyapatite,* CeO,,*® maghemite-
ZnO,' and oxidized carbon black,* with the same substrates
(1a and 2a). Despite the higher reaction temperature, the cata-
lyst is advantageous because loading is the lowest among
comparable reactions.***>>*> Halogen-substituted alcohol (2b)
was well tolerated under the reaction conditions, with an
excellent yield of 93% within 9 h (entry 2). However, regarding
methoxybenzyl alcohol (2c), the reaction did not proceed
because of side reactions, and the product was obtained in poor
yield (entry 3). When methyl benzoate (1a) reacted with nitro-
benzyl alcohol (2d), an excellent yield of 90% was obtained
within 12 h (entry 4).

Aliphatic alcohols (2e, 2f, 2g) were also applied, and 1-hex-
anol (2e) and cyclohexanol (2f) reacted with methyl benzoate
(1a) in excellent yields exceeding 90%, but long reaction times
were required because the reactions were performed at 150 °C
owing to the low boiling points of alcohols (entries 5 & 7).
Nevertheless, this quantitative yield (3af) was significantly
higher than the reaction using the same alcohol substrates (2f)

8106 | RSC Adv, 2025, 15, 8102-8110

at the same temperature using Cu/V,0s catalyst.® In addition,
for the reaction of 1-hexanol (2e), hexyl benzoate (3ae) was
produced in a good yield of 72% at 150 °C within 48 h (entry 6).
Meanwhile, cetyl alcohol (2g), which has a high boiling point,
was tested under the optimized conditions, and an excellent
yield of 91% was obtained within 16 h (entry 8). This result
shows that the PrO, catalyst also catalyzes the trans-
esterification of aliphatic alcohols well if the reaction temper-
ature is sufficiently high.

The secondary benzyl alcohol, 1-phenylethanol (2h), reacted
more slowly than the primary benzyl alcohols and a yield of 48%
was observed in 38 h, and the low yield was also because the
reaction could not proceed further owing to side reactions
(entry 9). Nevertheless, this yield is significantly higher
compared to a reported reaction using a Cu/V,Os catalyst with
the same alcohol substrate (2h), which resulted in a negligible
yield of 2%.'® Transesterification were also attempted with
tertiary alcohol (2i, 2j), but ter¢-butanol (2i) did not react at 150 °
C and 2-phenyl-2-propanol (2j) did not react at 200 °C either,
likely due to steric hindrance. (entries 10 & 11). Referring to the
results with the secondary benzyl alcohol, 1-phenylethanol (2h),
where the reaction proceeded more slowly, it seems that higher
steric hindrance tends to reduce reactivity.

Several methyl esters (1b and 1c) were transesterified to benzyl
esters (3ba and 3ca) in yields exceeding 90% after 20 h (entries 12
& 13). Notably, a significantly higher yield was observed for methyl
4-nitrobenzoate (1c) compared to the moderate yield obtained in
reactions with the ZnO catalyst using the same ester substrate."”
However, methyl 4-aminobenzoate (1d) showed a low yield owing
to side reactions (entry 14).

Application to biodiesel production

After examining the substrate scope of the transesterification
reaction catalyzed by PrO,, we determined that the catalyst
could be utilized for biodiesel production. Biodiesel production
involves the addition of methanol to long-chain triglycerides to
form fatty acid methyl esters (FAMEs) through trans-
esterification. The reaction was conducted through a sol-
vothermal reaction because methanol has a low boiling point.
First, glyceryl trioctanoate, a single compound similar to the
main component of vegetable oils, was tested. Using 2 mg of
PrO, catalyst, a solvothermal reaction at 200 °C for 8 h yielded

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 The substrate scope of PrO, nanoparticle catalysed transesterification®
(o] (o]
PrO, R2
OMe + HO_RZ —_— (o)
Neat
R1 1
1 2 3
Entry Ester (1) Alcohol (2) Product (3) Temperature (°C) Time (h) Yield” (%)
1 la 2a 3aa 200 6 95
2 1a o ©)k°/\©\ 200 9 93
2b Br
3ab
QL !
3 1a ome ©)k°/\©\ 200 6 40
2c ‘OMe
3ac
4 1a No, ©)L°/\© 200 12 90
2d NO,
3ad
HO NN o]
2 0NN
5 1a Ej)L 150 219 91
3ae
6 la 2e 3ae 150 48 72
O 8, O
7 1a Ho” (j)k ° 150 38 98
3af
_(CH,)45CH. o
Ho I o (CHasCHs
8 1a 2 200 16 91
3ag
[o]
9 1a ”°)\© @°® 200 38 a8
2h 3ah
o
HO><
10 1a u ©)L°>< 150 48 n. r.f
3ai
o
HO’ o} ¢
11 1a 200 48 n.r.
2 3aj
o [e]
o a o /\© 00 0 95
1b 3ba
[o] [¢]
‘OMe 0
13 Q)L 2a /(>)L /\© 200 20 90
ON O.N
1c 3ca
(o] o]
OMe O
14 /@X 2a HZN/(D)L /\© 200 20 21
3da

1d

“ Reaction conditions: 1.6 mmol of ester (1), 3.2 mmol of alcohol (2), and 2 mg of PrO, nanoparticle catalyst without solvent. ? Isolated yield. ¢ No

reaction.

74% methyl octanoate (Table 4, entry 1). When the catalyst was
increased to 6 mg, the same product was obtained quantita-
tively (entry 2). Reducing the reaction time to 2 h and 4 h

© 2025 The Author(s). Published by the Royal Society of Chemistry

resulted in yields of 58% and 74%, respectively (entries 3 & 4).
On the other hand, soybean oil was reacted with methanol to
investigate whether the selected catalyst could effectively

RSC Adv, 2025, 15, 8102-8110 | 8107
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Table 4 Transesterification of triglycerides®
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VNP NN
P (o] PrO, o OH
}OJJ\/\/\/\ * MeOH ———> 3 MeoJ\/\/\/\ * HO\/l\/OH
OSSN
o
Entry Substrate Catalyst loading (mg) Time (h) Yield? (%)
1 Glyceryl trioctanoate 2 8 74
2 Glyceryl trioctanoate 6 8 99
3 Glyceryl trioctanoate 6 2 58
4 Glyceryl trioctanoate 6 4 74
5 Soybean oil 6 8 90°
6 Soybean oil . 8 10°

¢ Reaction conditions: 1.6 mmol of glyceryl trioctanoate or 0.8 mL of soybean oil and 16 mmol of methanol, solvothermal reaction at 200 °C without
additional solvent. ” Isolated yield. ¢ Calculated by NMR. ¢ Without the catalyst.

Table 5 Comparison of different metal oxide catalysts for biodiesel production

Methanol/oil molar Catalyst loading® Reaction temperature Yield
Catalyst Feed stock ratio (Wt%) (°C) (%) Reference
PbO, PbO, Soybean oil 7 2 150 89 20
Ba-CaO Waste cooking oil 6 1.0 65 98 21
CaO Scum oil 13 0.9 60 96 22
Fe/Ba/Al,0; Waste cooking oil 18 6 65 84 23
NiO/CaO Waste cooking oil 18 6 65 97 24
La,03 Rapeseed oil 28 10 200 98 27
Lay ,Cey.504.9-Zr0, Waste cooking oil 15 5 120 91 28
Pr-CaO Castor oil 8 2.5 65 87 29
Pro, Soybean oil 12 0.8 200 90 This work

“ Catalyst loading was expressed in wt% relative to the mass of the oil used.

produce biodiesel by transesterification of actual vegetable oils.
The yield was calculated by comparing the ratio of the methyl
peak of the methyl esters to the glyceryl peaks of the triglycer-
ides in the 'H NMR spectrum. As a result, 90% of the triglyc-
erides were transformed to methyl esters after
transesterification of soybean oil at 200 °C for 8 h using 6 mg of
the PrO, catalyst (entry 5). In a control experiment without
using catalyst, a simple thermal reaction yielded only 10% of
methyl esters (entry 6). This indicates that the majority of the
product is formed through the catalytic reaction, confirming
that the catalyst is necessary for efficient biodiesel production.
The mass of the catalyst used in the reaction was 0.8 wt% of the
mass of soybean oil, demonstrating excellent yield with an
insignificant amount of catalyst. To the best of our knowledge,
this is the lowest catalyst loading reported for various metal
oxide catalysts (Table 5).

Conclusions

This study developed a fluorescence-based high-throughput
screening method for transesterification reactions using a pyr-
ene excimer probe. The method offers a fast and efficient way
for catalyst developers to evaluate a wide range of

8108 | RSC Adv, 2025, 15, 8102-8T110

transesterification catalysts. The activities as transesterification
catalysts of various transition or lanthanide metal oxide nano-
particles were quickly and efficiently analyzed. Praseodymiu-
m(wv) oxide, which shows the highest efficiency, was selected as
the transesterification catalyst, and transesterification was
performed on various substrates in high yields using this
catalyst. In addition, the PrO, nanoparticles could catalyze the
transesterification of triglycerides used in biodiesel production.
Moreover, fatty acid methyl ester (FAME) was efficiently
produced, even in soybean oil. The selected catalyst is advan-
tageous owing to necessitating minimal amounts for the
transesterification of various organic substrates (0.7 mol%) and
soybean oil (0.8 wt%). The developed fluorescence-based assay
method provides a valuable tool for rapid catalyst evaluation,
offering a fast way to assess various transesterification catalyst
candidates, including Lewis acids, bases, N-heterocyclic car-
benes, and lanthanide doping or bimetallic oxides.

Data availability

The data supporting this article have been included as part of
the (ESI).
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