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ARTICLE INFO ABSTRACT
Keywords: Recently, biodiesel production from palm oils has been thoroughly investigated to substitute
Biodiesel crude oil due to its scarcity. However, the biodiesel production process is time-consuming due to

Calix[4]resorcinarene

3 its slow kinetics; thus, concentrated sulfuric acid has been used to fasten the reaction process in
Methyl palmitate

some industries. Unfortunately, sulfuric acid is a toxic, corrosive, and non-environmentally

Methyl oleate . . . . .

Organocatalyst friendly catalyst. In this study, we prepared sulfated Calix[4]resorcinarene derived from

Sulfated vanillin as an efficient organocatalyst to replace sulfuric acid. The catalytic activity of sulfated
Calix[4]resorcinarenes was evaluated through the methylation of palmitic acid and oleic acid as
model compounds due to their abundant amounts in palm oil. The Calix[4]resorcinarene and
sulfated Calix[4]resorcinarenes have been obtained through a one-pot reaction in 71.8-98.3%
yield. Their chemical structures were confirmed by using FTIR, NMR and HRMS spectrometry
analyses. The results showed that the sulfated Calix[4]resorcinarene exhibited high catalytic
activity for methyl palmitate and methyl oleate productions in 94.8 + 1.8 and 97.3 + 2.1% yield,
respectively, which was comparable to sulfuric acid (96.3 + 1.8 and 95.9 + 2.5%). The optimum
condition was achieved by using 0.020 wt equivalent of organocatalyst for 6 h reaction process at
338 K. The methylation of palmitic acid and oleic acid fits well with the first-order kinetic model
(R2 = 0.9940-0.9999) with a reaction rate constant of 0.6055 and 1.1403 h'l, respectively.
Further investigation reveals that the hydroxyl group of vanillin plays a pivotal role in the
organocatalytic activity of sulfated Calix[4]resorcinarene.

1. Introduction

Organocatalysis becomes a trending topic after Benjamin List and David MacMillan were awarded the Nobel prize in 2021. This era
was begun with the report on organocatalyst-based proline and imidazolidinone molecules in the 20th century [1,2]. Organocatalyst is
defined as a green catalyst composed of carbon, hydrogen, oxygen, nitrogen, sulfur, and/or phosphor elements [3] Organocatalysis
offers a chemical reaction in a higher conversion within a faster reaction time. Additionally, organocatalyst agent is easier and cheaper
to be prepared compared with inorganic catalysts, which is economically feasible for real application purposes [4]. The application of
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organocatalysts in the production of renewable energy attracts the researchers’ attention due to the scarcity of crude oils in the future
[5,6]. It was reported that the global supply of crude oils kept depleting year by year. Moreover, environmental pollution and its
negative effects on human health led to serious concern about replacing crude oils for a better and sustainable world in the future [7].
In contrast, renewable energy from plant sources becomes the promising solution due to its abundant resources, cheaper mining cost,
simpler mining technologies, and less impact on the environment [8,9].

Biodiesel is one of the renewable energies with some superior properties. Biodiesel is a biodegradable, non-toxic, and environ-
mentally friendly energy due to its cleaner exhaust emission compared to petroleum diesel ones [10]. Biodiesel is produced through
either the methylation of free fatty acids or the transesterification of triglycerides. Compared to the methylation of free fatty acids, the
transesterification reaction is more complicated due to the stepwise conversion mechanism of triglycerides to glycerol and methyl
esters [11]. Furthermore, the nature of plant oils depends on the geochemical and climate factors; thus, it is not easy to control and
adjust as a standard comparison for literature purposes [12-15]. In contrast, methylation of free fatty acids is more preferable due to its
exact physicochemical properties; thus, a faster and more efficient production process could be comprehensively studied.

According to Food and Agriculture Organization (FAO), Indonesia contributes 246 million tons of palm oil attributed to 60% of
global demand in 2019, which is the highest global palm oil supply in the world [16]. In general, palm oil contains 38-44% of palmitic
acid, 40-43% of oleic acid, 9-12% of linoleic acid, and 3-5% of stearic acid [17,18]. The Indonesian government have decided to blend
petroleum diesel with biodiesel derived from palm oil, named as B35 policy, since 2023 [19]. Therefore, extensive research on bio-
diesel technology is carefully examined to establish efficient biodiesel production using palmitic acid and oleic acid as the model
compounds.

Despite the advantages, large-scale biodiesel production is still far from industrial expectations due to its slow kinetics and poor
conversion yield. Therefore, a highly active and efficient catalyst shall be utilized [20,21]. Tables 1 and 2 listed the catalytic activity of
some reported catalysts for the methylation of palmitic acid and oleic acid, respectively. In general, inorganic catalysts gave medium to
high yield for methyl palmitate (30.0-91.6%) and methyl oleate (55.3-98.0%), however, still lower than the use of organocatalysts.
The catalytic efficiency of the inorganic catalysts (0.011-0.154 mol methyl palmitate/g and 0.027-0.098 mol methyl oleate/g) was
also lower than the organocatalysts (0.002-0.173 mol methyl palmitate/g and 0.001-0.195 mol methyl oleate/g). Furthermore, the
preparation of inorganic catalysts was not simple and expensive due to the usage of transition metals (such as zirconium, tungsten,
titanium, and cerium).

Couples of organocatalysts for the methylation of palmitic acid and oleic acid have been reported [14,29-35,37,41-45]. Tables 1
and 2 showed that organocatalysts exhibit higher catalytic activity to produce methyl palmitate and methyl oleate in up to 98.3 and
97.6% yield, respectively. Compared to inorganic catalysts, organocatalysts offer several advantages such as being biodegradable,
metal-free material, non-corrosive, no soap production, insensitive to water content, and having higher catalytic activity than other
catalyst materials [10]. Biomolecules-based catalyst, i.e., Novozym 435, catalyzed the methylation of palmitic acid in 20.7% yield for
24 h at 333 K making its real application far from the reality due to their low yield, strict reaction condition, time-consuming, and
expensive catalyst [30]. On the other hand, the N-methyl-N-butyl morpholine hydroxide ionic liquid produced methyl oleate in 62.4%
yield. Even though the production yield of methyl oleate was moderate, however, the reaction time was too long (10 h) [42]. Another

Table 1
Comparison of the catalytic activity of some reported inorganic catalysts and organocatalysts for methyl palmitate production.
No. Catalyst Yield Reaction time Temperature Efficiency (mol product/g Ref.
(%) (h) (K) catalyst)

Inorganic catalyst

1 WO,/ZrO4 30.0 6 333 0.060 [22]

2 SBA-15/sulfated zirconia 40.0 6 333 0.027 [23]

3 Hp zeolite 54.0 3 390 0.011 [24]

4 WS, 70.0 6 333 0.070 [25]

5 Mesoporous Al-MCM-41 79.0 2 403 0.154 [26]

6 Sulfated zirconia 90.7 8 333 0.011 [27]

7 C7H;3N203S " HoPW;5050 91.6 8 338 0.051 [28]

Organocatalyst

8 Sulfated toluene 20.0 6 351 0.023 [29]

9 Novozym 435 20.7 24 333 0.002 [30]1

10 Sulfated 4-hydroxybenzene 31.0 6 351 0.036 [29]

11 Sulfated alpha-cellulose 74.1 4 338 0.007 [31]

12 Sulfated C-phenylcalix[4]pyrogallolarene 83.0 4 338 0.150 [32]

13 Sulfated C-3,4-dimethoxyphenylcalix[4]pyrogallolarene 87.4 4 338 0.158 [32]

14 Sulfated calix[6]arene 90.0 6 351 0.164 [33]

15 Sulfated calix[4]arene 91.0 6 351 0.167 [33]

16 Sulfated C-4-hydroxy-3-methoxyphenylcalix[4] 91.9 4 338 0.168 [32]
pyrogallolarene

17 Sulfated C-3,4-dimethoxyphenylcalix[4]-2- 93.3 6 338 0.165 [34]
methylresorcinarene

18 Sulfated C-phenylcalix[4]-2-methylresorcinarene 96.3 6 338 0.170 [34]

19 Sulfated C-4-hydroxy-3-methoxyphenylcalix[4]-2- 97.8 6 338 0.173 [34]
methylresorcinarene

20 Amberlite IR-120 98.3 10.5 334 0.038 [35]
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Table 2
Comparison in the catalytic activity of some reported inorganic catalysts and organocatalysts for methyl oleate production.
No. Catalyst Yield Reaction time Temperature Efficiency (mol product/g Ref.
(%) (h) (K) catalyst)
Inorganic
catalyst

1 Ceric ammonium sulfate 55.3 4 343 0.098 [36]
2 WO3/USY 80.0 2 473 0.040 [37]
3 HZSM-5 zeolite 81.0 7 373 0.029 [38]
4 SiW,2/Hp 86.0 10 333 0.027 [39]
5 Sulfated LaO 95.5 6 373 0.034 [38]
6 Sulfated Ce/ZrO5-TiO, 98.0 4 333 0.070 [40]
Organocatalyst

7 Chitosan 00.9 5 368 0.001 [41]
8 Sulfated toluene 05.0 4 351 0.023 [33]
9 Sulfated 4-hydroxybenzene 48.0 4 351 0.024 [33]
10 Sulfated CMK-3 52.0 10 353 0.026 [39]
11 Sulfated Nafion 59.0 10 353 0.030 [39]
12 N-methyl-N-butyl morpholine hydroxide 62.4 10 333 0.044 [42]

ionic liquid

13 Sulfated calix[6]arene 76.0 4 351 0.154 [33]
14 Sulfated alpha-cellulose 82.0 4 338 0.072 [31]
15 Sulfated calix[4]arene 88.0 4 351 0.195 [33]
16 Sulfated chitosan 95.7 5 368 0.113 [41]
17 Coal-based solid acid 97.6 6 513 0.058 [43]

biomaterial, i.e., chitosan, gave poor organocatalytic activity for methyl oleate production in 0.9% yield. However, the sulfated
chitosan showed a remarkable production yield of methyl oleate at 95.7% [41]. The same trend has been reported for lanthanum(II)
oxide (LaO) and alpha-cellulose catalysts. The bare LaO catalyst gave the methyl oleate in 80.0% yield while the sulfated LaO ones gave
95.5% yield [38]. On the other hand, sulfated alpha-cellulose gave a higher methylation yield of palmitic acid and oleic acid in 74.1
and 82.0% yield, respectively, compared to alpha-cellulose [31]. Sulfated aromatic-based organocatalysts have been also evaluated for
the biodiesel production. Sulfated toluene yielded methyl palmitate and methyl oleate in 20.0 and 5.0% yield, respectively. On the
other hand, sulfated 4-hydroxybenzene yielded the production of methyl palmitate and methyl oleate in 31.0 and 48.0% yield,
respectively [29,33]. These results demonstrated that the presence of the hydroxyl group in the aromatic ring (named as phenolic
derivative) enhanced the organocatalytic activity.

Cyclization of phenolic compounds could be performed to obtain calix[4]arene and calix[6]arene structures [46]. The sulfated
calix[4]arene and calix[6]arene showed much higher production yield of methyl palmitate and methyl oleate in 90.0-91.0 and
76.0-88.0%, respectively, compared to their monomer, i.e., sulfated 4-hydroxybenzene (31.0-48.0%) due to the supramolecular in-
teractions [29,33]. Unfortunately, the preparation of calix[4]arene and calix[6]arene is difficult and expensive because of complicated
reaction and purification processes. Other calix[4]arene derivatives, i.e., calix[4]-2-methylresorcinarenes and calix[4]pyrogallolar-
enes, have been also investigated as organocatalysts for methyl palmitate production in our previous work [32,34]. They were suc-
cessfully prepared through a one-pot reaction employing hydrochloric acid in ethanol media in 66.7-88.9% yield. The sulfated calix
[4]-2-methylresorcinarenes gave a higher production yield of methyl palmitate (93.3-97.8%) than sulfated calix[4]pyrogallolarenes
(83.0-91.9%). The catalytic efficiency of sulfated calix[4]-2-methylresorsinarene (0.165-0.173 mol/g) was also higher than sulfated
calixarene (0.164-0.167 mol/g) and sulfated calix[4]pyrogallolarene (0.150-0.168 mol/g) for methyl palmitate production. Unfor-
tunately, the production cost of sulfated calix[4]-2-methylresorcinarene was quite high due to the expensive 2-methylresorcinol as the
starting material ($1910/kg). In contrast, resorcinol ($92/kg) is much cheaper than 2-methylresorcinol, however, the organocatalytic
activity of sulfated Calix[4]resorcinarenes has not been studied yet.

In this work, we prepared sulfated Calix[4]resorcinarene from vanillin as the starting material due to its highly abundant and

) HCI, EtOH
Reflux 8h
HZO work up

Resorcinol g _ g'_ 1, penzaldehyde
R = OH, R’ = OCHg, vanilin
R = R’= OCHg, veratraldehyde

C-arylcalix[4]resorcinarenes Sulfated C-arylcalix[4]resorcinarenes

Scheme 1. Reaction scheme on the synthesis of sulfated Calix[4]resorcinarenes.
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relatively cheap resources ($109/kg) in Indonesia [47]. Vanillin contains aldehyde, hydroxyl and methoxy groups; thus, could be
cyclized to form the cyclic Calix[4]resorcinarene structure through a one-pot reaction. The role of hydroxyl and methoxy groups was
evaluated by preparing the other sulfated Calix[4]resorcinarenes, i.e., sulfated C-phenylCalix[4]resorcinarene from benzaldehyde (for
a representative compound with no hydroxyl and methoxy groups) and sulfated C-3,4-dimethoxyphenylCalix[4]resorcinarene (for a
representative compound with no hydroxyl group). The reaction scheme for the synthesis of sulfated Calix[4]resorcinarenes is shown
in Scheme 1. They were applied as the organocatalyst agent for the methylation of palmitic acid and oleic acid as the model compounds
for biodiesel production (Scheme 2). The effect of reaction time and organocatalyst amount on the production of methyl palmitate and
methyl oleate were investigated. Furthermore, the kinetic analysis was conducted and compared with concentrated sulfuric acid as the
commercial catalyst for biodiesel production.

2. Experimental section
2.1. Materials

2.1.1. Reagents

The used chemicals, i.e., resorcinol, benzaldehyde, vanillin, 3,4-dimethoxybenzaldehyde, ethanol, concentrated hydrochloric acid
(37% w/v), and concentrated sulfuric acid (98% w/v), for synthesizing sulfated Calix[4]resorcinarenes were obtained from Merck in
pro analytical grade. The materials used for methyl ester production, i.e., palmitic acid, oleic acid, methanol, sodium hydroxide, ethyl
acetate, and anhydrous sodium sulfate, were also purchased from Merck in pro analytical grade.

2.1.2. Synthesis of Calix[4]resorcinarenes

The mixture of 1.65 g (15 mmol) of resorcinol and 2.28 g (15 mmol) of vanillin was dissolved in 30 mL ethanol. Then, 1.5 mL of
conc. hydrochloric acid was added to the mixture and the mixture was refluxed for 8 h. Afterward, the mixture was cooled down to
reach room temperature and then poured into 50 mL of distilled water. The residue was filtered and washed with a mixture of cold
ethanol and distilled water until the filtrate reached neutral pH. The product was dried in a vacuum desiccator and characterized using
FTIR and NMR analyses. The benzaldehyde and 3,4-dimethoxybenzaldehyde were used to prepare C-phenylCalix[4]resorcinarene and
C-3,4-dimethoxyphenylCalix[4]resorcinarene, respectively, using a similar procedure for C-4-hydroxy-3-methoxyphenylCalix[4]
resorcinarene.

2.1.3. Synthesis of sulfated Calix[4]resorcinarenes

As much as 2 mmol of C-4-hydroxy-3-methoxyphenylCalix[4]resorcinarene was reacted with 10 mL of concentrated sulfuric acid at
353 K for 4 h. Afterward, the mixture was cooled down to reach room temperature and then washed with a mixture of ethyl acetate and
methanol in 3:2 volume ratio until the colorless filtrate was observed. The product was dried in a vacuum desiccator and characterized
using FTIR, NMR, HRMS analyses. Furthermore, the sulfated C-4-hydroxyl-3-methoxyphenylCalix[4]resorcinarene was subjected to
scanning electron microscope, isothermal nitrogen adsorption-desorption, particle size distribution, zeta potential, Brgnsted and Lewis
acid sites measurements. A similar method was employed to prepare sulfated C-phenylCalix[4]resorcinarene and sulfated C-3,4-
dimethoxyphenylCalix[4]resorcinarene.

2.2. Instrumental measurements

The analytical balance (Libror EB-330 Shimadzu) and hotplate (Thermo Scientific) were used in the synthesis of sulfated Calix[4]
resorcinarenes. The synthesized products were characterized by using melting point apparatus (Electrothermal 9100), Fourier
transforms infrared (FTIR, Shimadzu Prestige 21), nuclear magnetic resonance (NMR, JEOL JNM ECZ500R/S1), and high-resolution
mass spectrometer (HRMS, Thermo Scientific™ Q Exactive™ High-Resolution Mass Spectrometer). The HRMS analysis was performed
using Hypersil Gold aQ 100 mm x 1 mm x 1.9 pm as the analytical column at 303 K with gradient elution of a mixture of 0.1% formic
acid in water and 0.1% formic acid in acetonitrile at 40 pL/min flow. The surface morphology of the organocatalyst was recorded using
a scanning electron microscope (SEM) on Phenom Desktop ProXL. The isothermal nitrogen adsorption-desorption employing the
organocatalyst material was carried out using a Quantachrome Nova 2200e instrument at 77.35 K. The particle size distribution of the
organocatalyst was determined using a laser scattering particle size distribution analyzer (Horiba LA-960) while the zeta potential
measurement was conducted using Horiba SZ-100. The Brgnsted and Lewis acid sites of the organocatalyst were measured from the
vapor adsorption of ammonia and pyridine using a gravimetric method as reported previously [48]. The evaluation of the catalytic

o) CH3OH o)
J\ J\
R™ “OH H* R™ “OCH,
R = -C45H34 (palmitic acid) R = -C45H3¢ (methyl palmitate)
R =-C47H33 (oleic acid) R =-C47H33 (methyl oleate)

Scheme 2. Reaction scheme for the methylation of palmitic acid and oleic acid.
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activity of sulfated Calix[4]resorcinarenes employed a rotary evaporator (Buchii R-114) and gas chromatography-mass spectrometry
(GC-MS, Shimadzu-QP 2010S). The GC analysis was performed using Rtx 5 MS 30 m x 0.25 mm x 0.25 pm as the stationary phase at
573 K with helium gas as the mobile phase at 28 mL/min flow while the MS analysis used the electron ionization method at 70 eV.

2.3. Catalytic tests

First of all, palmitic acid (0.64 g, 2.5 mmol) was dissolved in methanol (10 mL, 250 mmol) with a methanol/palmitic acid molar
ratio of 100. Then, the mixture was heated at 338 K in the presence of sulfated Calix[4]resorcinarene (0.05 mmol, 0.020 wt equivalent)
as the organocatalyst. The reaction time was varied in 0.5, 1, 1.5, 2, 4 and 6 h to find the optimum reaction time. The zeroth-, first- and
second-order kinetic models, as well as the Langmuir-Hinshelwood kinetic model, were then evaluated to determine the reaction rate
constant. In another experiment, the organocatalyst amount was varied in 0.005, 0.010, 0.015, 0.020, 0.040, and 0.060 weight
equivalent for the methylation reaction at 338 K for 6 h to find the optimum organocatalyst amount. After the reaction, the mixture was
neutralized with 10% w/v sodium hydroxide solution and then extracted using ethyl acetate (3 x 10 mL). The organic phase was
washed with distilled water (3 x 10 mL), dried over anhydrous sodium sulfate, and evaporated to remove the ethyl acetate. Inves-
tigation of methyl oleate production was carried out by replacing the palmitic acid (0.64 g, 2.5 mmol) with oleic acid (0.71 g, 2.5
mmol) in a molar ratio of methanol/oleic acid of 100. The experiment was performed in triplicate for each variation and the yield of
methyl ester was shown as mean =+ standard deviation. The methyl ester products were characterized using FTIR and GC-MS analyses.

3. Results and discussion
3.1. Synthesis and characterization of sulfated Calix[4]resorcinarenes

In this work, vanillin as an abundant natural resource in Indonesia was utilized as the starting material to prepare sulfated Calix[4]
resorcinarene; thus, the production cost for this organocatalyst material could be reachable by the industries. Vanillin is a benzal-
dehyde derivative with hydroxy and methoxy groups at its para and meta positions. The effect of hydroxy and methoxy groups in
vanillin on the organocatalytic activity was investigated by comparing the organocatalytic activity of the other sulfated Calix[4]
resorcinarene with the absence of hydroxy and methoxy groups (sulfated C-phenylCalix[4]resorcinarene) and with the absence of
hydroxy group (sulfated C-3,4-dimethoxyphenylCalix[4]resorcinarene). The reaction scheme is shown in Scheme 1. The synthesis
process was conducted in a one-pot reaction between resorcinol and vanillin under acidic conditions. The reaction mechanism has
been reported by Roberts et al. (2001) in investigating the formation of Calix[4]resorcinarene from resorcinol and benzaldehyde [49].
Briefly, the carbonyl of vanillin was protonated by hydrochloric acid to form the oxonium cation. The formation of the oxonium cation
increases the electrophilicity of vanillin; thus, vanillin could react with resorcinol to form secondary alcohol as the intermediate. This
alcohol was further protonated and attacked by another resorcinol to form the dimer. The reaction is completed when the tetramer unit
was generated and this tetramer released water molecules as the byproducts to form the cyclic structure of Calix[4]resorcinarene.

The C-4-hydroxyl-3-methoxyphenylCalix[4]resorcinarene was obtained as a purplish powder in 71.8% yield from the reaction
between resorcinol and vanillin. The melting point of this compound was 489-490 K. The high melting point of this compound
(489-490 K) was caused by strong intermolecular hydrogen bonds in the solid state as reported earlier [49]. The FTIR spectrum of this
compound showed the absorption signals at 3387, 2954 and 2846, 1612, 1427, and 1211 em™! for O-H, C-H methoxy, C]C aromatic,
C-H methine, and C-O phenol and ether, respectively (Fig. S1). The presence of C-H methine as a sharp signal at 1427 cm ™' was
observed in Fig. S1 suggesting that the structure of Calix[4]resorcinarene has been formed. The 'H NMR spectrum of this compound
was measured in DMSO-ds solvent with the data as follows: 8.36 (s, 8H, C¢H2(OH)3), 6.42, 6.33 and 6.13 (d (J = 8.0 Hz), d (J = 8.0 Hz)
and's, 12H, CgH3(OH)(OCH3)), 6.36 (s, 4H, CsH3(OH)(OCHs)), 6.19, 6.08, 5.95 and 5.58 (s, 5, s and s, 8H, CsH2(OH)y), 5.41 (s, 4H, CH
methine), and 3.39 (s, 12H, CeH3(OH)(OCH3)) ppm (Fig. S2). The 'H NMR spectrum of C-4-hydroxy-3-methoxyphenylCalix[4]
resorcinarene confirmed the presence of all hydroxyl and aromatic protons. The hydroxyl groups from resorcinol were observed as a
singlet signal at 8.36 ppm with an integral value of 8 protons. This integral value confirmed that the C-4-hydroxy-3-methox-
yphenylCalix[4]resorcinarene contains four resorcinol aromatic structures as each resorcinol contains two hydroxyl protons. The
aromatic protons from resorcinol were also observed as four singlet signals at 5.58-6.19 ppm showing that the C-4-hydrox-
y-3-methoxyphenylCalix[4]resorcinarene existed in partial cone conformation (Cz, point group) according to Ma et al. (2001) [50]. On
the other hand, the aromatic protons from vanillin were found as one singlet at 6.13 ppm and two doublets at 6.33-6.42 ppm with a
coupling constant of 8.0 Hz. Meanwhile, the hydroxyl and methoxy protons were observed as singlet signals at 6.36 (4H) and 3.39
(12H) ppm, respectively. The integral values confirmed that the C-4-hydroxy-3-methoxyphenylCalix[4]resorcinarene contains four
vanillin aromatic structures as each vanillin contains a hydroxyl proton and three methoxy protons. The methine proton was found as a
singlet signal at 5.41 ppm with an integral value of 4 protons confirming that each resorcinol and vanillin were connected with the
methine bridge (Scheme 1).

On the other hand, the C-phenylCalix[4]resorcinarene was obtained as a brown powder in 90.9% yield from the reaction between
resorcinol and benzaldehyde. The melting point of C-phenylCalix[4]resorcinarene was 494-495 K. Fig. S3 showed the FTIR spectrum
of C-phenylCalix[4]resorcinarene. The absorption signals at 3387, 1612, 1427, and 1211 em™! correspond to O-H, C]C aromatic, C-H
methine, and C-O phenol functional groups, respectively. The 'H NMR spectrum of C-phenylCalix[4]resorcinarene in DMSO-ds
showed signals at 8.57 (s, 8H, C¢H2(OH)5), 6.94 (s, 20H, C¢Hs), 6.74 and 6.13 (s and s, 8H, C¢H2(OH)»), and 5.62 (s, 4H, CH methine)
ppm (Fig. S4). Meanwhile, C-3,4-dimethoxyphenylCalix[4]resorcinarene was obtained as a red powder in 95.4% yield from the re-
action between resorcinol and 3,4-dimethoxybenzaldehyde. The melting point of this compound was 535 K. The FTIR spectrum of this
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compound showed the absorption signals at 3425, 2954 and 2846, 1612, 1435, and 1211 em~! for O-H, C-H methoxy, C]C aromatic,
C-H methine, and G-O phenol and ether, respectively (Fig. S5). The 'H NMR spectrum of C-3,4-dimethoxyphenylCalix[4]resorci-
narene in DMSO-dg showed signals at 8.43 (s, 8H, CgHy(OH),), 6.43, 6.18 and 6.13 (d (J/ = 8.0 Hz), d (J = 8.0 Hz) and s, 12H,
CeH3(OCH3)»), 6.22 and 5.99 (s and s, 8H, CcH2(OH)»), 5.42 (s, 4H, CH methine), 3.68 and 3.63 (s and s, 24H, C¢H3(OCH3)2) ppm
(Fig. S6). These spectroscopic data confirmed the successful formation of C-phenylCalix[4]resorcinarene and C-3,4-dimethox-
yphenylCalix[4]resorcinarene.

Sulfated C-4-hydroxy-3-methoxyphenylCalix[4]resorcinarene was prepared from a sulfonation reaction using conc. sulfuric acid.
The -SO3H group was introduced on the aromatic ring of resorcinol rather than on the aromatic ring of vanillin due to its steric
hindrance. Sulfated C-4-hydroxyl-3-methoxyphenylCalix[4]resorcinarene was obtained as a black powder in 97.3% yield. The melting
point of this compound could not be determined as this compound was decomposed at 550 K. The FTIR spectrum of this compound
showed the absorption signals at 3410, 2954, 1610, 1435, 1203, 1180, 856, and 578 em~! for O-H, C-H methoxy, C]C aromatic, C-H
methine, C-O phenol and ether, S]O, S-O, and C-S, respectively, as shown in Fig. S7. The C-H methoxy, C]C aromatic, C-H methine,
and C-O phenol and ether groups of C-4-hydroxy-3-methoxyphenylCalix[4]resorcinarene still existed in the FTIR spectrum demon-
strating that these functional groups were not influenced during the sulfonation reaction. Meanwhile, the presence of sulfonic acid
groups on the sulfated C-4-hydroxy-3-methoxyphenylCalix[4]resorcinarene was indicated by the presence of absorption signals for S]
0, S-0, and C-S functional groups.

The 'H NMR spectrum of sulfated C-4-hydroxy-3-methoxyphenylCalix[4]resorcinarene in DMSO-ds showed signals at 9.49 (s, 8H,
CeH(SO3H)(OH)y), 7.54, 6.97 and 6.81 (s, d (J = 8.5 Hz) and d (J = 8.5 Hz), 12H, C¢H3(OH)(OCH3)), 7.35 and 7.20 (s and s, 4H, C¢H
(SOsH)(OH)y), 7.03 (s, 4H, CgH3(OH)(OCHs)), 7.08 and 7.00 (s and s, 4H, CsH(SO3H)(OH)s), 6.07 (s, 4H, CH methine), and 3.69 (s,
12H, C¢H3(OH)(OCH3)) ppm (Fig. S8). The protons of the C-H methoxy, C]C aromatic, C-H methine, and C-O phenol functional
groups also remained in the 'H NMR spectrum of sulfated C-4-hydroxy-3-methoxyphenylCalix[4]resorcinarene. Meanwhile, the
protons of sulfonic acid were found as singlet signals at 7.35 and 7.20 ppm with an integral value of 4 protons. Further character-
izations of sulfated C-4-hydroxy-3-methoxyphenylCalix[4]resorcinarene were performed using 3C NMR and HRMS analyses. The 13C
NMR spectrum of sulfated C-4-hydroxy-3-methoxyphenylCalix[4]resorcinarene in DMSO-dg showed signals at 152, 137, 135 and 102
(aromatic carbons of C¢H(SO3H)(OH)5), 147, 144,121,114, 113 and 112 (aromatic carbons of C¢H3(OH)(OCH3)), 56 (methoxy carbon
of CcH3(OH)(OCHj3)), and 41 (methine carbon) ppm (Fig. S9). The 13¢ NMR spectrum of sulfated C-4-hydroxy-3-methoxyphenylCalix
[4]resorcinarene showed a signal for methine carbon at 41 ppm, four aromatic carbons of sulfated resorcinol at a region of 102-152
ppm, and six aromatic carbons of vanillin were found at a region of 112-147 ppm. The HRMS analysis showed a signal at m/z =
1319.11 as CsgH4gNaO2gS (M + Na™).

Further characterization of sulfated C-4-hydroxy-3-methoxyphenylCalix[4]resorcinarene using SEM, isothermal nitrogen
adsorption-desorption, particle size distribution, and zeta potential analyses have been performed. The SEM micrograph (Fig. 1(a))
revealed that the morphology of sulfated C-4-hydroxy-3-methoxyphenylCalix[4]resorcinarene was observed as aggregated irregular
spherical particles in micrometer size. This phenomenon might be caused by strong intermolecular hydrogen bonds between sulfated
C-4-hydroxy-3-methoxyphenylCalix[4]resorcinarenes. It was found that the surface area, pore volume and pore size of sulfated C-4-
hydroxy-3-methoxyphenylCalix[4]resorcinarene was 9.51 mz/g, 2.11 cms/g, and 19.68 nm, respectively. On the other hand, the
average particle size of sulfated C-4-hydroxy-3-methoxyphenylCalix[4]resorcinarenes was 5.211 pm (Fig. 1(b)). The zeta potential of
sulfated C-4-hydroxy-3-methoxyphenylCalix[4]resorcinarene was —32.0 mV because it contained O-H and O»SO-H groups that could
act as the proton donor. The Brgnsted and Lewis acid sites of sulfated C-4-hydroxy-3-methoxyphenylCalix[4]resorcinarene were 12.28
and 3.50 mmol/g, respectively. The Brgnsted acid site of sulfated C-4-hydroxy-3-methoxyphenylCalix[4]resorcinarene (12.28 mmol/
g) was higher than sulfated C-phenylCalix[4]resorcinarene (8.44 mmol/g) and sulfated C-3,4-dimethoxyphenylCalix[4]resorcinarene
(7.56 mmol/g) due to the presence of additional hydroxyl group from vanillin. A similar trend was found for the Lewis acid site, the
sulfated C-4-hydroxy-3-methoxyphenylCalix[4]resorcinarene had slightly higher Lewis acid sites (3.50 mmol/g) than sulfated C-
phenylCalix[4]resorcinarene (3.04 mmol/g) and sulfated C-3,4-dimethoxyphenylCalix[4]resorcinarene (2.14 mmol/g). These acid

0.10 1.00 10.0 100
Diameter (um)

SU1500 8.00kV x3.20k SE

Fig. 1. (a) SEM morphology and (b) particle size distribution of sulfated C-4-hydroxy-3-methoxyphenylCalix[4]resorcinarene material.
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sites could be utilized to catalyze the methylation reaction of either palmitic acid or oleic acid.

The sulfated C-phenylCalix[4]resorcinarene and sulfated C-3,4-dimethoxyphenylCalix[4]resorcinarene were also synthesized in
this work to study the effect of hydroxyl and methoxy groups of vanillin on its organocatalytic activity. The sulfated C-phenylCalix[4]
resorcinarene shows the absence of both hydroxyl and methoxy groups of vanillin while sulfated C-3,4-dimethoxyphenylCalix[4]
resorcinarene shows the replacement of hydroxyl with methoxy group of vanillin. When the hydroxyl as proton donating group plays a
pivotal role in the organocatalytic activity of methyl ester production; thus, the catalytic activity of sulfated C-4-hydroxy-3-
methoxyphenylCalix[4]resorcinarene shall be higher than sulfated C-phenylCalix[4]resorcinarene and sulfated C-3,4-dimethox-
yphenylCalix[4]resorcinarene. When the methoxy group is critical in the organocatalytic activity of methyl ester production; thus, the
catalytic activity of sulfated C-3,4-dimethoxyphenylCalix[4]resorcinarene shall be higher than sulfated C-4-hydroxy-3-methox-
yphenylCalix[4]resorcinarene and much higher than sulfated C-phenylCalix[4]resorcinarene. On the other hand, when both hydroxyl
and methoxy groups of vanillin suppress the catalytic activity due to steric hindrance; thus, the catalytic activity of sulfated C-phe-
nylCalix[4]resorcinarene shall be higher than sulfated C-3,4-dimethoxyphenylCalix[4]resorcinarene and sulfated C-4-hydroxy-3-
methoxyphenylCalix[4]resorcinarene.

Sulfated C-phenylCalix[4]resorcinarene was obtained as a black powder in 81.7% yield. The melting point of this compound could
not be determined as this compound was decomposed at 550 K. The FTIR spectrum of this compound showed the absorption signals at
3410, 1610, 1435, 1203, 1180, 856, and 578 em ™! for O-H, C]C aromatic, C-H methine, C-O phenol, S]0, S-O, and C-S, respectively,
as shown in Fig. S10. The 'H NMR spectrum of sulfated C-phenylCalix[4]resorcinarene in DMSO-dg showed signals at 7.72 (s, 8H, CeH
(SO3H)(OH)»), 7.52 (s, 20H, CeHs), 7.18 (s, 4H, C¢H(SOsH)(OH)»), 7.07 (s, 4H, CcH(SO3H)(OH)y), and 7.01 (s, 4H, CH methine) ppm
(Fig. S11). While the 3¢ NMR spectrum of this compound showed signals at 153, 144, 130 and 110 (aromatic carbons of C¢H(SO3H)
(OH)»), 129, 127, 125 and 120 (aromatic carbons of C¢Hs), and 41 (methine carbon) ppm (Fig. S12). The HRMS analysis showed a
signal at m/z = 1135.09 as CsoH40Na040S4 (M + Na't). On the other hand, sulfated C-3,4-dimethoxyphenylCalix[4]resorcinarene was
obtained as a black powder in 98.3% yield. The melting point of this compound could not be determined as this compound was
decomposed at 550 K. The FTIR spectrum of this compound showed the absorption signals at 3348, 2906, 1627, 1435, 1203, 1165,
856, and 594 cm ™! for O-H, C-H methoxy, C]C aromatic, C-H methine, C-O phenol and ether, S]O, S-O, and C-S, respectively
(Fig. S13). The 'H NMR spectrum of sulfated C-3,4-dimethoxyphenylCalix[4]resorcinarene in DMSO-dg showed signals at 8.75 (s, 8H,
CeH(SO3H)(OH)3), 7.54, 7.18 and 6.85 (s, d (J = 8.5 Hz) and d (J = 8.5 Hz), 12H, CgH3(OCH3)>), 7.09 (s, 4H, CcH(SO3H)(OH),), 6.96
(s, 4H, C¢H(SO3H)(OH),), 6.04 (s, 4H, CH methine), 3.72 and 3.71 (s and s, 24H, C¢H3(OCH3),) ppm (Fig. S14). While the 3¢ NMR
spectrum of sulfated C-3,4-dimethoxyphenylCalix[4]resorcinarene in DMSO-ds showed signals at 152, 138, 121 and 102 (aromatic
carbons of C¢H(SO3H)(OH)3), 148, 146, 120, 114, 113 and 110 (aromatic carbons of CcH3(OCH3)s), 56 and 55 (methoxy carbon of
CeH3(OCH3),), and 40 (methine carbon) ppm (Fig. S15). The HRMS analysis showed a signal at m/z = 1375.17 as CgoHsNaO2gS4 (M
+ Na'). The spectroscopic analyses revealed that both sulfated C-phenylCalix[4]resorcinarene and sulfated C-3,4-dimethox-
yphenylCalix[4]resorcinarene have been successfully synthesized.

3.2. Catalytic properties of sulfated Calix[4]resorcinarenes

The organocatalytic activity of sulfated Calix[4]resorcinarenes was investigated by varying reaction times, as well as by varying
catalyst amounts to find the optimum condition. The effect of reaction time on the organocatalytic activity of sulfated Calix[4]
resorcinarenes for methyl palmitate production is shown in Fig. 2. The sulfated C-4-hydroxy-3-methoxyphenylCalix[4]resorcinarene
showed the highest production yield of methyl palmitate for 0.5-6 h of reaction time among the investigated organocatalysts. The
production yield of methyl palmitate catalyzed by sulfated C-4-hydroxy-3-methoxyphenylCalix[4]resorcinarene (17.1 + 0.5-87.4 +
1.5%) was higher than sulfated C-phenylCalix[4]resorcinarene (11.5 + 0.4-84.4 + 2.1%) and much higher than sulfated C-3,4-
dimethoxyphenylCalix[4]resorcinarene (5.8 + 0.4-77.1 + 2.1%). The production yield of methyl palmitate using sulfated C-4-hy-
droxy-3-methoxyphenylCalix[4]resorcinarene (17.1 + 0.5-77.0 + 1.5%) was also higher than sulfuric acid (6.2 £+ 0.4-62.2 + 1.1%)

Sulfated 81107 + 0. w05h m1h ©1.5h w2h w4h m6h
C-3,4-dimethoxycalix[4]resorcinarene

Sulfated
C-4-hydroxy-3-methoxyphenylcalix[4]

C-phenylcalix[4]resorcinarene

Sulfuric acid

40 60 80 100
Yield of methyl palmitate (%)

Fig. 2. Effect of reaction time on the organocatalytic activity of sulfated Calix[4]resorcinarenes for methyl palmitate production. Molar ratio of
methanol/palmitic acid 100. Reaction temperature 338 K. Catalyst amount 0.02 weight equivalent.
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for 0.05-4 h reaction time. While the production yield of methyl palmitate was comparable to sulfuric acid (87.4%) for 6 h of reaction
time.

On the other hand, the effect of organocatalyst amount on the catalytic activity of sulfated Calix[4]resorcinarenes for methyl
palmitate production is shown in Fig. 3. Again, the sulfated C-4-hydroxy-3-methoxyphenylCalix[4]resorcinarene showed the highest
production yield of methyl palmitate amount among the investigated organocatalysts. The sulfated C-4-hydroxy-3-methox-
yphenylCalix[4]resorcinarene exhibited a higher production yield of methyl palmitate (44.7 + 0.7-94.8 £ 1.8%) than sulfated C-
phenylCalix[4]resorcinarene (41.2 + 0.5-87.4 + 2.1%) and sulfated C-3,4-dimethoxyphenylCalix[4]resorcinarene (33.2 + 0.6-77.1
+ 2.1%) for 0.005-0.060 wt equivalent. These experimental data revealed that the hydroxyl group plays a pivotal role in the orga-
nocatalytic activity of methyl palmitate production. In general, the optimum condition for the production of methyl palmitate was
achieved using sulfated C-3,4-dimethoxyphenylCalix[4]resorcinarene and sulfated C-phenylCalix[4]resorcinarene at 0.020 wt
equivalent for 6 h reaction time. Meanwhile, the optimum condition for sulfated C-4-hydroxy-3-methoxyphenylCalix[4]resorcinarene
and sulfuric acid was achieved at 0.040 wt equivalent for 6 h of reaction time.

Since sulfated C-4-hydroxy-3-methoxyphenylCalix[4]resorcinarene showed the most efficient organocatalytic activity for methyl
palmitate production, further investigation for the production of methyl oleate was carried out using this organocatalyst compound.
The effect of reaction time on the organocatalytic activity of sulfated C-4-hydroxy-3-methoxyphenylCalix[4]resorcinarene for methyl
oleate production is shown in Fig. 4. The sulfated C-4-hydroxy-3-methoxyphenylCalix[4]resorcinarene showed a higher production
yield of methyl oleate for 0.5-6 h of reaction time compared to sulfuric acid, which was remarkable. On the other hand, Fig. 5 shows
the effect of organocatalyst amount on the catalytic activity of sulfated C-4-hydroxy-3-methoxyphenylCalix[4]resorcinarene for
methyl oleate production. The sulfated C-4-hydroxy-3-methoxyphenylCalix[4]resorcinarene showed the highest production yield of
methyl oleate for 0.005-0.060 weight equivalents amount compared to sulfuric acid. The sulfated C-4-hydroxy-3-methoxyphenylCalix
[4]resorcinarene at 0.06 weight equivalent for 6 h reaction time gave 97.3 + 2.1% yield of methyl oleate.

The produced methyl palmitate and methyl oleate were characterized using FTIR, GC and MS analyses as shown in Fig. S16. The
FTIR spectrum of methyl palmitate showed the absorption signals at 2924 and 2854, 1743, 1465, and 1242 em ! for C-H sp3, C]O, C-H
methylene, and C-O ester, respectively. The methyl palmitate was found as a single peak at a retention time (tg) of 39.65 min con-
firming its 100% purity. The mass spectrum of methyl palmitate was measured using the electron ionization method and the fragments
of methyl palmitate were observed as follows: 270 (M*, 2%), 239 (2%), 227 (5%), 199 (2%), 185 (2%), 171 (2%), 157 (2%), 143
(10%), 129 (5%), 115 (3%), 101 (5%), 87 (65%), and 74 (100%). On the other hand, the FTIR spectrum of methyl oleate showed the
absorption signals at 3001, 2924 and 2854, 1743, 1442, and 1172 em™! for C-H sp2, C-H sp3, C]O, C-H methylene, and C-O ester,
respectively. The methyl oleate was also found as a single peak at tg of 37.56 min confirming its 100% purity. The mass spectrum of
methyl oleate showed the data as follows: 264 ([M-OCH3]", 2%), 222 (2%), 180 (2%), 166 (2%), 137 (5%), 123 (10%), 97 (30%), 74
(50%), 69 (65%), and 55 (100%). These spectroscopic data agreed with the standards methyl palmitate and methyl oleate [31,51].

3.3. Catalytic efficiency of sulfated Calix[4]resorcinarenes

The catalytic efficiency of sulfated Calix[4]resorcinarenes was evaluated by comparing the reaction rate constant and the catalytic
performance with other catalyst materials. The kinetic analysis for methyl palmitate production was performed based on the data in
Fig. 2. Esterification reaction involves palmitic acid and methanol as the substrates. However, as the amount of methanol (250 mmol)
was 100 times higher than palmitic acid (2.5 mmol); thus, the reaction kinetics in equation (1) could be simplified as Eq. (2) whereas k’
equals k [Methanol]”.

d[Palmitic acid]

i =k [Palmitic acid]*[Methanol]” (@))]

Sulfated
C-3,4-dimethoxycalix[4]

Sulfated
C-4-hydroxy-3-methoxyphenylcalix[4]resorci

Sulfated
C-phenylcalix[4]resorcinarene

.6+ 0.
456 0?—160‘610‘8
EH

Sulfuric acid

0 20 40 60 80 100
Yield of methyl palmitate (%)

Fig. 3. Effect of organocatalyst amount on the catalytic activity of sulfated Calix[4]resorcinarenes for methyl palmitate production. Molar ratio of
methanol/palmitic acid 100. Reaction temperature 338 K. Reaction time 6 h.
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d[Palmitic acid]

=K [Palmitic acid]*

(2)

Integration of Eq. (2) with n value of 0, 1 and 2 for zeroth-, first- and second-order kinetic model is shown in Egs. (3)-(5),

respectively.

[Palmitic acid], = - k't +[Palmitic acid],

In [Palmitic acid],

[Palmitic acid], -

[Palmitic acid],

—K't +In [Palmitic acid],

3

(€))

(5)

Additionally, the Langmuir-Hinshelwood kinetic model was also investigated, and the mathematical model is shown in Eq. (6):

1

d[Palmitic acid], Kk

+ =
k K[Palmitic acid],

6

whereas K was the equilibrium constant for the adsorption of the substrate onto the organocatalyst material [52].

The kinetics analysis of methyl palmitate production using sulfated C-4-hydroxy-3-methoxyphenylCalix[4]resorcinarene is shown
in Fig. 6. In general, the methylation of palmitic acid with solid acid catalysts followed the first-order kinetic model as previously
reported [53,54]. The generation of methyl palmitate followed the first-order kinetic model, as reflected by the highest correlation
factor (R® = 0.9999), with a mathematical equation of In [Palmitic acid]; = —0.6055 Reaction time — 1.3918. Sulfuric acid catalysis
also followed the first-order kinetic model with a mathematical equation of In [Palmitic acid]; = —0.1153 Reaction time — 1.3895 (R2
= 0.9992). The result showed that the reaction rate constant catalyzed by sulfated C-4-hydroxy-3-methoxyphenylCalix[4]resorci-
narene (k' = 0.6055 h!) was 5.25 times higher than the sulfuric acid one (k' = 0.1153 h'). This phenomenon might be caused by high
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Fig. 6. Kinetic analysis on the organocatalytic activity of sulfated Calix[4]resorcinarene for methyl palmitate production using (a) zeroth-order, (b)
first-order, (c) second-order, and (d) Langmuir-Hinshelwood kinetic models. Molar ratio of methanol/palmitic acid 100. Reaction temperature 338
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Brgnsted and Lewis acid sites of sulfated C-4-hydroxy-3-methoxyphenylCalix[4]resorcinarene. Furthermore, sulfuric acid as a ho-
mogeneous catalyst is less preferable due to its non-environmentally friendly, toxic, and corrosive properties [55].

On the other hand, the kinetics analysis of the production of methyl oleate using sulfated C-4-hydroxy-3-methoxyphenylCalix[4]
resorcinarene is shown in Fig. 7. It was reported that the methylation of oleic acid with other solid acid catalysts followed the first-
order kinetic model as previously reported [42,56]. The methyl oleate production fits well with the first-order kinetic model, as re-
flected by the highest correlation factor R? = 0.9940), with a mathematical equation of In [Oleic acid]; = —1.1403 Reaction time —
1.3438. Catalysis using sulfuric acid also fits the first-order kinetic model with a R? value of 0.9926. It meant that the reaction rate
constant catalyzed by sulfated C-4-hydroxy-3-methoxyphenylCalix[4]resorcinarene (k' = 1.1403 h™!) was slightly faster than the
sulfuric acid one (k' = 1.1061 h'!), which was remarkable. This phenomenon could be caused by high Brgnsted and Lewis acid sites.

The catalytic efficiency of sulfated C-4-hydroxy-3-methoxyphenylCalix[4]resorcinarene was 0.171 and 0.185 mol/g for the
methylation reaction of palmitic acid and oleic acid, respectively. The catalytic efficiency of sulfated C-4-hydroxy-3-methox-
yphenylCalix[4]resorcinarene is compared with other reported inorganic catalysts and organocatalysts for methyl palmitate and
methyl oleate productions as listed in Tables 1 and 2 The sulfated C-4-hydroxy-3-methoxyphenylCalix[4]resorcinarene exhibited
higher catalytic efficiency (0.171 mol/g) for methyl palmitate production than other inorganic catalysts such as WOx/ZrO, SBA-15/
sulfated zirconia, Hp zeolite, WS, mesoporous Al-MCM-41, functionalized phosphotungstic acid (CG;H;3N203S™ HaPW12030), and
sulfated zirconia (0.011-0.154 mol/g). This superior catalytic performance supported by simpler catalyst preparation than the
inorganic catalysts making the sulfated C-4-hydroxy-3-methoxyphenylCalix[4]resorcinarene is promising for real application pur-
poses. The catalytic efficiency of sulfated C-4-hydroxy-3-methoxyphenylCalix[4]resorcinarene (0.171 mol/g) was comparable to
sulfuric acid (0.173 mol/g), however, sulfated C-4-hydroxy-3-methoxyphenylCalix[4]resorcinarene was better from the green
chemistry and environmental point of views.

Compared to the other organocatalysts, sulfated C-4-hydroxy-3-methoxyphenylCalix[4]resorcinarene exhibited much higher
catalytic efficiency (0.171 mol/g) than sulfated toluene, Novozym 435, sulfated 4-hydroxybenzene, sulfated alpha-cellulose, and
Amberlite IR-120 (0.002-0.038 mol/g) for methyl palmitate production. Compared with the macrocyclic compounds, sulfated C-4-
hydroxy-3-methoxyphenylCalix[4]resorcinarene also showed better catalytic efficiency (0.171 mol/g) than sulfated C-3,4-dime-
thoxyphenylCalix[4]resorcinarene, sulfated C-phenylcalix[4] pyrogallolarene, sulfated C-3,4-dimethoxyphenylcalix[4]pyrogallolar-
ene, sulfated C-phenylCalix[4]resorcinarene, sulfated calix[6]arene, sulfated calix[4]arene, sulfated C-4-hydroxy-3-
methoxyphenylcalix[4]pyrogallolarene, sulfated C-phenylcalix[4]-2-methylresorcinarene, and sulfated C-3,4-dimethoxyphenylcalix
[4]-2-methylresorcinarene (0.150-0.170 mol/g). The organocatalytic trend for methyl palmitate production by using calix derivatives
was found as follows, i.e., sulfated calix[4]arene (0.167 mol/g) < sulfated vanillin-based calix[4]pyrogallolarene (0.168 mol/g) <

10
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sulfated vanillin-based Calix[4]resorcinarene (0.171 mol/g) < sulfated vanillin-based calix[4]-2-methylresorcinarene (0.173 mol/g).
The catalytic efficiency of sulfated C-4-hydroxy-3-methoxyphenylCalix[4]resorcinarene (0.171 mol/g) was slightly lower than
sulfated C-4-hydroxy-3-methoxyphenylcalix[4]-2-methylresorcinarene (0.173 mol/g), however, the preparation cost for sulfated C-4-
hydroxy-3-methoxyphenylcalix[4]-2-methylresorcinarene was much higher than the sulfated C-4-hydroxy-3-methoxyphenylCalix[4]
resorcinarene ones demonstrating the advantage of using sulfated C-4-hydroxy-3-methoxyphenylCalix[4]resorcinarene as the
organocatalyst.

On the other hand, the sulfated C-4-hydroxy-3-methoxyphenylCalix[4]resorcinarene yielded a higher catalytic efficiency (0.185
mol/g) than the other reported catalysts, i.e., ceric ammonium sulfate, WO3/USY, HZSM-5 zeolite, SiW;5/Hp, sulfated LaO, chitosan,
sulfated toluene, sulfated 4-hydroxybenzene, sulfated CMK-3, sulfated Nafion, N-methyl-N-butyl morpholine hydroxide ionic liquid,
sulfated alpha-cellulose, and sulfated chitosan (0.001-0.113 mol/g) for methyl oleate production. The sulfated C-4-hydroxy-3-
methoxyphenylCalix[4]resorcinarene (0.185 mol/g) also exhibited higher catalytic efficiency than sulfuric acid (0.166 mol/g), which
was remarkable. Additionally, the production yield of methyl oleate using sulfated C-4-hydroxy-3-methoxyphenylCalix[4]resorci-
narene (97.3%) was close to the coal-based solid acid (97.6%) and sulfated Ce/ZrO,-TiO5 ones (98.0%) [40,43]. However, it shall be
noted that the reaction temperature for using the coal-based solid acid catalyst was 1.5 times higher and the sulfated Ce/ZrO»-TiO,
required a complicated and costly preparation process. Furthermore, the catalytic efficiency of sulfated C-4-hydroxy-3-methox-
yphenylCalix[4]resorcinarene (0.185 mol/g) was 3.2 and 2.6 higher than coal-based solid acid (0.058 mol/g) and sulfated Ce/Z-
rO,-TiO2 (0.070 mol/g), respectively. Compared with the macrocyclic derivatives, sulfated C-4-hydroxy-3-methoxyphenylCalix[4]
resorcinarene also showed a higher catalytic efficiency (0.185 mol/g) than sulfated calix[6]arene (0.154 mol/g) but lower than
sulfated calix[4]arene (0.195 mol/g). However, the sulfated calix[4]arene required a higher reaction temperature (351 K) than the
sulfated C-4-hydroxy-3-methoxyphenylCalix[4]resorcinarene (338 K) [33]. Therefore, this result demonstrates that sulfated
C-4-hydroxy-3-methoxyphenylCalix[4]resorcinarene is a potential organocatalyst for the preparation of methyl palmitate and methyl
oleate to substitute the sulfuric acid as the widely used catalyst in the future.

4. Conclusion

Organocatalysts based on Calix[4]resorcinarene and its sulfated derivative have been successfully prepared from resorcinol and
vanillin in 71.8 and 97.3% yield. The chemical structures of the organocatalysts have been elucidated using FTIR, NMR and HRMS
analyses. These organocatalysts showed high catalytic activity for methyl palmitate and methyl oleate productions in 94.8 + 1.8 and
97.3 £+ 2.1% yield, respectively. It was found that the hydroxyl group of vanillin plays a pivotal role in the methylation reaction of
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palmitic acid and oleic acid. The production of methyl palmitate and methyl oleate followed the first-order kinetic model with a
reaction rate constant of 0.6055 and 1.1403 hl, respectively. Compared to sulfuric acid as the commonly used catalyst, sulfated C-4-
hydroxy-3-methoxyphenylCalix[4]resorcinarene exhibited comparable catalytic activity and efficiency to sulfuric acid for methyl
esters production. However, sulfated C-4-hydroxy-3-methoxyphenylCalix[4]resorcinarene is a more efficient organocatalyst for real
application purposes of biodiesel production to replace sulfuric acid due to its toxic and corrosive properties.
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