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Efficient procedure for biodiesel synthesis from
waste oil and t-butylation of resorcinol using a
porous microtube polymer-based solid acid
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A novel porous microtube polymer-based solid acid was synthesized via the polymerisation of

naphthalene and subsequent sulfonation. The polymer structure could be easily adjusted by altering the

amount of formaldehyde dimethyl acetal (FDA), and could be changed to thin slices, microtubes or

microspheres. The high surface area of 128.92 m? g~ and special microtube structure indicated good
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mass transfer efficiency and a hydrophobic surface. The abundant naphthalene rings provided sufficient
sulfonation sites, which resulted in a high acid density of over 3 mmol g%, An efficient procedure for
biodiesel synthesis and t-butylation of resorcinol were developed using the novel solid acid. The high

Brunauer—Emmett—-Teller (BET) surface area, special microtube structure and organic framework were

rsc.li/energy-advances

1. Introduction

Biodiesel is a well-known renewable resource, and has been
regarded as an appropriate substitute for traditional mineral
fuels." However, the high price of the vegetable oil raw material
has restricted its wide commercial application.> On the other
hand, the consumption of large amounts of edible oil in China,
with its large population, has resulted in abundant waste oil,
which would be a better raw material with a much lower price.?
However, the waste oil has high contents of free fatty acids
(FFAs) and water, which make base-catalyzed processes unsui-
table for waste oils.* Pre-esterification must be carried out to
convert the FFAs. Several acid catalysts, such as sulfuric acid
and acidic ionic liquids (ILs),>® have been used to catalyze the
pre-esterification process. This results in a tedious two-step
synthetic process that requires additional acid-catalyst removal.
Acids could catalyze both esterification and transesterification
reactions, and are quite suitable for waste oil raw materials.”
Solid acids, such as $0,?7/Sn0,,® carbon-based solid acids,’ Zr-
doped SBA-15"° and clay-based acids,'" have been used for one-
step synthesis of biodiesel from waste oils. However, harsh
reaction conditions, such as high temperature (220 °C) and
high pressure, must be applied to get satisfactory yields using
these solid acid catalysts. A low yield of only 46% was obtained
using a zeolite-based catalyst at 70 °C.'? Bio-hydroxyapatite-
supported mesoporous Cr heterogeneous catalysts showed high
activities for waste oil raw materials.'>'? Efficient one-pot
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the key factors for the high activities, providing great potential in green chemistry.

biodiesel synthesis from waste oils was developed in our
previous work using a catalyst based on a hydrophobic acidic
ionic liquid immobilized on polydivinyl benzene (PDVB).">™”
However, the high price of the ionic liquid moieties limits their
practical application. Sulfonated PDVB has been applied to
biodiesel synthesis, and showed high activities towards
both fatty acids and triglycerides."®**° The catalytic activity
towards waste oil has been little investigated. Sulfonated por-
ous polymers have also shown high activities for the reversible
adsorption of ammonia.>"*> However, PDVB from vinyl poly-
merization has an alkyl chain framework, which is not as stable
as a rigid aromatic ring framework.

Alkylation of aromatics is very important in the chemical
industry.>® Friedel-Crafts butylation of resorcinol to produce
butylated products is one of the most noteworthy examples,
because the products are used as antioxidants, polymer stabi-
lizers and therapeutics.”*

Porous materials have wide applications in gas storage,
pollution treatment, drug delivery, catalysis and so on.>*>?®
Traditional porous materials, such as zeolites, activated carbon,
and carbon nanotubes with inorganic frameworks, have less
affinity for organic compounds.?’° Porous organic polymers
(POPs) have attracted much attention for the variable and
multiple chemical functionalities of the organic building
blocks. Hypercrosslinked polymers are one such POP and have
a simple synthesis process. Tan and co-workers have made
great achievements in polymerisation of rigid aromatic build-
ing blocks with external crosslinkers.>'* The polymers have
high surface areas, making them quite suitable for gas adsorp-
tion and storage. Also, this high surface area means that these

© 2023 The Author(s). Published by the Royal Society of Chemistry
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polymers have great potential in catalysis. Acid-catalyzed reac-
tions are among the most important in the chemical industry.
Liquid acids, such as sulfuric acid and phosphoric acid, are still
widely used, which causes various problems such as equipment
corrosion, separation difficulty and heavy environmental pollu-
tion. The motivations of “green chemistry” have led to the
development of highly active and recyclable catalysts. Solid
acids, being difficult to dissolve in water and organic solvents,
could avoid the drawbacks of liquid acids. Current solid acids
are mainly zeolites, heteropolyacids, mineral clays, sulfonated
metal oxides, and ion-exchange resins.>*~°

Herein, porous polymers with an aromatic ring framework
were presented, using naphthalene as the monomer and for-
maldehyde dimethyl acetal (FDA) as the external crosslinker.
Then, -SO;H groups were introduced via sulfonation of the
aromatic rings using 98% H,SO,. The novel porous polymer-
based solid acid with an aromatic ring framework and special
microtube structure was applied to biodiesel synthesis from
waste oil and ¢-butylation of resorcinol, and showed very high
activities and reusability for these reactions.

2. Experimental
2.1 Chemicals and reagents

All reagents were of analytical grade and used as purchased
without further purification. Naphthalene, methanol and acet-
one were purchased from Sinopharm Chemical Reagent Co.,
Ltd. Dimethoxymethane (formaldehyde dimethyl acetal, FDA)
and dichloroethane (DCE) were obtained from Energy
Chemical. Ferric trichloride (FeCl;) was supplied by Aladdin.

2.2 Catalyst preparation

2.2.1 Preparation of POP-x. The POPs were prepared via
Friedel-Crafts alkylation according to Tan’s method.*?
Naphthalene (0.01 mol) and FDA were dissolved in DCE. Then,
anhydrous FeCl; (0.03 mol) was dispersed in 25 mL DCE. The
mixture was poured into a 100 mL round-bottom flask, and
heated in an oil bath. The mixture was first stirred at 45 °C for
about 5 h, then rested at 80 °C overnight for about 19 h. The
resulting mixture became a bulky polymeric gel, named POP-x
(x stands for the amount of FDA; x = 0.005, 0.01, 0.015, 0.02 or
0.025 mol). The mixture was washed with methanol to remove
the FeCl;. The POP-x was dried in a vacuum oven at 60 °C
overnight.

2.2.2 Sulfonation. Sulfonation of POP-x was performed
using 98% H,SO,. In a typical run, 0.5 g POP-x and 98%
H,SO, were stirred in a round-bottom flask at 150 °C for
10 h. Finally, the solid acid was collected by filtration, washed
with ethanol and water until neutral, and dried at 60 °C. The

Table 1 The fatty acid composition in the FFAs
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obtained solid acid catalysts were labelled as POP-x-SO;H-m
(m stands for the mass ratio of 98% H,SO,4; m = 10, 20 or 30).

2.3 The procedure for the biodiesel synthesis

Waste oil with 25% FFAs was used as the raw material. The
waste oil was pretreated via filtration, dehydration and decolor-
ization. The free fatty acid content in the waste oil is important
for the biodiesel product quality.>”*® The fatty acid contents in
the FFAs and triglycerides were analyzed using the
ISO 5509:2000 method and the results are shown in Tables 1
and 2. The waste oil, methanol and catalyst were mixed and
stirred at 70 °C for a certain time. The reaction progress was
monitored via gas chromatography (GC) analysis at half-hour
intervals. After completion, the solid acid was first recycled via
filtration. Then, the reaction mixture was left to settle to form
two layers, after distillation of excess methanol. The upper
biodiesel layer was analyzed according to the method of Alcan-
tara et al.>® on a Shimadzu 14B gas chromatograph using an SE-
52-packed column, coupled with an FID.

2.4 The tert-butylation of resorcinol

The tert-butylation was carried out in a 20 mL autoclave. A
typical reaction mixture of 2.2 g resorcinol, 4.8 g t-butanol (TBA)
and 0.05 g of catalyst was heated and stirred in an oil bath. After
a certain time, the reaction mixture was cooled to room
temperature and diluted with 5 mL ethanol. It was then filtered
and the filtrate was analyzed using a Shimadzu 14B gas
chromatograph using an SE-52-packed column, coupled with
FID. The conversion was defined as the percentage of resorcinol
converted into product.

2.5 Catalyst characterization

Nitrogen isotherms were measured on a Micromeritics
ASAP 2020M system. The samples were degassed for 10 h at
150 °C before measurement. The pore-size distribution of
the mesopores was calculated using the Barrett-Joyner—
Halenda (BJH) model. CHNS elemental analysis was per-
formed on a PerkinElmer 2400 series CHNS analyzer. Fourier
transform infrared (FT-IR) spectra were recorded on a Bruker
66 V FT-IR spectrometer in the wave-number range of 4000-
500 cm™'. The total acid densities of POP-x-SO;H-m were
determined by acid-base titration using a KOH standard
solution. Thermogravimetric analysis (TGA) was performed
on an HTG-2, with the temperature increasing from room
temperature to 700 °C at a rate of 10 °C min~ " under an air
atmosphere. Morphological analysis was carried out using a
JEOL JSM-6360LV.

Fatty acid Palmitic acid (C16:0) Stearic acid (C18:0)

Oleic acid (C18:1)

Linolenic acid (C18:3) Linoleic acid (C18:2)

Content (wt%) 25 32

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 The fatty acid composition in the triglycerides
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Fatty acid Palmitic acid (C16:0) Stearic acid (C18:0)

Oleic acid (C18:1)

Linolenic acid (C18:3) Linoleic acid (C18:2)

Content (Wt%) 23 29

3. Results and discussion
3.1 Characterization of the polymers and solid acids

The polymer was synthesized by polymerisation of the naphtha-
lene rings using an external crosslinking agent. The main
reaction was the Friedel-Crafts alkylation. The elemental ana-
lysis gave the following results for POP-0.01: C 95.03%, H 4.97%
(found), C 94.52% and H 5.48% (calculated). The element
analysis results did not agree well with the calculated values
(structure in Scheme 1a), which indicated that the Scholl
reaction between the naphthalene rings also occurred. POP-
0.01-SO3H-20 showed the following results: C 50.936%, H
3.412% and S 7.998%. The S content agreed well with the acid
density, which indicated that the sulfur element existed in the
form of -SO;H (Scheme 1b).

According to the polymer structure (Scheme 1a), the molar
ratio of naphthalene and the external crosslinking agent FDA
was quite important, as it determined the chemical structure
and crosslinking extent. Fig. 1 shows that the amount of FDA
had a great influence on the POP structure. POP showed a thin-
slice structure with 0.005 mol FDA (Fig. 1a). There was not
enough FDA for the alkylation crosslinking reaction and the
Scholl reaction between the naphthalene rings also occurred,
which reduced the crosslinking extent. The low crosslinking
extent was unbeneficial to the stability. The slice structure
changed to a microtube structure when the FDA amount
increased to 0.01 mol (Fig. 1b). The crosslinking extent
increased with the FDA amount, which induced the self-
assembly of the polymer. The microtube structure would

SOH

Scheme 1 The structures of the polymer and solid acid. (a) POP-0.01, (b)
POP-0.01-SO3H-30.
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Fig.1 SEM images of POPs with different amounts of FDA. (a) POP-0.005,
(b) POP-0.01, (c) POP-0.015, (d) POP-0.02, (¢) POP-0.025.

benefit the mass transfer efficiency. Thermally stable micro-
sphere structures formed when the FDA amount further
increased to 0.015 mol (Fig. 1c), which indicated that a high
crosslinking extent benefited the thermal stability. The sphere
size was almost even with 0.015 mol FDA. The microsphere
sizes increased with the amount of FDA and the microsphere
structures became uneven when the FDA amount reached 0.020
mol (Fig. 1d). Further crosslinking reactions caused the con-
nection of the small spheres, which resulted in a sphere size
increase (Fig. 1e). Since the microtube structure could benefit
the mass transfer efficiency in the reaction, POP-0.01 with the
microtube structure was chosen for further study.

Fig. 2 shows the IR spectra of (a) naphthalene, (b) POP-0.01,
(c) POP-0.01-SO3H-10, and (d) POP-0.01-SO3H-30. Comparing
naphthalene (Fig. 2a) and POP-0.01 (Fig. 2b), there are some
differences that confirm the polymerization. The peaks at
1638 cm™Y, 1456 cm™ ' and 1375 cm™' are associated with
naphthalene ring vibration, with no obvious differences
between naphthalene and the polymer, which confirmed the
naphthalene ring skeleton in the polymers. The 2933 cm™*
peak corresponded to alkane C-H stretching vibration, but the
peak was very weak. The new peak at 1030 cm ™" for POP-0.01-
SO;H-10 (Fig. 2c) and POP-0.01-SO3;H-30 (Fig. 2d) corresponded
to S—O stretching vibration, confirming the successful
introduction of sulfonic acid groups. Comparing the four
IR spectra, the peak at 3420 cm ™" strengthened, and further-
more a blue shift occurred for POP-0.01-SO,H-30 (Fig. 2d). For

3420cm

(©)

Transmittance (%)

@ ¢ 293em™ 1638em™ i

T T T T T T
3500 3000 2500 2000 1500 1000 500
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Fig. 2 FT-IR spectra of monomer, polymer and catalysts. (a) Naphthalene,
(b) POP-0.01, (c) POP-0.01-SOsH-10 and (d) POP-0.01-SO3zH-30.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 SEM images of the solid acids. (a) POP-0.01-SOzH-10, (b) POP-
0.01-SO3H-30, (c) POP-0.015-SO<H-30.

POP-0.01-SO,;H-10 (Fig. 2¢) and POP-0.01-SO;H-30 (Fig. 2d),
both polymers were grafted with sulfonic acid groups;
however, the acid density of POP-0.01-SO;H-30 was as high as
3.71 mmol g, while that of POP-0.01-SO;H-10 was only
1.83 mmol g~ .

The SEM images confirmed the differences between the
solid acids (Fig. 3). POP-0.01-SO3;H-10 (Fig. 3a) showed very
long microtube structures. The microtube structure was well-
retained when using a small amount of sulfuric acid and the
long tube even became curved. For POP-0.01-SO3;H-30 (Fig. 3b),
using more sulfuric acid gave short microtube structures,
which indicated that the microtube structure was corroded in
a large amount of sulfuric acid. However, the short-microtube
structure could make full use of the solid acid’s internal surface
and allow reactants to access the active sites more easily. POP-
0.015-SO3H-30 (Fig. 3c) retained the stable microsphere struc-
ture well and the microspheres gathered together during the
sulfonation process.

The thermal stability of the polymer and solid acids was
studied through thermogravimetric (TG) analysis (Fig. 4). Fig. 4
shows the thermogravimetry of POP-0.01 (a), POP-0.01-SO3;H-10
(b), POP-0.01-SO3H-30 (c) and POP-0.015-SO3H-30 (d). There
were obvious weight losses at about 100 °C, which was due to
the desorption of physically adsorbed water. The amount of

TG (%)

T T T . T T . T
100 200 300 400 500 600 700
Temperature 1°C)

Fig. 4 The thermogravimetry of the polymer and solid acids. (a) POP-
0.01, (b) POP-0.01-SO3H-10, (c) POP-0.01-SOsH-30, (d) POP-0.015—
SOzH-30.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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physically adsorbed water in POP-0.01 was quite low compared
to those in the sulfonated polymers. For POP-0.01, the weight
even increased a little between 200-350 °C, which might be
caused by the oxidation of the polymer. The weight loss above
350 °C was due to the destruction of the polymer framework.
For POP-0.015-SO3H-30, the weight loss below 100 °C was
almost 20%, which indicated that the solid acid had high
polarity and adsorbed more water. POP-0.015-SO;H-30 showed
the microsphere structure, which caused the sulfonic acid
groups to attach to the external surface. As a result, the solid
acid showed a certain hydrophilicity and easily adsorbed water.
POP-0.01-SO3;H-30 showed the least weight loss before 100 °C,
which indicated that the solid acid with the microtube struc-
ture was more hydrophobic. For POP-0.01-SO;H-10, the solid
acid with the long microtube structure also showed a relatively
high weight loss before 100 °C, which indicated that the
sulfonic acid groups were attached onto the external surface
of the long microtubes. As a result, the solid acid showed
relatively high weight loss since the polar surface adsorbed
more water.

The X-ray photoelectron spectroscopy (XPS) analysis of POP-
0.01-SO3;H-30 showed a single S 2p peak at 169 eV, which
indicated that the S element existed in the polymer in the
single form of sulfonic acid groups (Fig. 5).>" The results agreed
well with the S elemental analysis and the acid density.

The temperature programmed desorption of chemisorbed
ammonia (NH;-TPD) was carried out for POP-0.01-SO3H-30
(Fig. 6). The result showed that the solid acid had single strong
acid sites with the ammonia desorption occurring between
500-700 °C, which was assigned to sulfonic acid groups.

The surface areas of the different polymers were investigated
(Fig. 7). POP-0.01 showed a typical type-IV isotherm, which
indicated that the polymer had a mesoporous structure. How-
ever, the curve was not closed, which indicated that the polymer
had various pore sizes, from micropores to macropores. The
pore-size distribution showed pore sizes ranging from 5 to
100 nm with an average size of 16 nm. POP-0.01 showed a high
surface area of 562.74 m”> g~ '. After sulfonation, the surface
area of the solid acids decreased greatly. POP-0.01-SO;H-30

r T T T T T T T T T T T T T 1
162 163 164 165 166 167 168 169 170 171 172 173 174 175 176
Binding energy/eV
Fig. 5 The S 2p XPS of POP-0.01-SOsH-30.
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Fig. 6 The NH3-TPD of POP-0.01-SOzH-30.
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Fig. 7 Nitrogen adsorption—-desorption isotherms.

Table 3 Textural properties of the polymer and solid acids: Brunauer—
Emmett-Teller (BET) surface area (Sgey), pore size (dp) and pore volume
(Vp)

Sample SBET (mz gfl) dp (nm) Vb (Cm3 gil)
POP-0.01 562.74 12 1.24
POP-0.01-SO3H-10-30 128.96 27 0.75
POP-0.01-SO3H-10-10 84.79 24 0.56

showed a surface area of 128.96 m” g~ *, which indicated that
the sulfonic acid groups blocked some of the pores and reduced
the surface area. POP-0.01-SO3;H-10, with the long microtube
structure, showed a smaller surface area of 84.79 m* g~ ', which
indicated that the microtube structure was too long, rendering
some of the inner surface useless.

The surface areas, pore sizes and pore volumes are summar-
ized in Table 3. The surface area and pore volume decreased
after sulfonation, which indicated that the sulfonic acid groups
blocked the pores and reduced the pore volume. However, the
sulfonation process would also destroy the polymer structure
and cause the pore size to increase. The large pore size benefits
the mass transfer efficiency of bulky molecules.

3.2 The catalytic activities for tert-butylation of resorcinol

The solid acids were applied to catalyze the tert-butylation of
resorcinol (Table 4). The results were analyzed by GC. The

2144 | Energy Adv, 2023, 2, 2140-2149
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Table 4 Catalytic activities of different solid acids?
Acid density Conversion Selectivity
Catalysts (mmol g™ ) (%) (%)
POP-0.01-SO;H-10 1.83 93.4 72.0
POP-0.01-SO;H-30 3.71 97.8 85.4
POP-0.015-SO;H-30 3.52 93.1 67.5

“ Reaction conditions: 2.2 g resorcinol, 4.8 g ¢-butanol, 0.05 g catalyst,
120 °C, 4 h.

OH OH OH

t-Bu-OH t-Bu-OH
—— ———

Scheme 2 The reaction process of t-butylation of resorcinol.

products obtained were 4-t-butylresorcinol (4-TBR) and 4,6-di-
t-butylresorcinol (4,6-DTBR) (Scheme 2). 4,6-DTBR was the
thermodynamically favoured product while 4-TBR was the
target product with performance as an antioxidant.>®

The novel polymer-based solid acids showed high activities
for the ¢-butylation of resorcinol with high conversions of over
90% (Table 4). Polymers with the microtube structure showed
higher activity for the reaction. POP-0.01-SO3;H-10 showed
comparable conversion to POP-0.015-SO;H-30. Although POP-
0.015-SO3H-30 had a high acid density, the solid acid showed
high affinity to the byproduct water, which was harmful for the
reversible t-butylation reaction. The solid acids with the micro-
tube structure showed higher hydrophobicity, which favours
the butylresorcinol products.>® As a result, the conversion was
higher using POP-0.01-SO;H-10 and POP-0.01-SO;H-30. POP-
0.01-SO3H-10 had long microtube structures, which rendered
some of the inner surface useless during the catalytic process.
Furthermore, the lower acidity offered fewer active sites for the
reaction. POP-0.01-SO;H-30 had high acid density, which pro-
vided enough active sites for the reaction. The short-microtube
structure could allow full use of the inner surface, which
benefited the mass transfer efficiency. Furthermore, the micro-
tube structure could provide shape selectivity for the product,
with the bulky di-substituted products being harder to form
due to steric hindrance. POP-0.01-SO;H-30, with high conver-
sion and selectivity, was chosen for further investigation.

The effect of the reaction temperature was examined
(Table 5). The results showed that the temperature was very

Table 5 The effect of reaction temperature on t-butylation of resorcinol®

Temperature/°C 80 100 120 140
Conversion/% 84.3 94.3 97.8 98.9
Selectivity/% 87.7 86.3 85.5 82.2

¢ Reaction conditions: 2.2 g resorcinol, 4.8 g t-butanol, 0.05 g catalyst,
4 h.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 6 The effect of catalyst amount on t-butylation of resorcinol®

Catalyst amount/g 0.01 0.03 0.05 0.07 0.09
Conversion/% 71.2 89.5 97.8 97.9 97.4
Selectivity/% 86.3 85.8 85.5 85.3 84.1

“ Reaction conditions: 2.2 g resorcinol, 4.8 g t-butanol, 120 °C.

important for the reaction. The reaction occurred at low tem-
perature (80 °C) with low conversion, which indicated that the
reaction could not be efficiently activated. The conversion
increased with the temperature and reached the peak value at
120 °C. On further increasing the temperature, the selectivity
greatly decreased, which was caused by further ¢-butylation. 4,6-
DTBR is the thermodynamically favoured product and the high
temperature benefited the thermally stable product.>* There-
fore, 120 °C was chosen as the optimal reaction temperature.

The effect of catalyst amount on the reaction was also
investigated (Table 6). The catalyst showed very high activity
for the reaction and the reaction conversion reached 89.5%
with only 0.03 g catalyst. The conversion increased while the
selectivity decreased with the catalyst amount. The number of
active sites increased with the catalyst amount, which meant
that more reactions could be carried out simultaneously. The
selectivity for the di-butylated product was low with a small
amount of catalyst, which indicated that the butylation reaction
proceeded step-by-step.>* For the reaction with a small amount
of catalyst, the 4-t-butylresorcinol (4-TBR) formed as the main
product. Then, the double-substituted product increased when
the presence of more active sites accelerated the reaction. 4-
TBR was further butylated to form the di-butylated product. The
conversion changed little after the catalyst amount reached
0.05 g. The conversion and selectivity even decreased with
0.09 g catalyst, which was caused by the further butylation of
4-TBR. The reaction was optimal with 0.05 g catalyst.

The reaction process was investigated by varying the reac-
tion time (Table 7). The results showed the high activity of the
catalyst with a conversion of over 60% after only 1 h. The
conversion increased quickly with time. The mono- and di-
substitution reactions occurred simultaneously, with both pro-
ducts present at the beginning of the reaction. The selectivity
was 89.3% at 1 h, while the conversion was 61.2%. There were
still many raw materials in the reaction mixture and the double
substituted product (4,6-DTBR) was also formed, which indi-
cated that the double-substitution reaction occurred as a com-
petitive reaction. 4,6-DTBR was the further #-butylation product
of 4-TBR. Compared to resorcinol, 4-TBR with its electron-
donating group (tert-butyl group) was more reactive.>* As a

Table 7 The effect of reaction time on t-butylation of resorcinol®

Reaction time/h 1 2 3 4 5
Conversion/% 61.2 80.4 94.8 97.8 97.4
Selectivity/% 89.3 87.5 86.5 85.5 84.1

“ Reaction conditions: 2.2 g resorcinol, 4.8 g t-butanol, 0.05 g catalyst,
120 °C.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 8 The activity of the catalyst for t-butylation of resorcinol after
recycling®

Times recycled 1 2 3 4 5
Conversion/% 97.5 97.2 96.5 96.2 95.3
Selectivity/% 84.4 85.1 84.3 84.1 84.2

¢ Reaction conditions: 2.2 g resorcinol, 4.8 g t-butanol, 0.05 g catalyst,
120 °C, 4 h.

result, the di-substitution reaction occurred simultaneously
with mono-butylation. The ¢butylation reached equilibrium
after 4 h with the highest conversion and selectivity.

The catalytic activity of the solid acid after recycling was also
investigated (Table 8). The results showed that the novel solid
acid had high stability with high activity after being recycled
5 times. The catalyst had high thermal stability, which ensured
high activity after recycling when used at high temperature
(120 °C). The activity after recycling decreased a little, which
might be caused by the active sites being covered by adsorbed
bulky products and some pores being blocked. Inductively
coupled plasma mass spectrometry (ICP-MS) analysis of the
filtrate showed no S element, which confirmed that little acid-
site leaching occurred.*® Also, the activity after recycling could
be refreshed by treating the recycled solid acid in refluxing
ethanol for 4 h.

A possible reaction mechanism for ¢-butylation of resorcinol
is shown in Scheme 3.*" The reaction inside the microtube
might proceed through a direct C-alkylation pathway. TBA
within the microtube underwent dehydration over the acid
sites (to form an active carbocation), then the active carboca-
tion attacked resorcinol to form 4-TBR. The reaction on the
external surface may proceed through isomerization of
resorcinol-mono-tert-butanol ether (RMTBE). RMTBE was
formed over the external surface of the catalyst through O-
alkylation of resorcinol, then isomerization of RMTBE occurred

to form 4-TBR.
O-alkylation
. ><
HO OH HO g

|

|
OH
TBA

. RMTBE
resorcinol
&,
°
%
=
%O
? OH OH
Alkylati
OH ylation OH
TBA
4-TBR 4,6-DTBR

Scheme 3 The possible reaction mechanism for t-butylation.
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Table 9 The catalytic activities for biodiesel synthesis®® Table 10 The effect of the catalyst amount on the reaction?”

Catalysts FFA conversion (%) Yield (%) Catalyst amount/g 0.01 0.03 0.05 0.07 0.09
POP-0.01-SO3H-10 96.4 97.4 FFA conversion/% 94.1 96.9 98.6 98.2 98.0
POP-0.01-SO3H-30 98.8 99.2 Yield/% 95.1 97.8 99.2 99.1 98.7
POP-0.015-SO3H-30 93.4 94.3

% Reaction conditions: waste oil 5 g, methanol 2.94 g, catalyst amount
0.05 g, 70 °C, 7 h. ? The yield was based on FFAs and triglycerides and
calculated via GC using an internal standard.

3.3 The catalytic activities for biodiesel synthesis from waste
oil

The novel porous polymer-based solid acids were applied to
biodiesel synthesis from waste oil (Table 9). The results showed
that POP-0.01-SO3;H-30 with the short-microtube structure had
the highest activity for the reaction. The solid acids with the
microtube structure had a hydrophobic surface, which could
efficiently separate the byproduct water from the active sites.'®
As a result, POP-0.01-SO;H-10 showed a higher activity than
POP-0.015-SO3;H-30, even with a lower acid density. POP-0.015-
SO;H-30 had the microsphere structure and easily adsorbed the
byproduct water, which benefited the reverse hydrolysis reac-
tions. Therefore, the yield was much lower, even with a higher
acidic density. For POP-0.01-SO;H-30, the short-microtube
structure could make full use of the surface and the higher
acidity could provide more active sites for the reaction. Both the
FFA conversion and total yield were high when using POP-0.01-
SO;H-30; therefore, POP-0.01-SO3H-30 was chosen for further
investigation.

The reaction progress was examined over time (Fig. 8). POP-
0.01-SO3;H-30 showed very high activity for the reaction with a
yield of 99.2% after only 7 h. Both the FFAs and triglycerides
were transformed into biodiesel products. POP-0.01-SO3;H-30
had high acid density and a short-microtube structure, which
benefited the interaction between the active sites and reactants.
Furthermore, the acidic sites on the short-microtube surface
were quite suitable for the bulky triglyceride molecules. Both
esterification and transesterification are reversible reactions.
The biodiesel concentration increases with the reaction, which
is unbeneficial for the reaction. Therefore, the reactions using

100 4
904

80

Yield/%

20 T T T T
2 4 6 8

Reaction time/h

Fig. 8 The catalytic activity of the porous microtube polymer-based solid
acid for biodiesel synthesis. Reaction conditions: waste oil 5 g, methanol
2.94 g, catalyst amount 0.05 g, 70 °C. b. The yield was based on FFAs and
triglycerides and calculated via GC using an internal standard.
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“ The reaction conditions: waste oil 5 g, methanol 2.94 g, 70 °C, 7.0 h.
b FFA conversion was based on acidity and the yield was based on FFAs
and triglycerides.

waste oils are often carried out at high temperature (220 °C)
to promote the endothermic esterification and transesteri-
fication.®** POP-0.01-SO;H-30 with the short-microtube struc-
ture showed high compatibility with the hydrophobic products,
which were distributed in the upper biodiesel layer after the
products were left to settle for a certain time. The yield was only
30.0% after 1 h, while the FFA conversion reached 45%. The
intermediate products, diglycerides and monoglycerides, were
formed."® These intermediates have both polar hydroxyl groups
and hydrophobic fatty chains, which act as a compatibilizer for
oil and methanol. The reaction rate then increased."” POP-
0.01-SO3H-30 had a high hydrophobic surface area and the
special microtube structure, which ensured high activities.
Polar byproducts such as glycerol and water tended to be
released from the hydrophobic surface, which led to the reverse
reaction being avoided. The peak yield was reached after 7 h.

The effect of catalyst amount was investigated (Table 10).
POP-0.01-SO3;H-30 provided catalytic sites for the reaction,
which was very important for both FFA and triglyceride con-
version. Compared to the large amount of catalyst used for
traditional solid acids (10%),>'® the amount of the novel
catalyst was quite low (1%). A 95.1% yield was obtained using
only 0.01 g catalyst. Both FFAs and triglycerides were trans-
formed to biodiesel products with high yields. The yield
increased with the catalyst amount. The highest yield of
99.2% was reached with 0.05 g catalyst. The yield even
decreased slightly with more catalyst. The acid catalyst could
catalyze both the forward and reverse reactions.'’ Too much
catalyst could also accelerate the reverse reaction, which would
shift the reaction equilibrium backward." Therefore, 0.05 g
catalyst was chosen as the optimal amount.

The methanol amount was also investigated here (Table 11).
The yield increased with the methanol amount as the interac-
tions between the reactants increased. The conversion of FFAs
was high with even a low methanol amount, because FFAs have
low steric hindrance and are present in an equimolar ratio to
methanol.® The yield reached the highest value of 99.2% with
2.94 g methanol. The methanol amount was high compared to

Table 11 The effect of methanol amount on the reaction®

Methanol/g 2.04 2.22 2.58 2.94 3.31
FFA conversion/% 92.6 96.2 97.6 98.6 98.5
Yield/% 90.8 95.4 97.8 99.2 98.7

“ The reaction conditions: waste oil 5 g, catalyst 0.05 g, 70 °C, 7 h. ° FFA
conversion was based on acidity and the yield was based on FFAs and
triglycerides.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 12 The effect of temperature on the reaction?”

T/°C 25 50 70 140° 2207
FFA conversion/% 12.4 35.7 98.6 99.0 99.1
Total yield/% 21.3 46.1 99.2 99.2 99.3

“ The reaction conditions: waste oil 5 g, methanol 2.94 g, catalyst 0.05 g,
7 h. ? FFA conversion was based on acidity and the yield was based on
FFAs and triglycerides. ¢ The reaction was carried out in an autoclave
for 4 h. ¢ The reaction was carried out in an autoclave for 3 h.

100

Yield/%

4 5

Recycled times

Fig. 9 The reuse of POP-0.01-SOzH-30 for biodiesel sythesis.

reactions using pure triglycerides or FFAs as raw materials.'"
Here, the biodiesel concentration was higher, which was unbe-
neficial for the reversible reaction. As a result, more methanol
was needed to promote the reaction in the forward direction.
Therefore, the optimal methanol amount was 2.94 g.

The effect of reaction temperature was also investigated
(Table 12). Using waste oils, a high temperature (>220 °C)
was needed to promote the reversible reaction in the forward
direction.’ The temperature was also very important for POP-
0.01-SO3H-30. The yield was quite low at 25 °C, which indicated
that the reaction could not be activated. The reaction also
hardly occurred at 50 °C for the endothermic reaction.’® The
reaction was activated quickly at 70 °C and the yield reached
99.2%. Restricted by the low boiling point of methanol, the
reaction at 70 °C would ensure mild conditions (1 atm). Here,
reactions at high temperature (up to 220 °C) were also carried
out in an autoclave. A high yield of 99.3% was obtained within
3 h, which indicated that POP-0.01-SO3;H-30 showed much
higher activity than traditional solid acids (98%, 8 h).>"* Also,
POP-0.01-SO3H-30 gave a higher activity at a much lower

Table 13 The catalytic activities of different catalysts®
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reaction temperature (140 °C). POP-0.01-SO3;H-30 had high
thermal stability, which also makes it quite suitable for reac-
tions at higher temperatures.

The activities of POP-0.01-SO;H-30 after recycling were
examined carefully (Fig. 9). The catalyst was recycled via filtra-
tion and washed with ethyl acetate. The catalyst was reused
after drying. POP-0.01-SO;H-30 had high stability and the
activity after recycling changed little after reusing it eight times.
The reaction filtrate was analyzed by ICP and no sulfur element
was detected via element analysis, which confirmed little leaching
of acid sites.*® The acid-base titration of the recycled POP-0.01-
SO;H-30 gave an acid density of 3.56 mmol g~ ', which was almost
the same as that of the fresh catalyst. These results further
confirmed the high stability of POP-0.01-SO;H-30. The novel solid
acid had the special short-microtube structure and a high BET
surface area, which benefited the mass transfer efficiency. More-
over, the hydrophobic surface separated the polar byproducts
water and glycerol from the active sites, which led to the reverse
reaction being avoided. The reaction was carried out under mild
conditions, which also avoided the side reactions and ensured the
high stability of POP-0.01-SO;H-30.

The activities of different catalysts compared
(Table 13). The catalyst amount and reaction time were opti-
mized for each catalyst. For a Lewis-acidic catalyst ([Et;NH]CI-
AICl,),** the yield was quite low. The byproduct water from the
esterification reaction dissociated the Lewis-acidic IL catalyst.
The activity of H,SO, was not very high, either. H,SO, disso-
ciated H" ions in the reaction mixture, which caused the
hydrolysis of the biodiesel and reduced the yield. A traditional
carbon-based solid acid®® with a low surface area (2 m* g™ ')
showed low activity (79.6%) at 70 °C. For a porous carbon-based
solid acid with a higher surface area (563 m* g™ '), the yield
increased to 91.2%. POP-0.01-SO;H-30, with the special short-
microtube structure, had the highest activity (99.2%). Further-
more, the short-microtube surface offered hydrophobicity. The
byproducts water and glycerol were effectively separated from
the active sites, which led to the hydrolysis reaction being
avoided. Therefore, the novel porous microtube polymer-
based solid acid had higher activity with a smaller catalyst
amount and shorter reaction time.

were

3.4 The quality of the refined biodiesel

After the reaction, the upper layer of biodiesel was refined by
distillation under vacuum (130 °C, 0.01 torr). The quality of the

Reaction
Catalyst Catalyst amount/g time/h FFA conversion/% Yield/%
POP-0.01-SO3H-30 0.05 7 98.6 99.2
Carbon-based solid acid*? 0.10 12 84.1 79.6
Porous carbon-based solid acid*® 0.07 12 86.3 91.2
[Et3NH]Cl—A1Cl3 0.06 23 85.7 79.3
H,S0, 0.07 18 88.6 89.8

“ The reaction conditions: waste oil 5 g, methanol 2.94 g, 70 °C. ? FFA conversion was based on acidity and the yield was based on FFAs and

triglycerides.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 14 The quality of the refined biodiesel

Entry Value

Density (15 °C) (g cm %) 0.88
Viscosity (40 °C) (mm? s ) 4.2

Sulfur content (%) 1.3 mg kg™
Water content (mg kg™ ") 128
Methanol content (%) 0.02
Biodiesel content (%) >99.3
Glycerol content (%) 0.01

refined biodiesel was examined carefully (Table 14). The refined
biodiesel was high quality, similar to the value of biodiesel from
fresh rapeseed oil.**™*” The biodiesel showed similar a fatty-acid
composition to the raw waste oil, which indicated that almost all
the raw oils were converted to biodiesel using POP-0.01-SO;H-30.

4. Conclusions

A novel porous microtube polymer-based solid acid was synthe-
sized via the polymerisation of naphthalene and sulfonation.
The novel solid acid had a high surface area and special short-
microtube structure, which benefited the interaction of active
sites and large hydrophobic reactants. The solid acid showed
very high activities for ter¢t-butylation of resorcinol using 2.2 g
resorcinol, 4.8 g t-butanol and 0.05 g catalyst at 120 °C for 4 h,
with a conversion of 97.8% and a selectivity of 85.5%. For
biodiesel synthesis from waste oil, the novel solid acid gave
99.2% yield using 5 g waste oil, 2.94 g methanol and 0.05 g
catalyst at 70 °C for 7 h. Besides the high activities, the solid
acid had high stability and could be recycled five times for the
tert-butylation of resorcinol and eight times for biodiesel synth-
esis from waste oils.
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