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ABSTRACT: New pyrene-based microporous organic polymers
PPOP-1, PPOP-2, and PPOP-3 have been synthesized via Friedel−
Crafts alkylation reaction between pyrene and bis(1,4-
dibromomethyl)benzene at their different molar ratios in the
presence of a Lewis acid catalyst FeCl3 under refluxing conditions.
Pore surfaces of PPOP-1, PPOP-2, and PPOP-3 have been
functionalized by −SO3H groups via chlorosulfonic acid treatment
under controlled reaction conditions to obtain sulfonated porous
organic polymers, and these are designated as SPPOP-1, SPPOP-2,
and SPPOP-3, respectively. Powder X-ray diffraction, N2 sorption,
HR-TEM, FE-SEM, NH3-TPD, solid state 13C CP MAS-NMR, and
FT-IR spectroscopic tools are employed to characterize these
materials. These sulfonated porous polymers showed nanofiber-like or spherical morphology, very high surface acidity, and
excellent catalytic activity for the synthesis of biodiesels via esterification/transesterification of long chain fatty acids/esters at
room temperature together with very high recycling efficiency, suggesting the future potential of these sulfonated porous
polymers in a wide range of sustainable acid-catalyzed chemical reactions.
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■ INTRODUCTION

Biodiesel is increasingly becoming a popular alternative to fossil
fuels due to the worldwide energy crisis, demand for the
conservation of nonrenewable natural resources, and increasing
price of petroleum-based diesel fuels together with environ-
menta; concerns caused by the combustion of fossil fuels.1

Fatty acid methyl or ethyl esters (FAMEs or FAEEs) show
great potential as diesel substitutes, and they are sustainable,
sulfur-free, biodegradable, nontoxic diesel fuel substitutes that
are widely used worldwide.2,3 Biodiesel is a low-emissions diesel
substitute fuel and can be easily produced either through
transesterification of triglycerides or the esterification of free
fatty acids (FFAs) with short-chained alcohols, mainly
methanol in the presence of suitable acid or base catalysts.4,5

One of the most common ways to produce biodiesel is through
transesterification, especially alkali-catalyzed transesterification
of vegetable oils.6 However, the process requires efficient
wastewater management to make it industrially viable.7 On the
other hand, if feedstock with a high level of free fatty acid
(FFA) is used (soapstock, recycled oils, greases, cooking oils,
etc.), the acid-catalyzed esterification with methanol or glycerol
prior to transesterification is more desirable.8,9 In this context, it
is pertinent to mention that the industrial production of esters
via esterification and transesterification reactions in the
presence of homogeneous acid catalysts such as H2SO4

10 or
H3PO4

11 require high temperature, expensive equipment,
product separation, and purification and faces a problem with
nonreusability of the catalysts.12 Moreover, these mineral acids

are corrosive in nature, and they have to be neutralized after the
reaction. On the other hand, conventional base catalysts such as
NaOH and KOH catalyze both esterification and trans-
esterification reactions, but the workup of the reaction requires
a lot of water to wash out the byproduct soap.7 This
requirement makes these catalysts environmentally unfriendly.
Due to formation of soap, the use of conventional base catalysts
such as alkali metal hydroxides and alkoxides13−17 faces
saponification and product separation problems. This problem
can be solved by performing a two-step process. The first is the
esterification of FFAs to alkyl ester in the presence of an acid
catalyst followed by the second step of transesterification using
a base catalyst.18

More recently, a green approach for biodiesel production via
sustainable heterogeneous acid catalysts has attracted significant
attraction vis-a-̀vis conventional hazardous and corrosive
homogeneous acid catalysts, as the materials of the former
category are environmentally friendly, reusable, and easily
separable from the reaction mixture.19−30 In spite of nontoxicity
and reusability, these solid acid catalysts should have high
stability, numerous strong acid sites, high surface area, and low
cost. The most acid catalysts reported so far are expensive or
involve complex synthetic procedures during their preparation.
These include sulfated zirconia,19 tungstated zirconia,20 sulfated
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tin oxide,21 sulfonated carbon,22,23 mesoporous metarials,24 ion-
exchange resin,25 nafion-based composites26 sulfonated incom-
pletely carbonized sugar, starch, or cellulose.27−30 In recent
years, porous heterogeneous acid catalysts such as zirconium
oxophosphates,31 metal organic framework (MOF) encapsu-
lated Keggin heteropolyacid,32 and sulfonic acid functionalized
hybrid silica33 have been extensively studied for the
esterification reactions. But in most of these cases, the reactions
are also carried out at moderately high temperature. There are
very few reports on the synthesis of biodiesel products at room
temperature.34

In this context, it is pertinent to mention that in recent years
considerable attention has been paid to the design and
synthesis of porous organic materials, which bear reactive
organic functional groups at the pore surface together with high
surface area. Apart from offering highly reactive functional
groups exposed to the pore surface, these soft porous materials
are particularly demanding as green organocatalysts due to
being devoid of toxic metals. These organically functionalized
porous materials are employed in various frontline applications
like separation,35−41 adsorption,42−45 gas storage,46−48 super-
capacitors,49 sensing,50−52 and heterogeneous catalysis.53−58

Recently, we have developed a sulfonated carbazole-based
hyper-cross-linked supermicroporous polymer for the synthesis
of biodiesel at room temperature.59 The carbazole-based
polymer is synthesized by Friedel−Crafts alkylation using
FeCl3 as the Lewis acid catalyst, and it has been functionalized
by −SO3H groups. Due to presence of N-sites in the polymer
network, a small amount of iron is bounded in the polymer
network, which could interfere with the catalytic reactions.
Further, the conversion of soybean oil over this sulfonated
polymer is also low. Thus, from the perspective of green and
sustainable synthesis, it is highly desirable to design a new
porous metal-free heterogeneous organocatalyst for the
successful and economical production of biodiesels in high
yields at room temperature.
Herein, we first report the sulfonic acid functionalized porous

organic polymers SPPOP-1, SPPOP-2, and SPPOP-3 via
sulfonation of respective pyrene-based porous organic polymers
synthesized through a Friedel−Crafts alkylation reaction
between different molar ratios of bis(1,4-bromomethyl)-
benzene and pyrene (Scheme 1). Functionalization of these
porous polymers with sulfonic acid groups on the aromatic
rings by chlorosulfonic acid leads to the formation of
microporous organocatalysts with a high BET surface area
together with a large amount of surface −SO3H groups. Both
parent polymers and sulfonated materials were thoroughly
characterized by using powder XRD, N2 sorption, HR-TEM,
FE-SEM, FT-IR, TG-DTA, NH3-TPD, UV−vis, etc. and were
successfully employed for the synthesis of biofuels under eco-
friendly reaction conditions.

■ EXPERIMENTAL SECTION
Synthesis of Pyrene-Based Covalent Organic Polymers. In a

typical reaction, 0.105 g (0.4 mmol) of bis(1,4-bromomethyl)benzene
and 0.04 g (0.2 mmol) of pyrene were dissolved in 8 mL anhydrous
1,2-dichloroethane. A total of 0.2 g anhydrous ferric chloride was
added into the above mixture with occasional shaking and maintaining
the reaction temperature of 20−25 °C. Then the mixture was refluxed
at 80 °C for 20 h. The precipitated solid was filtered and washed with
methanol until the filtrate did not give a deep blue color upon addition
of potassium ferrocyanide. The precipitate was extracted by refluxing
with methanol in a Soxhlet apparatus for 2 days and dried under
vacuum at 60 °C. This polymer is designated as PPOP-1. Similarly,

PPOP-2 and PPOP-3 were prepared by keeping the molar ratio of
bis(1,4-bromomethyl)benzene and pyrene at 1:1 and 1:2, respectively.

Sulfonation of Porous Organic Polymers. PPOP-1, PPOP-2,
and PPOP-3 were sulfonated following the literature procedure.60 In a
typical synthesis, 0.46 g of PPOP-1 taken in 10 mL dry dichloro-
methane was cooled in an ice-bath. A total of 9.2 mL of chlorosulfonic
acid taken in 10 mL dry dichloromethane was added dropwise to the
PPOP-1 suspension, and it was stirred at room temperature for 48 h.
Then the mixture was poured into ice, and the solid was collected,
washed with distilled water substantially, and dried to obtain SPPOP-1.
PPOP-2 and PPOP-3 were sulfonated following a similar procedure to
obtain SPPOP-2 and SPPOP-3, respectively. The outline for the
synthesis of the organocatalyst SPPOP-1, SPPOP-2, and SPPOP-3 is
shown in Scheme 1.

Procedure of Esterification and Transesterification Reac-
tions. For esterification reactions, 1.0 mmol of a long chain fatty acid,
1.6 g of methanol, and the required amount of acid catalyst were mixed
in a 25 mL round-bottom flask and stirred for 10 h at room
temperature. Transesterification reactions were carried out by mixing 1
mmol of ethyl esters, 1.6 g of methanol, and the required amount of
acid catalyst in a 25 mL round-bottom flask 24 h at room temperature.
For the transesterification of vegetable oil, 100 mg of oil, 5 g of
methanol, and the required amount of acid catalyst were mixed and
stirred for 10 h at 298 and 333 K (Table 4). After completion of the
reaction, the reaction mixture was filtered to separate the catalyst, and
it was washed with 5 mL methanol. Then excess methanol was
evaporated under reduced pressure to get isolated products, and the
products were characterized by 1H and 13C NMR spectroscopy. The
outline of esterification of fatty acids and transesterification of esters is
shown in Scheme 2.

Reusability of Catalyst. In order to evaluate reusability of the
catalyst, the catalyst is separated from the reaction mixture by filtration
after completion of the reaction, and it has been thoroughly washed
with methanol and acetone several times to remove any compounds
that were adsorbed at the surface of the catalyst. Then the catalyst is
dried overnight at 353 K before carrying out the next catalytic cycle. In
this way, the esterification of lauric acid has been carried out six times,
and reusability also has been tested for the esterification reaction of
lauric acid in the presence of soybean oil at room temperature (298 K)

Scheme 1. Sulfonic Acid Functionalized Porous Organic
Polymers SPPOP-1, SPPOP-2, and SPPOP-3
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and also the transesterification reaction of soybean oil of the SPPOP-3
catalyst at 333 K. For both of these cases, we have carried out four
reaction cycles and observed that the catalyst has nicely retained its
catalytic activity.
Characterization Technique. Powder X-ray diffraction patterns

were recorded on a Bruker D-8 advance SWAX diffractometer
operated at 40 kV voltage and 40 mA current. The instrument has
been calibrated with a standard silicon sample, using Ni-filtered Cu Kα
(λ = 0.15406 nm) radiation. N2 adsorption−desorption isotherms of
polymer materials were obtained by using Quantachrome Autosorb-
1C at 77 K. Prior to the gas adsorption studies, the samples were
degassed at 423 K under high vacuum condition for 8 h. High
resolution transmission electron microscopy (HR-TEM) images of the
polymer samples were taken by using a JEOL JEM 2010 transmission
electron microscope operating at 200 kV. A JEOL JEM 6700F field
emission scanning electron microscope was used for the determination
of the morphology the polymers. FT-IR spectra of the polymers were
recorded using a PerkinElmer Spectrum 100. Thermogravimetric
analysis (TGA) and differential thermal analysis (DTA) of the
materials were determined in a TGA instrument thermal analyzer TA-
SDT Q-600 under continuous flow of nitrogen with a heating/cooling
rate 10 °C min−1. Temperature-programmed desorption of ammonia
(NH3-TPD) was carried out in a Micromeritics ChemiSorb 2720.
UV−visible diffuse reflectance spectra were recorded on a Shimadzu
UV 2401PC with an integrating sphere attachment. BaSO4 was used as
the background standard. 1H and 13C NMR (solution) experiments
were carried out on a Bruker DPX-400/500 spectrometer. The solid
state MAS-NMR spectra of the samples were taken in Bruker Ascend
400 spectrometer.

■ RESULTS AND DISCUSSION
Wide angle powder X-ray diffraction of all the materials did not
show any significant diffraction pattern and showed only very
broad peaks (Figure S1, Supporting Information) suggesting
the amorphous nature of cross-linked polymers. Surface
porosity of PPOP-1 and SPPOP-1 materials is studied by
BET analysis at 77 K using nitrogen as the sorbate molecule.
This N2 sorption analysis exhibits very high Brunauer−
Emmett−Teller (BET) surface areas for PPOP-1 and
SPPOP-1 of about 615 (Figure 1A) and 280 m2g−1 (Figure
1B), respectively. Those N2 sorption isotherms show
combination of type I (sharp N2 uptake at low P/Po) and IV
(gradual increase in N2 uptake at higher P/Po) according to
IUPAC classification61 with a broad hysteresis upon desorp-
tion.62 Pore size distribution of PPOP-1 using the carbon slit
pore model at 77 K determined by nonlocal density functional

theory (NLDFT) exhibited a dominant pore width centered at
about 1.7 nm and that of SPPOP-1 centered at 1.68 nm (insets
of Figures 1A,B). These pore size distribution results suggested
the presence of supermicropores in these porous organic
polymers. The micropore volume and the micropore surface
area were determined by the t-method. The micropore volume
and the micropore surface area of PPOP-1 are 0.2358 ccg−1 and
455 m2g−1, respectively. The total pore volume of PPOP-1 is
0.4179 ccg−1, whereas the total pore volume of SPPOP-1 is
0.1810 ccg−1. We have also studied surface porosity and pore
size distribution of PPOP-2 and PPOP-3 and SPPOP-2 and
SPPOP-3 materials (Table S1, Figures S2 and S3, Supporting
Information).
The TEM images of PPOP-1 (Figure 2A,B) show nanofiber-

like morphology having widths in the range of 80−120 nm and
the length of the fiber of about 5 μm. Figure 2C and D show
the corresponding TEM images of the sulfonated polymer
SPPOP-1, which illustrates that the nanofiber morphology of
the polymer has been retained after sulfonation. On the other
hand, the TEM images of sulfonated polymer SPPOP-3 (Figure
S4, Supporting Information) display spherical morphology
having diameters in the range 0.5−1.2 μm. FE-SEM images of
PPOP-1 and SPPOP-1 are shown in Figure 3. The SEM image
of PPOP-1 (Figure 3A) further suggests cross-linked nanofiber
morphology, whose width moderately increased upon sulfona-
tion in SPPOP-1 (Figure 3B). FE-SEM images of PPOP-2,
SPPOP-2, PPOP-3, and SPPOP-3 are shown in Figure S5 of
the Supporting Information. From these images, it is clear that
the nanofiber-like particle morphology of the polymers changed
to spherical nanoparticles after sulfonation of the polymers.

Scheme 2. Esterification of Fatty Acids and
Transesterification of Esters

Figure 1. N2 adsorption/desorption isotherm and pore size
distribution (shown in inset) calculated from NLDFT method of
PPOP-1 (A) and that of SPPOP-1 (B). Filled circles represent
adsorption points, and empty circles represent desorption points.
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The solid state 13C CP MAS-NMR spectrum of PPOP-1 is
shown in the Figure 4, which exhibits several signals at 136.06,
127.60, 54.90, and 36.50 ppm. Signals at 54.90 and 36.50 are
attributed to benzyl carbon, and signals at 136.06 and 127.60
could be assigned to the carbon atoms of the benzene and
pyrene rings. Further, the UV−vis absorption and photo-
luminescence spectra of PPOP-1 (Figure S6, Supporting
Information) suggests the presence of pyrene rings in the
porous polymeric framework.

Thermogravimetric (TG) analysis suggested high thermal
stability of PPOP-1 and SPPOP-1 (Figure 5A and B,
respectively). From the TGA plot of PPOP-1, it is shown
that only 7% weight loss is observed up to 300 °C, and in the

Figure 2. HR TEM images of PPOP-1 (A) and (B) and HR-TEM
images of SPPOP-1 (C) and (D).

Figure 3. FE-SEM images of PPOP-1 (A) and SPPOP-1 (B).

Figure 4. 13C MAS-NMR spectrum of the PPOP-1.

Figure 5. TG-DTA profiles of PPOP-1 (A) and SPPOP-1 (B).
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temperature range of 300 to 545 °C, sharp decrease in weight
of about 52% is shown. The latter weight loss could be due to
cleavage of C−C bonds present in the polymeric framework.
This weight loss has been evidenced from the appearance of the
long exothermic nature of the differential thermal analysis
(DTA) plot. On the other hand, the TGA plot of SPPOP-1
shows about 25% weight loss up to 250 °C. In the temperature
range of 250−537 °C, a sharp decrease in weight of about 68%
is shown due to decomposition of the organic framework of the
material. We also carried out thermogravimetric analysis on
SPPOP-2 and SPPOP-3 in order to check their thermal stability
(Figure S7A and S7B, Supporting Information, respectively).
NH3-TPD analyses of the sulfonated materials are carried out

to understand the nature and strength of the acid sites. In NH3-
TPD analysis, we have taken the desorption data of the volume
of ammonia up to 250 °C of the TGA plot of SPPOP-1 to
suggest this material almost retains its thermal stability up to
this temperature. Volumes of ammonia desorbed correspond to
29.7 and 18.6 mL g−1 in the temperature ranges of 30−150 °C
and 182−250 °C at STP for SPPOP-1 (Figure 6). These could

be assigned to the weak and moderately strong Brønsted acid
sites, respectively. Thus, NH3-TPD results suggested a total of
2.15 mmol g−1 of Brønsted acidic sites present in the sulfonated
porous polymer material SPPOP-1. We also carried out NH3-
TPD analysis on SPPOP-2 and SPPOP3 (Table 1, Figures S8

and S9, Supporting Information). The NH3-TPD results
suggested 2.82 and 3.22 mmol g−1 of Brønsted acidic sites
present in SPPOP-2 and SPPOP-3 polymer material,
respectively. Owing to the presence of these acid sites, these
porous polymer materials could be employed as a heteroge-
neous catalyst in the esterification of long chain fatty acids and
transesterification with methanol. Further, we have calculated
the degree of sulfonation (% of sulfonation with respect to the
total aromatic rings present) of sulfonated materials SPPOP-1,
SPPOP-2, and SPPOP-3. The degree of sulfonation of SPPOP-
1, SPPOP-2, and SPPOP-3 is 30%, 39%, and 44%, respectively,

suggesting that with the increase in pyrene concentration the
degree of sulfonation increases.
FT-IR spectra of PPOP-1, SPPOP-1, and reused SPPOP-1

materials are shown in Figure 7. In these spectra, absence of

C−Br stretching clearly confirms the formation of a cross-
linked polymer network. The bands around at 1604 and 2925
cm−1 could be assigned for aromatic CC and sp3 C−H
bonds, respectively. The absorption peak for the C−H bending
of the aromatic ring is observed at 816 cm−1. Incorporation of
−SO3H groups in the PPOP-1 network is confirmed by the FT-
IR spectra of SPPOP-1. Compared with PPOP-1 in the FT-IR
spectrum of SPPOP-1, new bands around at 621, 1033, and
1176 cm−1 are observed. These could be attributed to C−S
stretching63 and symmetric and asymmetric stretching of O
SO64 bonds, respectively. As shown in Figure S10 of the
Supporting Information, the incorporation of −SO3H groups in
the PPOP-2 and PPOP-3 network is also confirmed by FT-IR
spectra of SPPOP-2 and SPPOP-3. Elemental analysis of fresh
SPPOP-1 catalyst gave 54.40% carbon, 3.67% hydrogen, and
5.42% sulfur and that of reused SPPOP-1 after five reaction
cycles gave 61.13% carbon, 5.07% hydrogen, and 4.50% sulfur.
Increase in carbon content could be attributed to coke
formation as usually encountered by the acid catalysts during
prolonged catalytic runs. Similarly, elemental analysis shows
that SPPOP-2 contains 57.32% carbon, 5.27% hydrogen, and
8.37% sulfur, and SPPOP-3 contains 58.73% carbon, 6.52%
hydrogen, and 9.85% sulfur. We have calculated the degree of
sulfonation on the basis of weight % of sulfur obtained from
elemental analysis. The degree of sulfonation of SPPOP-1,
SPPOP-2, and SPPOP-3 is 23%, 36%, and 42%, respectively,
which agrees well with the result obtained independently from
NH3-TPD analysis.
SPPOP-1, SPPOP-2, and SPPOP-3 are employed as catalyst

for the preparation of methyl esters of various long chain
mono- and dicarboxylic fatty acids and transesterification of
different ethyl esters, soybean, and olive oils, which are widely
used as feedstock for the synthesis of biodiesels. The yields of
these esterification reactions are given in Table 2. The results of
the transesterification of esters are shown in Table 3, whereas
the results of the transesterification of soybean and olive oils are
given in Table 4. Usually esterification of free fatty acids (FFAs)
is carried out at high temperature using the hazardous H2SO4
catalyst65 where the separation of homogeneous catalyst66 from
the reaction mixture is a very difficult process. Several porous

Figure 6. NH3-TPD spectra of SPPOP-1.

Table 1. Physico-Chemical Properties of Sulfonated Pyrene-
Based Porous Organic Polymers

sulfonated
catalyst

bis(1,4-
bromomethyl)
benzene: pyrene
(molar ratio)

Brønsted
acidic sites
(mmol g−1)

degree of
sulfonation

(%)

BET
surface
area

(m2 g−1)

SPPOP-1 2:1 2.15 30 280
SPPOP-2 1:1 2.82 39 244
SPPOP-3 1:2 3.22 44 205

Figure 7. FT-IR spectra of PPOP-1 (a), sulfonated acid catalyst,
SPPOP-1 (b), and reused catalyst, SPPOP-1 (c) after four cycles.
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solid acid catalysts have been reported for the production of
biofuels.67 But most of the reactions are carried out at high
temperature.68 There are very recent reports on porous
sulfonated zinc phosphonate69 and tin(IV) phosphonate
materials70 for the synthesis of biodiesels, where the reactions
are carried out at room temperature (298 and 323 K,
respectively). But the present catalytic pathway for biodiesel
production is unique and green as the reactions proceed at
room temperature over a metal-free organocatalyst. It is shown
from the tables that the product yield increases from SPPOP-1
to SPPOP-2 and then to SPPOP-3. Total acidity of these
materials also increases in this order. Thus, we can conclude
that due to the presence of higher Brønsted acidic sites, the
SPPOP-3 catalyst shows higher catalytic activity than the
SPPOP-1 and SPPOP-2 materials.
Mainly three reaction parameters, i.e., reaction time,

temperature, and molar ratio of fatty acid to methanol,
influence the conversion of fatty acids to biofuels. Here, we
have carried out the reactions at room temperature (298 K). It
takes about 10 h time to complete the reactions for most of the

substrates. The reaction time is an important parameter for
these esterification reactions. Figure 8 shows the conversion of
fatty acids to corresponding esters gradually increasing with
time. We have examined that if we have carried out the reaction
(studied taking lauric acid as reference) at higher temperature,
i.e., 313 and 333 K, it requires much less reaction time (5 h
when reaction has been carried out at 313 K and 4 h when

Table 2. Esterification Reactions of Various Long Chain Fatty Acids over Sulfonated Porous Polymersa

entry fatty acid catalyst yieldb (%) TONc

1 CH3(CH2)10COOH SPPOP-1 90 16.7
2 CH3(CH2)12COOH SPPOP-1 89 16.5
3 CH3(CH2)14COOH SPPOP-1 90 16.7
4 CH3(CH2)16COOH SPPOP-1 92 17.1
5 CH3(CH2)7CHCH(CH2)7COOH SPPOP-1 90 16.7
6 HOOC-(CH2)8-COOH SPPOP-1 88 16.4
7 HOOC-(CH2)3-COOH SPPOP-1 92 17.1
8 HOOC-(CH2)4-COOH SPPOP-1 93 17.3
9d CH3(CH2)10COOH no catalyst 8 -
10 CH3(CH2)10COOH in presence of soybean oil SPPOP-1 88 16.4
11 CH3(CH2)10COOH SPPOP-2 91 16.9
12 CH3(CH2)10COOH SPPOP-3 94 17.5
13 CH3(CH2)7CHCH(CH2)7COOH SPPOP-3 92 17.1
14e CH3(CH2)10COOH Amberlite IR-120(H) resin 19 1.1

aReaction conditions: 1 mmol of fatty acid, 1.6 g of methanol, 25 mg of SPPOP-1 or 19 mg of SPPOP-2 or 17 mg of SPPOP-3 (all contain 0.05375
mmol sulfonic groups) at room temperature (298 K); reaction time = 10 h. bYield (%) was calculated from 1H NMR: [peak area of one proton near
3.6 (for −CH3) divided by that of one proton at 2.25 (for −CH2)] × 100. cTurn over number (TON) = moles of substrate converted per mole of
active site. dReaction was carried out in the absence of any catalyst. eReaction condition: 1 mmol of lauric acid, 100 mg of Amberlite IR-120(H) resin
and its total exchange capacity = 1.8 mmol g−1 at room temperature (298 K); reaction time = 10 h. For all cases, the molar ratio of acid and methanol
= 1:50.

Table 3. Transesterification reactions of different esters over
sulfonated porous polymersa

entry ester catalyst
yield
(%) TONb

1 ethyl cyanoacetate SPPOP-1 74 13.8
2 ethyl chloroacetate SPPOP-1 45 8.4
3 ethyl acrylate SPPOP-1 34 6.3
4 ethyl cyanoacetate SPPOP-2 75 14.0
5 ethyl cyanoacetate SPPOP-3 76 14.1
6c ethyl cyanoacetate Amberlite IR-120(H) resin 12 0.7

aReaction conditions: 1 mmol of ester, 1.6 g of methanol, 25 mg of
SPPOP-1 or 19 mg of SPPOP-2 or 17 mg of SPPOP-3 (all contain
same mmol sulfonic groups) at room temperature (298 K); reaction
time = 24 h. bTurn over number (TON) = moles of substrate
converted per mole of active site. cReaction condition: 1 mmol of
ester, 100 mg of Amberlite IR-120(H) resin at room temperature (298
K); reaction time = 24 h. For all cases, the molar ratio of ester and
methanol = 1:50.

Table 4. Transesterification of Soybean and Olive Oils over
Sulfonated Porous Polymersa

entry oil catalyst
temperature

(°c)
conversion

(%)b

1 soybean oil SPPOP-1 25 15
2 soybean oil SPPOP-1 60 66
3 soybean oil SPPOP-2 25 21.7
4 soybean oil SPPOP-2 60 91.9
5 soybean oil SPPOP-3 25 33.5
6 soybean oil SPPOP-3 60 92.3
7 olive oil SPPOP-1 25 19.5
8 olive oil SPPOP-1 60 48
9 olive oil SPPOP-2 25 27.7
10 olive oil SPPOP-2 60 85.9
11 olive oil SPPOP-3 25 31.3
12 olive oil SPPOP-3 60 93.8
13c soybean oil Amberlite IR-120(H)

resin
25 no reaction

14c soybean oil Amberlite IR-120(H)
resin

60 3.4

aReaction conditions: 100 mg of soybean oil or 100 mg of olive oil, 5 g
of methanol, and 25 mg of SPPOP-1 or 19 mg of SPPOP-2 or 17 mg
of SPPOP-3 (all contain same mmol sulfonic groups); reaction time =
10 h. bConversion (%) was calculated from integration values of the
glyceridic and methyl ester protons in 1H NMR by the equation:

=
×

× + ×
×

I
I I

Conversion
5

(5 ) (9 )
100%ME

ME TG

IME is the integration value of the methyl ester peak, and ITG is the
integration value of the glyceridic peaks in the triglycerides of oil. c100
mg of Amberlite IR-120(H) resin was taken.
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reaction has been carried out at 333 K temperature) to achieve
the same yield as that obtained at room temperature. These
esterification reactions are reversible in nature. At the initial
stage, the rate of forward reaction is much higher than that of
the reverse reaction because of high concentration of the
reactants and low concentration of the product. The molar ratio
of fatty acid to methanol is an important parameter for the
conversion of fatty acids to biofuels. Theoretically, one mole
fatty acid needs one mole of methanol to get converted into the
corresponding methyl ester. Because of the reversible reaction,
we have shown that the excess of methanol relative to fatty acid
can shift the equilibrium toward methyl ester formation.71 The
yield of methyl esters gets increased from 70% to 90% after 10
h of reaction with an increase in molar ratio of fatty acid to
methanol from 1:5 to 1:50. Here, excess methanol is used to
move the reaction toward the forward direction with higher
yield.
To test the reusability of the sulfonated polymer catalyst, we

have carried out the esterification of lauric acid for six
consecutive reaction cycles. The detailed kinetics (conversion
vs time plots) of this catalytic esterification is shown in Figure
9. As shown from the plot, progress of the reaction at different

reaction hours proceeds in a similar fashion, and the sulfonated
porous polymer SPPOP-1 has retained its catalytic activity over
several reaction cycles efficiently. This result suggests that the
pyrene-based sulfonated porous polymers can be employed
efficiently for several solid acid catalyzed reactions.
Leaching Test. The heterogeneity of the catalyst was

verified by a leaching test. In the esterification reaction of lauric
acid, the catalyst is separated out from the reaction mixture

after 1.5 h through filtration, and at that time, the yield of ester
was 64%. Then the reaction is continued for 8.5 h at room
temperature without catalyst. After 10 h, the yield was just
increased to 67%. This result confirms that during the reaction
no leaching of sulfonate group takes place. We have carried out
the esterification reaction of lauric acid in the presence of
soybean oil at 298 K and the transesterification reaction of
soybean oil at 333 K over SPPOP-3 for testing whether the
catalyst is leached out or not during the reaction medium. We
have followed the same procedure for both reactions. NH3-
TPD results of the used SPPOP-3 after these reactions
suggested almost no change in total acidity of the material.
This result suggested that our sulfonated porous polymers are
stable, and no leaching of the −SO3H group took place during
the liquid phase esterification and transesterification reactions.

■ CONCLUSIONS

We have designed three new pyrene-based porous organic
polymers via Friedel−Crafts alkylation of pyrene and bis(1,4-
dibromomethyl)benzene in different molar ratios by using
FeCl3 catalyst in dichloroethane solvent under refluxing
conditions. These porous polymers are sulfonated to obtain
microporous-sulfonated pyrene-based organic frameworks,
SPPOP-1, SPPOP-2, and SPPOP-3, consisting of different
molar ratios of pyrene and bis(1,4-dibromomethyl)benzene.
These nontoxic and eco-friendly sulfonated materials have been
employed as efficient heterogeneous strong acid catalysts for
the synthesis of biodiesels from different long chain fatty acids
and transesterification reactions of different ethyl esters and
vegetable oils. The catalytic activity increases with the degree of
sulfonation. Among the three acid catalysts, SPPOP-3 bearing
the highest degree of sulfonation exhibits the best catalytic
activity. In addition, the stability and catalytic activity of the
sulfonated catalyst has been retained after several successive
reaction cycles without leaching of the functional groups,
suggesting a sustainable future for these pyrene-based porous
polymers in solid acid catalysis.
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