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Abstract

Ordered mesoporous carbon (OMC) was prepared via the inverse replication method using SBA-15 as a hard template and
sucrose as a carbon precursor. OMC was sulfonated to obtain the solid acid catalysts, such as OMC-SS and OMC-DS, by
heating with sulfuric acid or coupling with sulfanilic acid diazonium. TEM and small-angle X-ray diffraction (XRD) results
showed that OMC, OMC-SS, and OMC-DS exhibited ordered porous structures. XPS and Raman analysis showed that
OMC had graphite structure. N,-BET analysis indicated that OMC, OMC-SS, and OMC-DS had average pore diameters of
3.0-3.3 nm and exhibited bimodal mesopore size distributions. Moreover, N,-BET analysis revealed that OMC, OMC-SS,
and OMC-DS had surface areas of 1411, 924 and 1001 m?/g, respectively. The surface acid contents of OMC-SS and OMC-
DS were 3.9-4.0 mmol H*/ g and higher than those of OCM (2.8 mmol H*/g). FTIR results demonstrated that ~SO;H was
present on OMC-SS and OMC-DS. OMC-SS and OMC-DS were used to catalyze the transesterification and epoxidation
of waste frying oil. The transesterification reactions catalyzed using OMC-SS and OMC-DS provided the maximum yields
of fatty acid methyl esters of 90.3 +3.3% and 89.0+2.1%, respectively. The double-bond conversion rates of epoxidation
reactions catalyzed using OMC-SS and OMC-DS reached 77.2+1.9% and 68.5 +2.6%, respectively. The epoxy yields of
epoxidation reactions catalyzed using OMC-SS and OMC-DS were 70.3 +2.4% and 65.1 + 1.8%, respectively.
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1 Introduction

Porous carbon materials are widely used in gas separation,
water purification, catalysis, photocatalysis, energy storage,
and capacitors because of their excellent chemical stabilities
and large specific surface areas [1-6]. Conventional porous
carbon materials, such as activated carbon and carbon fib-
ers, are unconducive to the internal pore diffusion of reac-
tants because they possess nonuniform pore sizes and high
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micropore contents (<2 nm). In 2000, Jun et al. first pre-
pared an ordered mesoporous carbon (OMC) material via the
reverse replication of SBA-15, which is a two-dimensional
(2D) hexagonal mesoporous silica molecular sieve. They
used SBA-15 as a template and sucrose as a carbon precursor
and designated the product as OMC-3 [7]. In 2001, Joo et al.
synthesized OMC-5, an OMC with a tubular structure, using
AI-SBA-15 as a template and furfuryl alcohol as a carbon
precursor [8]. In 2002, Kaneda et al. prepared OMC-1 and
OMC-4 with single-crystal morphology using single-crystal
MCM-48 as the template [9]. Since 2001, the research and
applications of OMC materials (2-50 nm) have attracted
widespread attention. The ordered mesoporous structures
of OMC materials favor the mass transfer of reactants by
weakening the resistance of internal pore diffusion. At pre-
sent, OMC materials are widely used in catalysis, hydrogen
storage, purification, and sensing [10-13].

Conventional liquid acid catalysts have several shortcom-
ings, such as difficult separation from reactants and envi-
ronmental pollution generation. Therefore, the study and
preparation of suitable solid acid catalysts have become
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popular. Some researchers have attempted to introduce the
—SO;H functional group onto the surfaces of OMC materi-
als to obtain solid acid catalysts. Zhang et al. used SBA-15
as a template, glucose glycerol as a carbon precursor, and
concentrated sulfuric acid as a sulfonating agent to synthe-
size a sulfonated solid acid OMC catalyst. They reported
that the conversion rate of the pre-esterification of free fatty
acids catalyzed using the sulfonated OMC-based solid acid
catalyst reached 94.6% [14]. Eika et al. adopted SBA-15 as
a mesoporous silica template, sucrose as a carbon precur-
sor, and concentrated sulfuric acid as a sulfonation reagent
to prepare a sulfonated OMC catalyst. The total monosac-
charide yield of 43.4% was achieved when the catalyst was
used to catalyze the saccharification of cellulose and rice
straw substrates [15]. Dong et al. prepared an OMC-based
solid acid catalyst via the evaporation-induced self-assembly
method using phenolic resin as a carbon precursor, F127 as
a templating agent, and sulfuric acid as a sulfonation agent.
The solid acid catalyst effectively catalyzed the condensa-
tion of phenol with acetone [16]. Given the stable nature of
carbon materials, sulfonation involving concentrated sulfuric
acid must be conducted at high temperatures (approximately
80-150 °C). Some researchers have applied the diazonium
coupling method to functionally modify the surfaces of car-
bon materials [17, 18]. Therefore, the diazonium coupling
method can also be used to sulfonate carbon materials.
Waste cooking oils are considered as waste and resources
and should be harmlessly treated and utilized. China pro-
duces more than 30 million tons of waste oil each year [19].
Waste cooking oils can be used to synthesize fatty acid
methyl esters (FAMESs) via transesterification with methanol.
FAME:s, in turn, can be used as raw materials for biodiesel
and surfactants [20-22]. In addition, vegetable oils have
been subjected to epoxidation. The products of vegetable
oil epoxidation can be used as lubricant base oils [23], coat-
ings [24], and plasticizers [25]. Waste cooking oils mainly
comprise a mixture of various fatty acid triglycerides. The
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transesterification of triglyceride and methanol comprises a
three-step reversible series of reactions (Scheme 1a). First,
triglycerides and methanol form diglycerides and FAMEs.
Diglycerides continue to react with methanol to form mono-
glycerides and FAMEs. Monoglycerides continue to form
glycerol and FAMEs with methanol. The mechanism of
acid-catalyzed transesterification is shown in Scheme 1b.
The carbonyl group of the triglyceride is first protonated
into a carbocation by an acid catalyst. The carbocation then
forms a tetrahedral intermediate that is finally decomposed
into a fatty acid methyl ester by methanol [26].

The epoxidation of triglyceride involves the formation
of peroxyformic acid by formic acid and hydrogen peroxide
under the action of an acid catalyst. Peroxycarboxylic acid
then attacks the C=C double bond of the triglyceride to form
an epoxide in situ. The reaction of peroxyacid with the C=C
double bond is a cis electrophilic addition reaction wherein
peroxyacid acts as an electrophile. The reaction is facilitated
upon the connection of a carbon atom to an electron-donat-
ing group [27] (Scheme 2).

In this work, we prepared the ordered mesoporous
molecular sieve SBA-15. We then used SBA-15 as a tem-
plate to synthesize OMC materials via the inverse replication
method. We obtained the solid acid catalysts, i.e., OMC-SS
and OMC-DS, by sulfonating OMC materials through sul-
furic acid heating and sulfanilic acid diazonium coupling,
respectively. We then applied OMC-SS and OMC-DS to
catalyze the transesterification and epoxidation of waste
frying oil.

2 Experimental

2.1 Materials

P123 (PEO-PPO-PEO triblock copolymers), average
Mn ~ 5800, was procured from Sigma-Aldrich. Tetraethyl
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Scheme 1 General equation (a) and mechanism (b) of acid-catalyzed triglyceride transesterification

@ Springer



Journal of Porous Materials (2019) 26:1435-1445 1437
HCOOH + H0, ——> HCOOOH + H,0
H,C——CO0——(CH,);—CH==CH—R
HC——COOR, 4+ HCOOOH
R
o]
Hb—GOOR, N P N o N o
o+ AT — Ty ]
c H (e} H., :| C ~
RN ~ o SO\ H

o)
H,C——COO——(CHj,);—CH—CH—R

HC——COOR;,
H,C——COOR,
(a)

Scheme 2 General equation (a) and mechanism (b) of the epoxidation of triglyceride

orthosilicate (TEOS, 98%, reagent grade), sulfanilic acid
(99.5%, AR), sodium nitrite (99%, AR), hydrofluoric acid
(40%, AR), hypophoaphoeous acid (50 wt% in H,0), metha-
nol (99.5%), and sodium hydroxide solution (0.1000 mol/L)
were supplied by Aladdin. HPLC-grade (99.9%) acetonitrile
was purchased from Fisher Scientific (USA). Sulfuric acid
(98%), sucrose (99%, AR), hydrochloric acid (36%), formate
(88%, AR), and sodium hydroxide (0.1000 mol/L) were pur-
chased form Sinopharm Chemical Reagent Co., Ltd (China).
Aqueous hydrogen peroxide (30%, AR) was procured from
Beilian Chemical Reagent Co., Ltd (China). Waste frying
oil was prepared in the laboratory.

2.2 Synthesis of SBA-15 [28]

First, 2 g of P123 was completely dissolved in a mixture
of 60 g of hydrochloric acid solution (2 mol/L) and 15 g of
deionized water at 40 °C with stirring. Then, 4.25 g of TEOS
was slowly added to the mixture. The mixture was continu-
ously stirred for 24 h. Subsequently, the product was placed
at 100 °C for 48 h. SBA-15 was obtained after filtration and
calcination at 550 °C (heating rate 1 °C/min) in air for 6 h.

2.3 Synthesis of OMC[7]

One gram of SBA-15 was added to a solution containing
1.25 g of sucrose, 0.14 g of sulfuric acid (98%), and 5 g
of deionized water. The mixture was placed in an oven at
100 °C for 6 h and subsequently at 160 °C for an additional
6 h to obtain a black solid. The black solid was added to a
solution containing 0.8 g of sucrose, 0.09 g of sulfuric acid
(98%), and 5 g of deionized water with continuous stirring.
The mixture was carbonized at 100 °C, 160 °C, and 700 °C
under vacuum for 6 h. The final product was obtained after
soaking in hydrofluoric acid solution (5%) for 24 h at room

temperature, washing with deionized water, filtration, and
drying.

2.4 Synthesis of OMC-SS and OMC-DS

OMC materials and sulfuric acid (98%) were mixed at a ratio
of 1:15 (g:mL). The mixture was heated at 160 °C under
nitrogen atmosphere with stirring for 12 h. Subsequently,
the mixture was cooled, washed with deionized water, fil-
tered, and dried at 80 °C for 6 h. The obtained sample was
designated as OMC-SS.

Two grams of sulfanilic acid and 1 g of sodium hydrox-
ide were dissolved in 30 mL of deionized water at 37 °C
to obtain a colorless solution. The colorless solution was
then transferred to an ice water bath (0-5 °C). Next, 0.8 g
of sodium nitrite was dissolved in the solution. The solu-
tion remained colorless after the addition of sodium nitrite.
Subsequently, 10 mL of hydrochloric acid (30%) was slowly
added to the colorless solution. A white precipitate was
formed during the addition of hydrochloric acid. After the
addition of hydrochloric acid, the solution was continuously
stirred for 0.5 h. A total of 15 mL of hypophosphorous acid
was mixed with the solution. Next, 0.25 g of OMC was
added when the solution generated several bubbles. The
solution was continuously stirred for several hours at room
temperature until the termination of bubble generation. After
filtration, the obtained solid was washed successively with
distilled water, acetone, and ethanol twice and then dried
at 80 °C for 6 h. The obtained sample was designated as
OMC-DS.

2.5 Characterization methods
The microstructures of samples were characterized through

TEM on Tecnai G2 F20 (FEI) (USA). N-adsorption experi-
ments were performed with a Micromeritics ASAP 2020
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Surface Area and Porosity Analyzer. XRD patterns were col-
lected on a SmartLab (Rigaku) XRD with Cu Ka radiation at
40 kV and 30 mA. X-ray photoelectron spectroscopy (XPS)
was characterized on a Thermo Scientific/Escalab spectrom-
eter equipped with Al Ka radiation. Raman measurement
was carried out on a Horiba Evolution Raman spectrometer
(France). FTIR analysis was conducted with Nicolet 380
FTIR. The surface acid content of OMC materials was meas-
ured through acid-base titration. In this process, 0.1 g of OMC
material was immersed in 20 mL of 0.1000 mol/L. NaOH solu-
tion. The mixture was continuously stirred for 2 h under a
nitrogen atmosphere. Subsequently, the OMC material was
separated, and the remaining liquid was titrated with 0.1 mol/L
HCI solution to a neutral pH. The surface acid content of the
OMC material was obtained through calculation.

2.6 Transesterification reaction

Ten grams of waste frying oil, 16:1 (molar ratio of metha-
nol/oil) methanol, and 0.4-0.8 g of catalyst were added to a
25 mL stainless steel tank reactor. The mixture was stirred at
1500 rpm. Transesterification was performed at 140-200 °C
for 1.0-3.0 h. The FAME product was analyzed using a Waters
2489 liquid chromatograph (Waters Corporation, Milford,
USA) equipped with a UV/visible detector (205 nm detec-
tion wavelength) and a Sunfire C18 column. The equation for
FAME yield is

Y = mpypg/my Wi,

where mFAME is the mass of FAMEs in the product and
m,; is the initial mass of waste frying oil.

2.7 Epoxidation reaction

The reaction was performed in a four-necked glass flask
equipped with a condenser, dropping funnel, and mechanical
stirrer. Fifty grams of waste frying oil, 4 g of formate, and
0.75-2.25 g of catalyst were added to the flask. The mixture
was maintained at 20 °C. Next, 95 g of aqueous H,0O, was
added dropwise to the mixture within 2 h. Subsequently, the
temperature was set at 2040 °C (reaction temperature) for
an additional 2-12 h (reaction time). After the reaction, the
catalyst was separated through filtration, and the rest of the
crude product was washed with deionized water and dried at
80 °C under vacuum to obtain the epoxidation oil. The iodine
value of the epoxidation oil was analyzed through the Wijs
method in accordance with GBT5532-2008. The epoxy value
was obtained through the hydrochloric acid—acetone method
in accordance with GBT1678-2008.

The double-bond conversion rate X and relative epoxy yield
Y can be calculated using Eqgs. (1 and 2), respectively

X = [(INg — IN) /INy] x 100 (1)
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Y = (EO,,/EOy,) X 100 Q)

exp

EO,, = {IN,/2A;/[100 + (INg/2A;) X Ag] } X Ag X 100

3
IN,=126 g/100 g, initial iodine number;
EO,;,=7.36 mol/100 g is the theoretical epoxy oxygen num-
ber. It can be calculated using Eq. (3) A; and A, are the
relative atomic weights of the iodine and oxygen atoms,
respectively [29].

3 Results and discussion
3.1 TEM

The TEM and SEM images of SBA-15, OMC, OMC-SS and
OMC-DS are presented in Fig. 1. The ordered mesoporous
channels of SBA-15 are visible in Fig. 1a. The mesoporous
channels in SBA-15 are connected by micropores in the
walls of the main channels [7]. Given that OMC formed
via the reverse replication of SBA-15 [7], carbon nanorods
in OMC were interconnected by slender carbon rods that
had formed in micropore channels. The retention of the
original ordered mesoporous structures by sulfonated OMC
(Fig. 1c, d) indicates that pore structure was not drastically
influenced by sulfonation. The SEM image of SBA-15 is
presented in Fig. le. The figure shows that SBA-15 has a
rod-like structure with diameters of 400-600 nm. OMC is an
inverse replica of SBA-15. Correspondingly, the shape and
size of OMC were similar to those of SBA-15 as shown in
the SEM image in Fig. 1f. The shapes and sizes of OMC-SS
and OMC-DS remained essentially unchanged after sulfona-
tion (Fig. 1g, h).

3.2 N,-BET

Figure 2 shows the pore diameter distributions and N,
adsorption—desorption isotherms of the materials. The
density functional theory (DFT) method was used to cal-
culate the pore diameter distributions of the materials from
the adsorption branches of the isotherms. Figure 2a shows
that SBA-15 had a typical IV-type N, adsorption—desorp-
tion isotherm with a H1-type hysteresis loop that is repre-
sentative of the presence of mesopores. SBA-15 exhibited
a narrow and unimodal pore diameter distribution and an
average pore diameter of 5.5 nm (Table 1). OMC, OMC-
SS, and OMC-DS had typical IV-type N, adsorption—des-
orption isotherms with H4-type hysteresis loops that are
indicative of small pore sizes. As presented in Table 1, the
average pore diameters of OMC, OMC-SS, and OMC-DS
fell in the range of 3.0-3.3 nm and were less than those of
SBA-15. The mesopore diameters of these materials no
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Fig.1 TEM and SEM images of a, e SBA-15; b, f OMC; ¢, g OMC-
SS; and d, h OMC-DS

longer exhibited a unimodal distribution. Instead, similar
to those of the materials reported by Fang et al. [30], the
mesopore diameters of these materials presented a bimodal
distribution.

The specific surface areas of the samples were obtained
using the Brunauer—-Emmet-Teller (BET) model. The BET
surface area of SBA-15 was 1066 m2/g (Table 1), whereas
that of OMC had increased to 1,144 m%/g. Wegrzyniak
et al. prepared SBA-15 and mesoporous carbon with sur-
face areas of 756 and 1411 m?/g, respectively [31]. Judrez
et al. synthesized Ti-SBA-15 and mesoporous carbon
with surface areas of 1020 and 1044 m?/g, respectively
[32]. The surface areas of OMC decreased from 1144 to
924 m?/g (OMC-SS) and 1001 m*/g (OMC-DS) after sul-
fonation. This reduction may be attributed to the removal
of free carbons in the pores of OMC after sulfonation.

3.3 XRD

The small-angle XRD patterns of SBA-15, OMC, OMC-
SS, and OMC-DS are shown in Fig. 3. The XRD pattern
of SBA-15 showed a strong diffraction peak and two weak
peaks that can be assigned to the (100), (110), and (200)
planes of a 2D hexagonal structure (p6 mm). The presence
of these peaks shows that SBA-15 possessed a well-ordered
porous structure. The XRD pattern of OMC continued to
exhibit one strong diffraction peak that can be indexed to
the (100) plane. This result indicates that mesoporous car-
bon presented an ordered porous structure that is an inverse
replica of the structure of SBA-15 [33]. However, the (100)
plane peaks in the XRD spectra of SBA-15 had drastically
shifted relative to those in the XRD spectra of OMC, OMC-
SS, and OMC-DS given that the structures of the OMC
materials obtained through the reverse replication of SBA-
15 were different from those of SBA-15. In addition, the
XRD peak position is related to unit cell size, and incon-
sistencies in unit cell size result in peak shifts. Cheng et al.
used SBA-15 as a template to fabricate mesoporous carbon
through reverse-phase replication. They reported that the
(100) plane peaks in the XRD spectra of mesoporous carbon
materials had shifted relative to those in the XRD spectra
of SBA-15 [34]. The presence of a weak diffraction peak
ascribable to the (100) plane in the spectra of OMC-SS and
OMC-DS implies that these materials had become poorly
ordered after sulfonation. Peng et al. prepared mesoporous
carbon using SBA-15 as a template. They then sulfonated the
material using concentrated sulfuric acid (98%). Although
TEM microscopy showed that the sulfonated mesoporous
carbon (S-OMC) retained its ordered structure after sul-
fonation, the (100) plane peak in the XRD spectra of the
material had weakened [35]. Dong et al. prepared ordered
FDU mesoporous carbon. They then sulfonated the mate-
rial with concentrated sulfuric acid (98%). TEM analysis
showed that the sulfonated material possessed an ordered
mesoporous structure. However, the (100) peak in the XRD
pattern of the material had weakened. That is, XRD analy-
sis indicated that the material became poorly ordered after
sulfonation. Dong et al. explained that sulfonation may have
partially destroyed the mesostructural order of the material
[36]. In our work, TEM analysis implied that the ordered
mesoporous structures of the carbon materials did not dras-
tically change before and after sulfonation. However, XRD
analysis showed that the intensity of the (100) plane peak of
sulfonated carbon material had weakened. This result indi-
cates that the OMC was corroded through sulfonation.

3.4 XPS and Raman

The Cls peak of the XPS spectrum (Fig. 4a) shows a
main peak at 284.5 eV attributable to C=C (sp2) and
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Fig.2 Pore diameter distribution and N, adsorption—desorption isotherms of a SBA-15; b OMC; ¢ OMC-SS; and d OMC-DS

Table 1 BET surface areas, average pore diameters, and surface acid
content of samples

Sppr (M?/g) Average pore diam- SO;H
eter (nm) density
(mmol/g)
SBA-15 1066 5.5 -
OMC 1144 33 2.8
OMC-SS 924 3.0 4.0
OMC-DS 1001 33 3.9

C-C (sp3) bonds and the disordered graphite structure
[37]. The peaks at 286.0 and 288.6 eV were ascribed to
C-OH and C=0 bonds, and the n—xn* transition peak at
290.7 eV is typical of carbonaceous materials with nanop-
orous polyaromatic surfaces [38]. The Raman spectrum of
mesoporous carbon material (Fig. 4b) shows two diffrac-
tion peaks at 1344 and 1582 cm™!. These peaks originated
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from the vibration of the C—C bonds in the disordered
carbon structure [39, 40]. The peak at 1582 cm~! was
attributed to the G band, which corresponds to the E2g
mode of graphite and is related to the C=C vibration in
the hexagonal lattice [41, 42].

3.5 FTIR

The peaks at 1207 and 1125 cm™' could be assigned to
the stretching modes of SO;H groups [43, 44]. The peaks
at 1180 cm™! (stretching vibration) were consistent with
SO;H groups [45]. The peaks at 1585 cm™! were assigned
to the stretching of the (C=C) ring [46] (Fig. 5).
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3.6 Surface acid content

The surface acid content of OMC was 2.8 mmol H*/g and
was mainly contributed by hydroxyl and carboxyl groups.
The surface acid contents of OMC-SS and OMC-DS fell in
the range of 1.1-1.2 mmol H*/g and were contributed by
sulfonic acid groups.

3.7 Catalytic performance in transesterification

Figure 6a shows the effect of reaction temperature on
the yield of FAMEs. Error bars in the figure represent
standard deviations (SDs). Reaction temperature drasti-
cally affected the yield of the reaction catalyzed by OMC-
SS. Yields could reach 90.3 +3.3% within 3 h if trans-
esterification was conducted at 200 °C. However, yields
only reached 81.8 +1.6%, 72.4 +2.9%, and 26.8 +0.9%
when the reaction was performed at 180 °C, 160 °C, and
140 °C, respectively. The reaction catalyzed by OMC-
DS could provide yields of up to 89.0 +2.1% within 3 h
when it was performed at 200 °C and 180 °C but only
provided yields of 73.1+2.2% and 56.7 + 1.8% when it
was performed at 160 °C and 140 °C, respectively. Gao
et al. synthesized OMCs with hexagonal structure using
phenolic resin and the surfactant F127 in ethanol through
synergistic self-assembly. They then obtained S-OMCs
through sulfonation with 4-aminobenzenesulfonic acid.
A conversion rate close to 100% was obtained when the
S-OMCs were applied to catalyze the esterification of
oleic acid and methanol at 120 °C for 12 h [47]. Bjork
et al. utilized resorcinol and ordered mesoporous silica
SBA-15 as raw materials and concentrated sulfuric acid
as a sulfonation agent to prepare a silica/carbon complex
solid acid catalyst for the transesterification of sunflower
oil. The conversion rate of sunflower oil reached 85% at
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Fig.6 Effect of reaction temperature and catalyst amount. a Catalyst amount: 0.6 g; b reaction temperature: 180 °C

90 °C when allowed to proceed for 8 h [48]. Shah et al.
prepared a silica sulfuric acid (SSA) solid acid catalyst
using silica gel as a silicon source and chlorosulfonic acid
as a sulfonating agent. They reported a yield of 97% when
they used the SSA to catalyze the transesterification of
cottonseed oil with methanol at 100 °C for 8 h [49]. Patel
et al. prepared a transesterification catalyst by supporting
a silicotungstate on the ordered mesoporous molecular
sieve MCM-41. They acquired a conversion rate of 81%
when they used the catalyst in the transesterification of
oleic acid with methanol at 65 °C for 16 h [50]. Karimi
et al. prepared water-tolerant sulfonic acid-based periodic
mesoporous organosilicas (PMOs). They obtained a yield
of 78% when they applied the PMOs to catalyze the trans-
esterification of rapeseed oil and methanol at 150 °C for
4 h [51]. Low-temperature (65 °C-150 °C) transesterifi-
cation or esterification provided good yields but required
long reaction times (4-16 h). Carvalho et al. applied a

@ Springer

H;PMo/Al,O; heterogeneous catalyst in the conversion of
microbial oil to biodiesel at 200 °C for 8 h and acquired
an ethyl ester yield of 97% [52]. We obtained a high prod-
uct yield (97%) at a similar reaction temperature (200 °C)
but a prolonged reaction time (8 h). The above analysis
shows that our prepared solid acid catalysts have supe-
rior catalytic performance. Figure 6b shows the effect of
catalyst amount on FAME yield. Yield exceeded 0.4 g and
approached 0.8 g when the amount of OMC-DS was 0.6 g.
Yield negligibly changed as the amount of OMC-SS cata-
lyst increased from 0.4 to 0.8 g. Poor reaction results were
obtained when an excessive amount of catalyst was used
because mesoporous carbon has low density and increas-
ing the amount of catalyst (volume) results in agglomera-
tion and uneven catalyst distribution in reactants. FAME
yields increased to 90.3 +3.3% when transesterification
was performed with the reaction temperature, reaction
time, and OMC-SS catalyst amount of 200 °C, 3 h, and
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Table 2 The resultant of transesterification and epoxidation reported
in literatures

Transesterification/esterification ~ Epoxidation

Refer- Conver-  Yield (%) Refer- Conver-  Selectivity
ences sion (%) ence sion (%) (%)

[47] 100 [53] 75% 98%

[48] 85

[49] 97

[50] 81

[51] 78

[52] 97

0.6 g, respectively. FAME yield reached 89.0 +2.1% when
transesterification was performed with the reaction tem-
perature, reaction time, and OMC-DS catalyst amount of
200 °C, 3 h, and 0.6 g, respectively (Table 2).

3.8 Catalytic performance in epoxidation

Figure 7a shows the effect of reaction temperature on dou-
ble-bond conversion rates and relative epoxy yield. Error
bars in the figure represent SDs. Conversion rates and yield
increased when OMC-SS was used as a catalyst and the
reaction temperature was increased from 20 to 40 °C. The
maximum conversion rate of 77.2+2.2% and the yield of
70.3 +2.4% were obtained when the reaction was performed
at 40 °C. Conversion rates and yield first increased and then
decreased when OMC-DS was used as a catalyst and the
reaction temperature was increased. The maximum conver-
sion rate of 68.5+2.6% with the yield of 65.1 £ 1.8 was
observed at 30 °C when OMC-DS was used as the catalyst.
OMC-DS was used to catalyze the reaction of formic acid
with hydrogen peroxide to form peroxyformic acid. Increas-
ing peroxyformic acid production benefited the epoxidation
of C=C bonds. The reaction results showed that high tem-
perature favored the catalytic performance of OMC-SS.
Figure 7b shows the effect of reaction time on double-
bond conversion rates and relative epoxy yield. The opti-
mal reaction result was obtained when reaction time was
10 h and OMC-DS was used as the catalyst. The reduc-
tion in conversion rates and yield when the reaction time
exceeded 10 h could be attributed to the increase in the
reverse reactions of epoxidation with the decrease in the
amounts of C=C and the concentration of peroxyformic
acid. Figure 7c shows the effect of catalyst amount on
double-bond conversion rates and relative epoxy yield.
Increasing the amount of catalyst promoted the formation

of peroxyformic acid, which promoted the attack of C=C
bonds by peroxyformic acid. Therefore, as the amount
of catalyst increased, conversion rates substantially
increased. Epoxy bond formation is more difficult than
C=C bond destruction. Thus, yield did not drastically
increase as the catalyst amount increased. Comprehensive
consideration, the better epoxidation results were: double-
bond conversion rates reached 77.2 +2.2% and epoxy yield
increased to 70.3 +£2.4% when epoxidation was performed
with the reaction temperature, reaction time, and OMC-SS
catalyst amount of 40 °C, 10 h, and 1.5 g, respectively;
double-bond conversion rates reached 68.5 +2.6% and
epoxy yield reached 65.1 + 1.8% when epoxidation was
performed with the reaction temperature, reaction time,
and OMC-DS catalyst amounts of 30 °C, 10 h, and 1.5 g,
respectively. Turco et al. studied the epoxidation of soy-
bean oil with hydrogen peroxide and formic acid in the
presence of an acidic ion exchange resin (Amberlyst 16)
as a catalyst. A selectivity of 75% and conversion rate of
98% were observed when the reaction time was 3 h and
the reaction temperature was 55 °C [53]. In the present
work, we conducted epoxidation at low reaction tempera-
tures (30 °C-40 °C) and with long durations (10 h). We
obtained conversion rates (69-77%) of less than 98% but
a selectivity (90-94%, selectivity = yield/conversion) of
more than 75%. These results indicate that our catalyst
has good selectivity.

4 Conclusion

We prepared OMC-SS and OMC-DS through sulfonation
with sulfuric acid and sulfanilic acid, respectively. The aver-
age pore diameters of OMC-SS and OMC-DS fell in the
range of 3.0-3.3 nm. OMC-SS and OMC-DS had BET sur-
face areas of 924 and 1001 m?/g, respectively. The surface
acid contents of OMC-SS and OMC-DS fell in the range
of 3.9-4.0 mmol H*/g. OMC-SS and OMC-DS were used
to catalyze the transesterification and epoxidation of waste
frying oil. The maximum FAME yields of transesterifica-
tion reactions catalyzed by OMC-SS and OMC-DS were
90.3 +3.3% and 89.0 +£2.1%, respectively. The conversion
rates of epoxidation reactions catalyzed by OMC-SS and
OMC-DS could reach 77.2 +2.2% and 68.5 +2.6%, respec-
tively. The yields of epoxidation reactions catalyzed by
OMC-SS and OMC-DS were 70.3+2.4% and 65.1+1.8,
respectively.

@ Springer
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