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Sulfonated ordered mesoporous carbon (SOsH-OMC) solid acid catalysts from sucrose were prepared
using hard-template method, and their catalytic performance as well as the deactivation mechanism for
esterification of free fatty acids (FFAs) in waste cooking oils (WCOs) were evaluated. Effects of
sulfonation time, sulfonation temperature and hard template structure type for the textural properties
and acid properties of SOzH-OMC were systematically investigated by N, adsorption—desorption, FT-IR,
NHz-TPD, TEM and strong acid density analysis. The results indicated that, SOzsH-OMC(s)-6-160 catalyst,
which was prepared by using SBA-15 as hard template at sulfonation time of 6 h and sulfonation
temperature of 160 °C, had well-ordered mesoporous structure and high —SOzH groups density
(2.32 mmol g!). Compared with SOzH-APC-6-160 catalyst, cation-exchange resin D072 and SOzH-
OMC(k)-6-160 catalyst, it was found that the SOsH-OMC(s)-6-160 catalyst exhibited highest activity
(FFAs conversion was 93.8%) and good stability for the FFAs esterification, attributed to its 2D-hexagonal
channels and hydrophobic surface. The —SOszH groups being leached out of SOsH-OMC catalysts into
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1. Introduction

Since the increasing price of petroleum and severe environmental
pollutions of using fossil energy, biodiesel (fatty acids methyl
esters, FAME), as a promising eco-friendly alternative fuel to
replace traditional fuels, has drawn extensive attention for its
biodegradability, nontoxicity and favorable combustion property.*

However, due to the expenses of the raw materials like
vegetable oil and animal fats are the main contributor to the
cost of biodiesel production, biodiesel has not been widely
promoted worldwide.”” In order to utilize economical raw
materials, cheaply available waste cooking oils (WCOs) reused
from restaurants and food plants are used.*® But the large
numbers of free fatty acids (FFAs) existing in the WCOs will be
consumed via the saponification reaction in the presence of
alkaline catalyst, which makes it ineffective to remain in one-
step trans-esterification to biodiesel production. Thus the pre-
esterification of FFAs with methanol before normal trans-
esterification should be carried out for the feedstock of high
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the liquid phase (especially methanol) would be the main reason causing catalyst deactivation.

acid value.’™ Generally, homogenous sulfuric acid, which is

relatively cheap, exhibits high catalytic activity in the pre-
esterification of FFAs, but it will lead to serious equipment
corrosion, environment pollution and catalyst recycling
difficulties.

To overcome these disadvantages, varieties of heterogeneous
solid acid catalysts, such as molecular sieves,'*>* cation-exchange
resins,”* and carbon-based solid acids,**** have been applied as
alternative catalysts for the FFAs esterification. Among them, the
sulfonated carbon-based catalysts>**” are considered as the
promising replacement for the liquid catalysts.

Recently, the ordered mesoporous carbon materials (OMC)
have been widely studied.”® The typical strategy applied to
prepare OMC involves the use of hard templates, such as SBA-
15, KIT-6 **** and MCM-48,* with the purpose to obtain 2D-
hexagonally packed mesopores or 3D-interconnected meso-
structure for widely application.

Currently, the -SO;H groups have been introduced to OMC
materials with template SBA-15 by Peng et al.** successfully,
which could show the enhanced activity in the acid-catalyzed
esterification of oleic acid with methanol. The sulfonic acid
groups functionalized OMC have exhibited a broad application
prospect for some large molecule reactions, like esterification
reaction, owing to their well-defined pore structure, high
specific surface area and inherent surface hydrophobicity.****
These unique features make the sulfonated OMC be benefit for
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long-chain FFAs molecules to access to their effective surface
acidic sites, and inhibit the adsorption of byproduct water.

In this work, we prepared sulfonated ordered mesoporous
carbon catalysts with sucrose as carbon precursor, SBA-15 and
KIT-6 as hard template, respectively. The influences of sulfo-
nation time, sulfonation temperature and hard template
structure type on textual parameters, density of -SO;H groups,
and catalytic activity were systematically studied. Additionally,
in order to explore the effects of pore structure and surface
property of catalyst on catalytic activity for FFAs esterification,
the macroporous cation-exchange resin and amorphous porous
carbon-based solid acid, which used the same carbon precursor
and preparation conditions as the OMC materials, were evalu-
ated. Besides, the stability of the catalyst and the reason of the
catalyst deactivation had also been investigated.

2. Experimental
2.1 Materials

Pluronic P123 (EO,,PO,,EO,,) and tetraethoxysilane (TEOS)
were purchased from Sigma-Aldrich Corporation, USA. Other
chemical reagents were purchased from Guangfu Chemical
Corporation, China. All chemical reagents were analytical grade
and directly used without any further purification.

2.2 General synthesis procedures of mesoporous silica
templates

Two types of mesoporous silica materials (i.e. SBA-15 and KIT-6
zeolites) were employed for the preparation of the OMC. The
mesoporous SBA-15 silica zeolite was synthesized according to
the procedure reported by Zhao et al.,** while KIT-6 mesoporous
silica zeolite was prepared by the procedure described by Kleitz
et al.*

2.3 Preparation of sulfonated mesoporous carbon catalyst
samples

The synthesis of OMC was performed by means of nano-
casting.*® Two different templates were used, i.e. SBA-15 zeolite
and KIT-6 zeolite. The mesoporous silica zeolite was impreg-
nated with sucrose as the carbon precursor, and then carbon-
ized under N, atmosphere at 600 °C. The resultant carbon-silica
composites were immersed in 48% HF aqueous solution at
room temperature to remove the silica template completely. The
OMC materials were obtained after filtration, washing and
drying.

The preparation of sulfonated OMC was carried out under N,
atmosphere protection. Initially, 0.5 g OMC was added into
a PTFE-lined stainless steel hydrothermal autoclave containing
20 mL of concentrated sulfuric acid (98%). The mixtures were
heated at heating rate of 5 °C min ™" to 120-180 °C for 2-8 h. The
samples were washed repeatedly with distilled water, and then
dried in a vacuum oven at 60 °C for 8 h. The sulfonated OMC
samples thus obtained were labeled as SO;H-OMC(X)-t-Ts,
where X = s, k, which were abbreviations for SBA-15 and KIT-6
zeolites, respectively, ¢ was the sulfonation time (h), and T was
the sulfonation temperature (°C).
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2.4 Preparation of other solid acid catalyst samples

The sugar-derived solid acid catalysts were prepared by using
sucrose as the carbon precursor, and labeled as SO;H-APC-6-
160, where ‘APC’ was the abbreviation for amorphous porous
carbons, 6 denoted the sulfonation time (6 h), and ‘160’ denoted
the sulfonation temperature (160 °C). All operating parameters
of carbonization and sulfonation were the same as the SO;H-
OMC catalyst samples. The strongly acidic macroporous
cation-exchange resin (D072) was also used for the comparison
with above prepared sulfonated OMC catalysts.

2.5 Characterization

The nitrogen adsorption-desorption measurement was per-
formed on a Micromeritics Tristar 3000 type instrument at the
temperature of —196 °C. The samples were degassed under
vacuum at 200 °C for 12 h prior to measure. The specific surface
area was calculated by Brunauer-Emmett-Teller (BET) method.
The pore volume was taken at P/P, = 0.99 assuming complete
pore saturation. Ammonia temperature programmed desorp-
tion characterization (NH;-TPD) was performed on a Micro-
meritics autochemlIl 2920 type instrument under a mixed
stream composed of 1 v% NH; in Ar. The microscopic
morphology and mesoporous channel structure of sulfonated
mesoporous carbon catalysts were observed from the trans-
mission electron microscopic images (TEM) taken by a FEI
Tecnai G2 F20 type instrument operated at 400 kV. The identi-
fication of surface functional groups was carried out by the
Fourier transform infrared (FT-IR) spectra, which were recorded
on a Nicolet 6700 type spectrometer with 32 scanning times at
4 cm ™" resolution (from 400 cm ™" to 4000 cm ™~ '). The content of
strong acidic groups (i.e. -SO3H) on the catalyst surface was
measured by the alkaline neutralization titration.*” The density
measurement procedure for strong acidic groups was as
follows: 0.1 g pre-dried catalyst sample and 1 g NaCl were
dispersed in 30 mL deionized water. The suspensions were
stirred for 2 h and filtered, then the filtrate was collected and
titrated with 0.1001 M NaOH standard solution using methyl
red indicator. The density of -SO;H groups could be calculated
by the following formula (1):

D7S03H = 01001 (Vl — Vo)/mcat (1)

where D_go iy was the density of strong acidic groups (mmol
g 1); Vo and V; were the volumetric consumption (mL) of NaOH
standard solution in the blank test and neutralization titration;
and m.,, was the mass of catalyst (g).

2.6 Catalytic performance measurement

In ordered to explore the effects of textual property and surface
property on the catalytic activity of SO;H-OMC catalyst samples,
the comparative research was conducted with two different
kinds of solid acid catalyst samples (SO;H-APC-6-160 and
DO072). The catalytic esterification of free fatty acids (FFAs) with
methanol was performed in a three-necked round-bottom flask,
which was equipped with reflux condenser, magnetic stirrer and
temperature adjustable water bath. In a typical procedure, the

This journal is © The Royal Society of Chemistry 2019
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reaction was carried out at feed molar ratio 9 : 1 of methanol to
FFAs, the usage amount of catalysts was of 10 wt%, and then the
reaction system was maintained at temperature of 70 °C with
the stirring rate of 800 rpm. After reaction proceeded for 6 h, the
reaction was terminated and the reactant temperature was
cooled to room temperature, and then kept static for 2 min.
Subsequently, samples of oil phase were transferred out for the
acid value analysis by the titration method,*” according to BS EN
ISO 660 (National Standard of the People's Republic of China.
GB/T5330-2005). The conversion of FFAs was calculated from
acid value using formula (2):

FFAs conversion (%) = (1 — AV{/AV;) x 100% (2)
where AV; was the initial acid value of the raw oil (mg KOH per
2); AV was the final acid value of reaction products after the
catalytic esterification (mg KOH per g).

Recycling experiments were performed to investigate the
stability of the sulfonated OMC catalysts (SO;H-OMC(s)-6-160).
At the end of each reutilization cycle (each reaction was 6 h), the
SO;H-OMC catalysts were filtered out from the reaction mixture,
washed with anhydrous ethanol to remove the residual reac-
tants from the catalyst surface, and then dried in vacuum at
100 °C for 2 h, finally the catalyst samples were stored in
a desiccator to insulate water adsorption, and reused in the
subsequent reaction runs. To eliminate the effect of the catalyst
loss caused by filtration, the usage quantity of catalyst samples
was reduced to 90% of that in previous cycle. To keep the same
proportion between reactant and catalyst, the reactant amount
should be also adjusted accordingly.

Another recycling experiment was conducted to explore the
catalyst deactivation situation. Two experimental schemes were
designed. Scheme-1, the SO;H-OMC(s)-6-160 catalysts were
washed repeatedly with methanol for five times, and then the
collected filtrate solution after each filtration was reacted with
FFAs without the acidic catalysts; Scheme-2, the SO;H-OMC(s)-
6-160 catalysts were washed repeatedly with FFAs for five times,
and then the collected filtrate solution after each filtration was
reacted with methanol without acidic catalysts. All other reac-
tion conditions were the same as recycling experiments.

3. Results and discussion

3.1 Study on sulfonation conditions of mesoporous carbon-
based solid acid catalysts

3.1.1 Effects of sulfonation time on the preparation of
sulfonated OMC. The pore structural parameters and the
density of -SO;H groups of SOzH-OMC(s)-t-160 samples
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modified in different sulfonation time were listed in Table 1.
The density of -SO;H groups on the SO;H-OMC(s)-t-160 catalyst
surface increased obviously as the sulfonation time was pro-
longed from 2 h to 6 h. The increasing tendency of the density of
-SO;H group slowed down as time was further prolonged
continuously (6-8 h). Furthermore, the textural parameters
indicated that the sulfonation time would not affect the meso-
structure, since most of the textural properties were almost
remained unchanged. Therefore, SO;H-OMC samples would be
sulfonated for 6 h, which was chosen as the optimal modifica-
tion time.

3.1.2 Effects of sulfonation temperature on the preparation
of sulfonated OMC. The FT-IR spectra of both OMC(s) and
SO3;H-OMC(s)-6-Ts samples were shown in Fig. 1. The charac-
teristic stretching vibration absorption peaks of the sulfonic
group -SO; bonds (1035 cm ') and the O=S=O bonds
(1214 cm ") appeared after the sulfonation treatment,* which
might be an evidence for the incorporation of -SO;H groups in
the catalysts successfully. Additionally, with the sulfonation
temperature increased from 120 °C to 180 °C, the intensity of
characteristic absorption peaks for -SO;H groups also
increased, indicating the promote influence of higher sulfona-
tion temperature on the attachment of -SO;H groups on the
surface of OMC(s).

Fig. 2 showed the NH3;-TPD profiles of SO;H-OMC(s)-6-T;
catalyst samples prepared at the sulfonation temperature from
120 °C to 180 °C. With the programmed temperature rising
from 150 °C to 550 °C, the broad NH; desorption peak appeared
ataround 270 °C, indicating the presence of the medium strong
acid sites on the surface of SO;H-OMC(s)-6-T samples. As with
the rising of sulfonation temperature, the area of NH,;-TPD
desorption peak increased gradually, suggesting the increase in
the number of -SO;H groups on surface. And no obvious offsets
of NH,;-TPD peak were observed, which implied that the sulfo-
nation temperature did not effect on the acidic strength of
surface acid sites.

The TEM images were presented in Fig. 3. It was proved that
the ordered mesoporous morphology of SO;H-OMC(s)-6-T
samples was finely maintained at the different sulfonation
temperatures of 120 °C, 140 °C and 160 °C. However, the mes-
oporous framework structure of catalyst samples would be
destroyed and collapsed obviously, when sulfonation tempera-
ture at 180 °C.

The data on the textural properties, the density of -SO;H
groups and catalytic activity of SO;H-OMC catalyst samples
prepared at different sulfonation temperature ranging from
120 °C to 180 °C were summarized in Table 2. It could be seen

Table 1 Textural properties and density of —SOzH groups of sulfonated OMC samples prepared at different sulfonation time

Specific surface area (m* g~ ")

Pore volume (cm?® g™ 1)

Samples name St()tal Smicro Smes() Vt()tal Vmicr() Vmes() DenSity of _SO’iH groups (mmOI gil)
SO;H-OMC(s)-2-160 542 109 433 0.86 0.08 0.78 2.02
SO;H-OMC(5s)-4-160 541 110 431 0.85 0.09 0.78 2.28
SO3;H-OMC(s)-6-160 537 116 421 0.85 0.09 0.76 2.32
SO3;H-OMC(s)-8-160 532 113 419 0.84 0.09 0.75 2.33

This journal is © The Royal Society of Chemistry 2019
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Fig.1 FT-IR spectra of OMC and sulfonated OMC samples prepared at
different sulfonation temperature.
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Fig. 2 NHs-TPD profiles of sulfonated OMC samples prepared at
different sulfonation temperature.

that the acid density of the SO3;H-OMC(s)-6-Ts catalysts
increased with the rising of sulfonation temperature, which was
consistent with the characterization results observed from FTIR
spectra and NH;-TPD profiles. When the treatment was at lower
sulfonation temperature (120-160 °C), the specific surface area
and the pore volume did not change obviously. In this
temperature range, with the increasing of sulfonation temper-
ature, the specific surface area and the pore volume of catalyst

Fig. 3
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samples decreased slightly, which might be due to the -SO;H
groups attached on the surface of OMC samples occupying the
pore space. With the treatment at 180 °C, although the SO;H-
OMC(s)-6-180 sample exhibited the highest density of -SO;H
groups, the framework of it would be damaged, inducing
distinct increase in specific surface area and pore volume,
especially microporous specific surface area and pore volume.

3.2 Catalytic activity evaluations

3.2.1 Effects of sulfonation temperature on the catalytic
activity. From Table 2, all SO;H-OMC(s) samples prepared at
different sulfonation temperature exhibited good catalytic
performance for the esterification. The catalytic activity of
SO;H-OMC(s)-6-120, SO;H-OMC(s)-6-140 and SO;H-OMC(s)-6-
160 increased with the increasing temperature, which could
be due to the increasing acid density on catalyst surfaces. The
SO;H-OMC(s)-6-160 catalyst showed the highest catalytic
activity with FFAs conversion of 93.8%. Although the SO;H-
OMC(s)-6-180 catalyst had the highest acid density on surface,
its catalytic activity was only 84.3%. Combined with the sulfo-
nation conditions discussed above, it could be concluded that
the high catalytic activity of SO;H-OMC(s) catalysts would not
only depend on the higher density of -SO;H groups on surface,
but the rather stable framework structure, which was favorable
to the adsorption, diffusion and desorption of the long-chain
molecules (e.g. FFAs and FAME), in the reaction system.

3.2.2 Effects of pore structure on the catalytic activity. In
order to compare the effects of pore structure on catalytic
activity, the catalytic performance of SO;H-APC-6-160, D072,
SO3;H-OMC(k)-6-160 and SO3;H-OMC(s)-6-160 samples for the
esterification were investigated. The results of textural proper-
ties, density of -SO;H groups and catalytic activity were listed in
Table 3 and Fig. 4. Compared the textural properties of SO;H-
APC-6-160 and SO;H-OMC(X)-6-160, although the preparation
was carried out under the same carbonization and sulfonation
conditions, the specific surface area and pore volume of SO;H-
APC-6-160 sample were lower than those of SO;H-OMC(X)-6-160
catalysts. The strong acid density on the surface of SO;H-APC-6-
160 sample was only 1.26 mmol g~ ', which might be due to its
less specific surface area. Combined with the impacts of specific
surface area (34 m> g~ ') and acid density, the FFAs conversion
of SO;H-APC-6-160 sample in esterification was only 89.7%.

SO;H-OMC(s)-6-160

SO3H-OMC(s)-6-180

TEM images of sulfonated OMC samples prepared at different sulfonation temperature.

This journal is © The Royal Society of Chemistry 2019
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Table 2 Textural properties, density of —SOsH groups and catalytic activity of sulfonated OMC samples prepared at different sulfonation

temperature

Specific surface
area (m® g ")

Pore volume (cm® g™ ")

Density of -SO;H

Samples name Stotal Smicro Smeso Viotal Vimicro Vineso groups (mmol g~ ) FFAs conv. (%)
SOgH'OMC(S)‘6‘120 563 109 454 0.89 0.08 0.81 1.92 89.6
SO3H-OMC(S)-6-14O 551 114 437 0.88 0.09 0.79 2.07 92.3
SO3H-OMC(S)-6—160 537 116 421 0.85 0.09 0.76 2.32 93.8
SO3H-OMC(S)-6-180 583 164 419 0.91 0.12 0.79 2.45 84.3

Table 3 Textural properties, density of —SOzH groups and catalytic activity of different solid acid catalysts

Specific surface
area (m® g ")

Pore volume (cm® g™ ")

Density of -SO;H

Samples name Stotal Smicro Smeso Viotal Vicro Vieso groups (mm01 g_l) FFAs conv. (OA))
SO3;H-OMC(s)-6-160 537 116 421 0.85 0.09 0.76 2.32 93.8
SO;H-OMC(Kk)-6-160 612 138 474 0.90 0.11 0.79 2.09 92.8
SO;H-APC-6-160 34 — — 0.05 — — 1.26 89.7
D072 — — — — — — 2.74 90.4

As shown in Fig. 4, when the esterification was catalyzed by
the cation-exchange resin D072, the FFAs conversion was higher
than those catalyzed by SO;H-OMC(s)-160 catalysts at the initial
stage, because its larger pore size would be favorable to the fast
diffusion of long-chain FFAs molecules onto the surface acidic
active sites. The reaction gradually reached to an equilibrium
state with reaction time up to 4 h, and showed a lower FFAs
conversion (89.3%). The relatively low catalytic activity of D072
should be attributed to its poor hydrophobicity. The surface
acid active sites were easily combined with the byproduct water
and further resulted in the deactivation of parts of the active
sites.?>>*

Compared with both of SO;H-APC-6-160 and D072, it could
be seen (Fig. 4) that an obvious enhancement of the catalytic
performance for the two sulfonated OMC catalyst samples. It
was mainly because the effective adsorption of long chain fatty
acid molecules could be facilitated in their regular mesoporous
channels,* and the acid active sites could be effectively inhibit
from byproduct water, owing to the hydrophobicity of OMC
surface.?>334

In addition, the SOz;H-OMC(s) and SO;H-OMC(k) samples
were prepared by hard template SBA-15 and KIT-6, respectively.
It could be also seen from Table 3 and Fig. 4 that, although with
a lower density of -SOsH groups, the FFAs conversion catalyzed
by SO;H-OMC(k)-6-160 was higher than that catalyzed by SO;H-
OMC(s)-6-160 at the initial stage. This phenomenon could be
attributed to their difference in special mesoporous structure.
The SO;H-OMC(k)-6-160 catalyst sample had 3D-cubic
arrangement of branched rods,* which could provide abun-
dant diffusion channels and higher specific surface area for the
adsorption of reactant molecules (as shown in Table 3), and
thus its catalytic activity was higher at the initial stage of
esterification. When the reaction time increased to 4 h, the

This journal is © The Royal Society of Chemistry 2019

catalytic activity of the SO;H-OMC(k)-6-160 sample would be
exceeded by the SO;H-OMC(s)-6-160 sample gradually. It would
be explained that the large organic molecules, such as free fatty
acid methyl ester and FFAs, were inclined to stagger together
and then block the intersection of the 3D channel, preventing
the smoothly diffusion of the reactants and products. The
enhancement in catalytic performance of the SO;H-OMC(s)-6-
160 sample at this stage could be attributed to its higher
density of -SOz;H groups and the aligned mesoporous channels
(2D-hexagonal), which could favor the diffusion of larger
organic molecules, and were difficultly blocked.

3.2.3 Comparison of different esterification catalysts. The
data on catalytic evaluation of different catalysts for esterifica-
tion of FFAs and alcohols were summarized in Table S1.} It
could be seen that, as the homogeneous catalyst, sulfuric acid
exhibited high catalytic activity;** although the FFAs conversion
reached 90.0% of Pb stearate (a sort of carboxylic salt), it needed
severe reaction conditions.*> Among the heterogeneous

Il SO;H-OMC(5)-600-160
[ SO3H-OMC(K)-600-160
3

904 [ Resin D072

[l sO;H-APC
804
704
60
504
40

0 1 2 3 4 5 6

Reaction time (h)

100

FFAs conversion (%)

Fig. 4 Catalytic performance of different catalysts for FFAs

esterification.
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Table 4 Textural properties, density of —SOzH groups and catalytic activity of reused SOsH-OMC(s)-6-160 catalyst samples

Specific surface
area (m> g™ ")

Pore volume (cm® g™ ")

Reuse times of catalyst

Density of -SO;H

Samples Stotal Smicro Smeso Viotal Vimicro Vieso groups (mmOI gil) FFAs conv. (OA))
Fresh 537 116 421 0.85 0.09 0.76 2.32 93.8
First reuse 517 112 405 0.81 0.09 0.72 2.18 90.1
Second reuse 496 113 386 0.77 0.08 0.69 2.07 87.3
Third reuse 487 110 377 0.76 0.08 0.68 2.02 85.9
Fourth reuse 485 113 372 0.75 0.08 0.67 1.98 85.5
Fifth reuse 484 108 378 0.75 0.08 0.67 1.97 85.2

catalysts, macroporous resin Relite CFS exhibited low catalytic
performance (FFAs conversion was 74.0%).>* As one kind of
amorphous porous carbon-based solid acid, compared to
sucrose carbon-based solid acid SO;H-APC-6-160 in this paper,
the bagasse carbon-based solid acid catalyst by Zhang et al.*
could show better catalytic activity, which FFAs conversion
reached 91.4% at 66 °C for 4 hours. The catalytic activity of two
kinds of ordered mesoporous carbon-based solid acid was listed
in Table S17} as well. Liu et al.** had reported that ethanol could
be reacted with FFAs by OMC-SO;H catalyst, with FFAs
conversion of 73.6%. The SO;H-OMC(s)-6-160 catalyst exhibited
the highest FFAs conversion in the esterification reaction
between methanol and FFAs in a mild reaction condition, which
was 93.8% at 70 °C for 6 hours.

These results could be attributed to the advantages of the
SO;H-OMC(s) catalyst as follows: (a) Compared with the
homogeneous catalysts, the SO;H-OMC(s) catalyst of lower
corrosion was easy to reuse. (b) Compared with strongly acidic
resins, the SO;H-OMC(s) catalyst with hydrophobic surface
would effectively prevent the catalyst deactivation caused by the
hydration of acid sites on catalyst surface with byproduct water.
(c) Compared with amorphous porous carbon-based solid acid
catalysts, the SO;H-OMC(s) catalyst with larger specific surface
area and higher acid density had ordered and aligned 2D-
hexagonal channels, which were favorable for adsorption and
diffusion of long-chain molecules.

3.3 Investigation on catalyst deactivation

A series of esterification recycling tests were carried out to
evaluate the stability of SO;H-OMC(s)-6-160 catalyst, and the
results were shown in Table 4. The FFAs conversion was grad-
ually decreased from 93.8% to 87.3% during the first three use
cycles, and then remained almost constant (ca. 85%) for the
next three reuse cycles. According to Fig. S1,T it could be seen
that the density of -SO;H groups had a strong linear relation-
ship with the FFAs conversion. And the deactivation of FFAs
esterification might be due either to the loss of surface acidic
activity sites or to the parts of channel blockage by large
molecules during the reaction.

In order to explore the reasons for catalyst deactivation, the
data on textural properties and the density of -SO3;H groups
attached on the surface of reused SO;H-OMC(s)-6-160 catalysts
were measured and the results were listed in Table 4. After
reused six times, it could be observed that, the microporous

15946 | RSC Adv., 2019, 9, 15941-15948

specific surface area changed slightly, and the mesoporous
specific surface area of SO;H-OMC(s)-6-160 catalyst was
decreased by 50 m” g%, probably due to the plugging of mes-
opores. Additionally, the trend of the density of -SO;H groups
on surface was much in agreement with that of FFAs conversion
in the catalytic performance, suggesting the loss of the surface
-SO;H groups could result in the deactivation of catalysts.

Fig. 5 showed the catalytic esterification activity between
reactants and solution obtained from washing catalysts, using
the method of Scheme-1 and Scheme-2 described in 2.6 Section.
As could be seen from Fig. 5, the esterification between meth-
anol and FFAs could proceed self-catalysis (with FFAs conver-
sion of 15.7%). It was obvious that the FFAs conversions of two
schemes were much higher than that of spontaneous esterifi-
cation reaction, which suggested that of the partial active -SO;H
groups on the catalyst surface were leached out, and dissolved
in the washing solvent during agitation and immersion. The
FFAs conversion comparison of Scheme-1 and Scheme-2 to self-
catalysis esterification reaction could reflect the catalytic activity
of the -SO;H groups which were dissolved in methanol and
FFAs as washing solvent, respectively. On the fifth usage, the
catalytic activities of the two schemes were close the sponta-
neous esterification reaction, suggesting no additional losing of
-SO;H groups from the surface of the SO;H-OMC(s)-6-160
catalyst sample.

In this work, the catalytic activity of losing -SO;H groups
could be the summation of catalytic activities of the -SO;H
groups dissolved in above two different kinds of washing
solvent. And the decline value of catalytic activity in Table 4

20

I Vethanol
194 B wco
185 I Self-catalysis

FFAs conversion (%)

15.715.7

Cycle5

15
Self-catalysis Cycle1 Cycle2 Cycle3 Cycle4

Used Times

Fig. 5 Catalytic esterification activity between reactants and solution
obtained from washing catalyst.
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Fig. 6 Deactivation analysis of SOsH-OMC(s)-6-160 catalyst sample
AX (FFAs): the difference between adjacent FFAs conversion catalyzed
by the —SO3zH groups dissolved in FFAs as washing solvent; AX (Meth):
the difference between adjacent FFAs conversion catalyzed by the
—-SOzH groups dissolved in methanol as washing solvent; Y X: FFAs
conversion catalyzed by the —-SOsH groups dissolved in the two
different kinds of washing solvent; AX: the difference between adja-
cent FFAs conversions in Table 4.

could be denoted by the difference between adjacent FFAs
conversions (labeled as AX in Fig. 6).

As demonstrated in Fig. 6, with the usage times increasing,
the catalytic activity of losing -SO;H groups decreased gradually
until disappeared completely, which indicated the decreased
amount of -SO;H groups leached out from the catalyst surfaces
into the reaction solvent. Additionally, with the same usage
time, the difference was very small when comparing the cata-
lytic activity of the losing -SO3;H groups with the decline value of
the catalytic activity, and the latter was slightly larger than the
former (shown in Fig. 6). Hence, it could be concluded that the
loss of surface active sites (-SO3H groups) should mainly result
in the catalyst deactivation in the esterification, affecting the
activity and stability of catalysts.

Fig. 6 also showed that the catalytic activity of Scheme-1 was
considerably higher than that of Scheme-2, accounting for
a larger proportion in the catalytic activity of the losing -SO;H
groups. The reason that aroused above-mentioned phenom-
enon could be partially attributed to the different usage amount
of the solvents (molar ratio of methanol to FFAs was 9 : 1). More
importantly, due to the stronger polarity of methanol than oils
and fatty acids, the methanol as solvent could easily promote
the formation of a local polar environment," resulting in the
-SO;H groups being leached out of catalysts and the decrease of
the catalytic activity.

4. Conclusions

In this work, sulfonated ordered mesoporous carbon (SOz;H-
OMC) solid acid catalysts with high density of -SO;H groups
were obtained at the sulfonation time of 6 h and the sulfonation
temperature of 160 °C. Compared to the sulfonated amorphous
porous carbon-based solid acid catalyst and the cation-
exchange resin D072, the SO;H-OMC catalysts exhibited rela-
tively high activity for the FFAs esterification (FFAs conversion
was 93.8%), which could be attributed to its high specific

This journal is © The Royal Society of Chemistry 2019
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surface area, regular mesoporous channels and hydrophobic
surface. The SO;H-OMC(s) catalyst with 2D-hexagonal channels
exhibited a higher catalytic activity than the SO;H-OMC(k)
catalyst with 3D-interconnected channels, attributed to its
aligned pore structure which could favour large molecular
diffusion and prevent channel blockage. Through series of
deactivation experiments and analysis, it was found that, the
-SO;H groups being leached out of SO;H-OMC catalysts into the
liquids (especially into the reactant methanol with stronger
polarity) would be the main reason causing catalyst deactivation
during the FFAs esterification.
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