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1. Introduction

Solid acid catalysts have been widely applied in petroleum
refining and fine chemical production processes because of a
number of advantages, including their convenient reuse,
long-term activities, and low environmental pollution. Solid
acids such as metal oxides [1,2], heteropoly acids [3,4], sulfonic
acid group-functionalized materials [5,6], and acidic ion ex-
change resins [7,8] can effectively replace homogeneous acids,
including sulfuric acid, fatty acid salts [9], and organic sulfonic
acid [10], in various acid-catalyzed reactions, such as the
Beckmann rearrangement [11,12], alkylation [13], esterifica-
tion and hydrolysis [5,6], acylation [14], etherification [15],
addition reaction of the epoxides and olefin adducts as well as
the dehydration of the alcohols [16,17], condensation [18,19],
and hydrogenation reforming [20].

Recently, heterogeneous acids containing sulfonic acid

groups, including ionic liquids [21], organic-inorganic hybrid
porous materials [22,23] and sugar derived carbon catalysts
[24], have been intensively investigated, because of their
abundant acid content and effective activities. Xing et al. [25]
reported a sulfonated mesoporous carbon material with a clas-
sical CMK-3 type mesostructure, applying SBA-15 as a hard
template filled with sucrose, which was subsequently carbon-
ized incompletely to a polycyclic aromatic carbon. The aromatic
system is rich in benzene rings that can be controllably grafted
by sulfonic acid groups, leading to a novel mesoporous solid
acid CMK-3-SO3H. Compared with the sulfonated sugar carbon
acid (2 m2/g) from Nakajima et al. [26], it possesses a large
specific surface area of nearly 1000 mz/g and 1.0 mmol/g
Bronsted acid sites and shows an excellent catalytic activity
towards the liquid phase Beckmann rearrangement. However,
the carbon framework of CMK-3-SOsH is fragile in practical
applications, especially during sulfonation because the frame-
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work tends to collapse with over-carbonation by the sulfuric
acid. Accordingly, Fang et al. [6] further simplified the synthetic
procedure to make a sulfonic functionalized carbon-silicon
composite, which exhibited high stability and chemical reactiv-
ity for esterification and transesterification in biodiesel synthe-
sis after several recycles because of pillaring of silica in the
composites. Increasing the carbon loading in a carbon-silica
composite can provide more benzene rings for functionaliza-
tion by sulfonic acid groups but, nevertheless, the bulk aro-
matic carbon is randomly distributed in the pores or on the
channel entrance of SBA-15, which significantly limits the dif-
fusion of large molecules in confined nanospaces.

As is well known, acetalization is generally used to protect
the carbonyl group of aldehydes and ketones and, moreover,
the acetal is the main raw enantiomeric compound used in the
production of anabolic steroids, pharmaceuticals, paint, and
perfumes, which often involves large molecules. The reaction is
usually catalyzed by homogeneous acids to obtain high yield
and selectivity [27]. Although heteropoly acids [21] and ionic
liquid catalysts give high yields, greater than 90%, long reac-
tion times are necessary because of their low acidity [28]. Sul-
fonated nano silica fibers with high acidity are a good candi-
date; however, their low surface area and small pore volume
dramatically reduce the reaction rate [29].

Here, based on a method to synthesize CMK-5 with furfuryl
alcohol [30], we prepared a carbon-silica composite with an
aromatic carbon layer decoration on the pore walls of meso-
porous silica, using furfuryl alcohol as the carbon source. A
SBA-15 silica support was pretreated by incorporation of Al3+,
which modifies the silica wall with a dispersion of acid sites
that then catalyze the carbonization of furfuryl alcohol. The
resultant Al-SBA-15 was loaded by furfuryl alcohol, which was
then converted to a polycyclic benzene ring carbon coating on
the silica wall under a sequence of vacuum extraction and ap-
propriate thermal treatment. Finally, the composite was sul-
fonated to obtain a mesoporous carbon-silica solid acid, re-
serving the hollow channels to retain a large surface area and
accessible acid sites. This material exhibits a high catalytic re-
activity towards the acetalization of aldehydes or ketones with
alcohol and is stable during recycled usage.

2. Experimental
2.1. Material preparation

Mesoporous SBA-15 was synthesized by the conventional
approach using poly(ethyleneoxide)-poly(propyleneoxide)-
poly(ethyl-eneoxide) (P123, Mw = 5800, Sigma-Aldrich) and
tetraethyl orthosilicate (TEOS, Sigma-Aldrich) in acidic media
[6]. One gram of calcined SBA-15 was treated with Al3* in a 25
ml anhydrous alcohol (China National Medicines Corporation
Ltd.) solution containing 0.12 g AlCl3 (China National Medicines
Corporation Ltd.) at a Si/Al molar ratio of 20:1 [31]. After stir-
ring at room temperature for 14 h, the Al-incorporated SBA-15
was filtered, washed three times with anhydrous alcohol, and
then dried at 80 °C, followed by calcination at 550 °C in air for 6
h. The resultant white solid product was named Al-SBA-15 and

had a Si/Al molar ratio of 19.2, determined by elemental analy-
sis.

Subsequently, the aluminosilicate was filled with furfuryl
alcohol (>98.0%, China National Medicines Corporation Ltd.) at
room temperature using an incipient wetness method. The
amount of furfuryl alcohol was varied over a furfuryl alco-
hol/AI-SBA-15 mass ratio of 0.5-5, respectively. The filled alu-
minosilicate was heated at 80 °C for 1 h to polymerize the fur-
furyl alcohol and then exposed to extraction under vacuum at
the same temperature for 1 h to remove the excess alcohol.
Finally, calcination was continued under Nz at 550 °C for 6 h to
obtain the carbon-silica composite, which was named SC-x (x =
mass change due to the carbon compound according to the
thermogravimetric analysis profile, e.g. x = 15 indicates a 15%
mass change). The SC-x was mildly sulfonated at 80 °C in an
atmosphere of fuming sulfuric acid (50%S03/H2S04, China
National Medicines Corporation Ltd.), with a ratio of sol-
id/liquid = 1:20 g/ml for 12 h. To extract the physically ad-
sorbed -SOsH group, the solid acid was finally washed with
water at >80 °C until no white precipitate could be detected in
the filtrate with BaClz (298.0%, China National Medicines Cor-
poration Ltd.), and dried to obtain the surfonated carbon-silica
composite SC-x-SO3H.

The SC-x and SC-x-SOsH were liberated from the silica tem-
plate by treatment with 15% HF (= 40%, China National Medi-
cines Corporation Ltd.) solution at a ratio of solid/liquid = 1:20
g/ml under stirring at room temperature overnight, followed
by washing with ionized water and drying to obtain CMK-5
type materials, named C-x and C-x-SOsH, respectively.

Sulfonated carbon-silica composites using sucrose were
prepared according to the method reported by Fang et al. [6].

2.2. Characterization

Powder X-ray diffraction (XRD) patterns were collected on a
Bruker D8 ADVANCE instrument using Cu-K, radiation (A =
0.15406 nm). Nz adsorption isotherms were measured at -196
°C on a Quantachrome Autosorb-3B instrument after activating
the sample at 120 °C under vacuum for 6 h. Scanning electron
microscopy (SEM) images were obtained with a Hitachi S-4800
microscope. Fourier transform infrared (FT-IR) spectra were
recorded on a Nicolet Fourier transform infrared spectrometer
(NEXUS 670) using KBr. The spectra of pyridine adsorption
were measured by first treating the sample wafers at 150 °C
under vacuum for 5 h and then exposing them to pyridine va-
por at 110 °C for 0.5 h. Desorption of pyridine was carried out
at 150 °C. Thermogravimetric (TG) analysis curves were ob-
tained on a Mettler analyzer (TGA/SDTA 851e/5FL1100). The
acid density was quantified by acid-base titration whereby
0.15+0.01 g solid acid was ion-exchanged in 60 ml saturated
NaCl solution at room temperature for 12 h and then filtered,
followed by titration of the filtrate against NaOH solution,
which had been standardized by potassium acid phthalate.

2.3. Catalytic test

The aldehyde or ketone 0.04 mol, alcohol 0.048 mol (cyclo-
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hexanone, cyclopentanone, iso-valeraldehyde,
iso-butyraldehyde, 3-pentanone, ethylene glycol, and
1,4-butanediol were from China National Medicines Corpora-
tion Ltd.; benzaldehyde, 3-Methyl butanal, and diphenyl ketone
were from TCI supplier), catalysts (40 mg), and 5 ml of cyclo-
hexane (> 99.5%, China National Medicines Corporation Ltd.)
were placed in a 100 ml three-necked flask and mixed. The
flask was connected to a condenser and a trap to the remove
the water product by azeotropic distillation. After reacting at
90 °C under reflux for 1 h, the products were analyzed on an
Agilent 6890/5973N gas chromatography-mass spectrometer
(GC-MS) and quantified on a Shimadzu 14B FID GC with a
DB-WAX capillary column (¢ 0.25 mm x 30 m) using eicosane
as an internal standard.

3. Results and discussion
3.1. Structure and chemical properties of catalyst

It has been reported that sulfonic group can be induced to a
greater extent by increasing the loading of polycyclic benzene
rings in SBA-15 [6]. Therefore, the relevance of sulfonate group
content and carbon content in the SC-x-SOsH materials was
investigated (Table 1) by studying the effect of extracting ex-
cess furfuryl alcohol under vacuum. The composite after ex-
traction could be loaded by the carbon compound to a maxi-
mum of x = 65% and when x = 51%, the acid content was the
highest, at 0.84 mmol/g. By comparison, samples prepared
without extraction were limited to a carbon loading of 52%,
leading to a maximum acid content of 0.71 mmol/g, which was
the same as that of a composite with vacuum extraction loaded
with 44 wt% carbon. As displayed in the XRD patterns (Fig.
1(a), (8)), the excess introduction of furfuryl alcohol resulted in
pore blockage in SBA-15, resulting in a CMK-3-type material
with solid nanotubes after removing the silica template.

After the sequence of post-incorporation of Al3+ and furfuryl
alcohol loading, the SC-x materials retained a uniform 2D hex-
agonal mesopore array, as shown in the XRD patterns in Fig.
1(a). The peaks assigned to the [100], [110], and [200] diffrac-
tions of the 2D hexagonal structure (p6mm) of SBA-15 became
gradually weaker in intensity with increasing carbon loading in
the mesopores. This can be attributed to the diffraction inter-

Table 1
Comparison of the CHO loading and -SOsH acid density in SC-x-SOsH
with and without evacuation at 80 °C.

Furfuryl alcohol/ CHO* (wt%) H* (mmol/g)
Al-SBA-15 . Without . Without
. Evacuation . Evacuation .
mass ratio evacuation evacuation
0.5 15 26 0.38 0.41
0.75 — 34 — 0.60
1 26 40 0.42 0.62
1.5 34 48 0.56 0.60
2 41 52 0.62 0.71
2.5 44 — 0.71 —
3 51 — 0.84 —
4 61 — 0.65 —
5 65 — 0.48 —

* Mass change by TG analysis in the 200-800 °C.
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Fig. 1. Low-angle XRD patterns of samples before (a) and after (b) sul-
fonation. (1) SBA-15; (2) Al-SBA-15; (3) SC-26; (4) SC-34; (5) SC-44; (6)
C-34; (7) C-44; (8) C-52; (3') SC-26-SOsH; (4') SC-34-SOsH; (5"
SC-44-SOsH.

ference from the carbon filling rather than a structural collapse
(Fig. 1(a)). Moreover, the [100] peak broadening indicates a
regional structure distortion of SBA-15 caused by excess car-
bon loading.

After the removal of silica, C-x materials consisting of poly-
cyclic benzene rings present a typical CMK-5-type mesoporous
structure characteristic wherein diffraction peak [110] is more
intensive than peak [100] [30]. This reveals that after the 550
°C calcination, furfuryl alcohol was converted into hollow
nanotubes of the polycyclic benzene rings coating the silica
wall, where the AI3* was incorporated and catalyzed the
polymerization. Greater carbon filling intensified peak [100],
indicating that the wall of the nanotube was thickened and
even transformed to the solid stick-like mesostructure of the
CMK-3-type (Fig. 1(a)). The diffraction peaks were maintained
after sulfonation (Fig. 1(b)), implying that the acid-inert silica
support could protect the ordered structure of SC-x-SO3H.

The N2 adsorption-desorption isotherms and pore size dis-
tribution of SBA-15 and SC-x-SOsH materials are demonstrated
in Fig. 2(a) and (b), respectively, and their textural properties
are listed in Table 2. With increasing carbon loading, the spe-
cific surface area of the composites decreased from 761 cm3/g
in the SBA-15 support to 472 cm3/g in the SC-34-SO3H, and the
pore size was simultaneously reduced from 8.1 to 3.6 nm.
However, SC-x-SOsH (when x < 44) still had the classic type IV
isotherm, indicating the presence of an ordered mesoporous
structure (Table 2, Fig. 2(a) and 2(b)). The adsorp-
tion-desorption isotherms of SC-34-SO3H began to disconnect,
attributed to the typical structural features of organic mesopo-
rous polymers that indicate a uniform coating of polycyclic
benzene rings on the silica mesopore walls. At the same time,
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Fig. 2. (a) N2 adsorption-desorption of SBA-15 (1), SC-15-SOsH (2), SC-34-SOzH (3), and C-44 (4), and (b) BJH pore diameter distribution of SBA-15

(1), SC-15-SO3H (2), SC-34-SO3H (3), SC-44-SO:H (4), and C-44 (5).

the relative pressure of the hysteresis loop p/po = 0.65-0.70
shifted to p/po = 0.5, showing a reduced pore volume because
of the increasing carbon coating layer. Furthermore, the lay-
ered benzene ring carbon generated 27% micropores in the
total volume (Table 2), thus the hysteresis loop indicated a
two-step desorption phenomenon (Fig. 2(a)). When the carbon
loading was x > 50, the isotherm was converted to type I and
the specific surface area of SC-51-SOsH was reduced to 318
cm3/g, with the micropore volume increasing to 48% of the
total, which is higher than that of the 45%C/CS-SOsH (272
cm3/g) reported previously using sucrose as a carbon source
[6], indicating the presence of a mesoporous structure.

After removing the silica template, C-34 and C-44 appeared
to have a type IV adsorption isotherm at p/po = 0.35 and a steep
capillary condensation, indicating a regular mesoporous struc-
ture. In addition, the existence of an unclosed hysteresis loop in
the adsorption-desorption isotherms showed that the material
consists of an organic framework as the mesoporous FDU-15,
which is a polymerized phenolic resin [23]. Moreover, the C-x
samples have a superposed double-pore size distribution, sim-
ilar to that of CMK-5, showing that the hollow carbon nano-
tubes formed in C-x have a typical hexagonal close-packed
structure (Fig. 2(a), (4); Fig. 2(b), (5)). The double-pore size
distribution on the right of the figure is attributed to the diam-
eter of the poly-benzene ring carbon nanotube coating on the
silica wall, while on the left, the broader distribution is caused

Table 2
Textural properties of SC-x-SOsH and C-x samples.

Ager/ Pore volume .
Sample (m?/) (cm?/g) Viicro?/ % db/nm
SBA-15 761 1.17 6 8.1
SC-34-SO3H 472 0.37 27 3.6
SC-44-SO3H 442 0.27 41 34
SC-51-SOsH 318 0.20 48 <2.0
C-34 1420 1.15 — 4.2¢(1.99)
C-44 1112 0.89 — 39(2.1)
a Pore volume from t-plots, Vimicro= 100% % Vinicro/(Vimicro + Vimeso).
b BJH method.
¢ Nanotube width.

4 Thickness of nanotube = (dspa-15— dnanotube) /2.

by the tube gap, which depends on the thickness of the SBA-15
pore wall as well as wall-attached species such as Al [30]. The
thickness of the carbon nanotube wall was increased with
greater furfuryl alcohol loading (Table 2, C-34 and C-44), and
the presence of hollow tubes greatly promotes the transport
and diffusion of macromolecules within the pores.

The SEM images provide further evidence that the
C-44-SO3sH material has a similar mesoporous structure to that
of CMK-5. It has a 2D hexagonally close-packed tube arrange-
ment, with a wall thickness of approximately 2 nm and an ir-
regular tube gap of approximately 4 nm (Fig. 3). This structure
remains after sulfonation, further indicating the high stability
of its mechanical, physical, and chemical properties.

Incorporated sulfonic groups can be determined by FT-IR
spectra, as shown in Fig. 4(a). A broad absorption peak in the
region 1000-1300 cm-! observed on SC-34-SOsH sample is
attributed to the Si—O stretching vibration, while a sharp peak
appears at 1032 cm-1 after removing the silica, assigned to the
symmetric S=0 stretching, indicating that the -SO3H groups

Fig. 3. SEM images of C-44-SO3H samples.
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Fig. 4. (a) FT-IR spectra of SC-34-SOsH (1), C-34-SO3H (2), and C-34 (3), and (b) FT-IR spectra of adsorbed pyridine after desorption at 150 °C for
SBA-15 (1), SC-15-SO3H (2), SC-26-S03H (3), SC-34-SO3H (4), SC-44-S0zH (5), and SC-51-SOzH (6).

have been successfully grafted onto the polycyclic benzene ring.
Compared with C-34, a significant absorption band can be ob-
served at about 1210 cm-! for C-34-SO3H, which is attributed to
the —COOH group in the mode of C=0 stretching vibration, re-
vealing that sulfonation also catalyzed the conversion of organ-
ic carbon compounds into carboxylic acid groups [24,26].

FT-IR spectrum of adsorbed pyridine was applied to verify
the type and density of acid sites [31]. Sulfonated samples were
dehydrated at 150 °C under vacuum, then cooled to 110 °C,
adsorbing pyridine, finally followed by desorption at 150 °C to
avoid physical adsorption [6]. Fig. 4(b) shows the FT-IR spectra
of SC-x-SOsH materials after pyridine adsorption with a series
of absorption bands in the range 1531-1545, 1489, and 1445
cm-! caused by pyridine ring stretching. These correspond to
the combination of pyridine with the Bronst acid sites, the
Bronst acid sites and/or Lewis acid sites, and the Lewis acid
sites and/or Si-OH, respectively. Increasing the furfuryl alcohol
loading did not affect the peak intensity in the range of
1531-1545 cm-1. When the loading of alcohol was further in-
creased, the numbers of acid sites were sharply reduced for the
SC-51-SOsH sample. Two reasons are proposed: one is that the
hydrogen bonding generated by increasing sulfonic acid groups
stops the combination of pyridine and B acid sites; the other is
that the accessibility of acid sites was blocked by thickening of
the carbon layer (pore size less than 2.0 nm, Table 2).

3.2. Catalytic reaction

Because acid content and specific surface area are the two
main factors that influence activity, the solid acid catalysts
prepared with furfuryl alcohol and sucrose as carbon source,
respectively, were compared for the acetalization of cyclopen-
tanone and ethylene glycol (Fig. 5). For both materials, when
the carbon precursor loading was less than 35%, the amount of
sulfonic acid increased with carbon loading. The maximum acid
value for the composite synthesized with sucrose was 0.70
mmol/g when x = 35, while for the furfuryl alcohol composite,
it was up to 0.84 mmol/g at x = 50 carbon loading. Note that the
latter, with 50% carbon, had nearly 100 m2/g higher surface

area than the former, thus the solid acid synthesized using fur-
furyl alcohol catalytically yielded a maximum of 82 mol% acetal
compared with 63 mol% by sucrose composites. According to a
previous report [6], the composite using sucrose as carbon
precursor easily caused SBA-15 pore blockage with increasing
carbon, which sharply decreased the surface area and pore
volume, and its maximum acid value was reached at x = 35. In
contrast, the carbon layer derived from furfuryl alcohol was a
uniform coating on the silica wall of SBA-15, and this improved
the substitution of acid groups, leading to a higher acid intensi-
ty. Moreover, the stable mesostructure with hollow nanotubes
can provide a larger reaction space that not only increases the
accessible acid sites but also enhances the transport and diffu-
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Fig. 5. Acetalization of cyclopentanone on the SC-x-SOsH and
Xx%C/CS-SOsH, respectively. Reaction conditions: cyclopentanone 40
mmol, ethylene glycol 48 mmol, cyclohexane 5 ml, catalyst 40 mg, 90 °C,
1h.
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sion of the substrate and/or product.

Because of the considerable active amount of acid and large
reaction space, SC-34-SOsH was tested to further investigate
the catalytic activity of the solid acid SC-x-SO3H on acetalization
of large molecules. The acetalization of iso-valeraldehyde,
iso-butyraldehyde, benzaldehyde, and cyclohexanone with
ethylene glycol all showed >90% yield, indicating the high cat-
alytic activity of SC-34-SOsH (Table 3, entries 1, 3, 5 and 7),
while for 1,4-butanediol, the yield is slightly reduced by about
5% (Table 3, entries 2, 4, 6, and 8). In addition, when using
3-pentanone or benzophenone as substrates, the yield contin-
ued to decrease because of pore size restriction and also the
steric effect of the large molecules, which have branched chains
with a C=0 functional group in the middle. Clearly, the presence
of such hidden or diffusion-limited sulfonic acid groups result-
ed in a reduced yield of the product (Table 3, entries 9-12). The
reaction of benzaldehyde and ethylene glycol could yield 91%,
indicating that SC-34-SO3H has a high reactivity towards mole-
cules as large as benzaldehyde (Table 3, entry 5), while replac-
ing this with benzophenone yielded 56% acetal after 5 h (Table
3, entry 11). Compared with benzaldehyde, benzophenone has
twice the rigid size, thus only half the amount can be held in the
same reaction space within the catalyst, probably leading to
nearly half the yield. Similarly, the reaction of benzophenone
and 1,4-butanediol yielded 25%, which is exactly half of the

Table 3
Acetalization of various aldehydes or ketones on the SC-34-SOsH cata-
lyst.

Aldehyde or Yield
Entry Alcohol ketone Product (mol%)
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Reaction conditions: aldehyde or ketone 40 mmol, alcohol 48 mmol,
cyclohexane 5 ml, catalyst 40 mg, 90 °C, 1 h (* 5 h).

yield from the reaction using ethylene glycol as the alcohol
(Table 3, entries 11 and 12) because of the difference between
the alcohol sizes. This further supports the existence of consid-
erable amounts of acid sites and a facile accessibility, which
enable superior reactivity towards acetalization.

After the reaction of cyclohexanone and ethylene glycol,
SC-34-SOsH solid acid catalyst was recovered by filtration,
washed thoroughly with cyclohexane and dried. The catalyst
was then tested for reuse six times, finally obtaining a yield
reduction of about 5%. Note that the poly-benzene ring layer
formed under the AI3+ catalyzed thermal polymerization and
vacuum extraction was firmly attached onto the silica wall, and
the composite demonstrated a high stability during reuse.

4. Conclusions

Furfuryl alcohol loaded SBA-15 was thermally polymerized
at 550 °C into the polycyclic benzene ring carbon layer coated
on the silica wall as regular hollow carbon nanotubes. After
sulfonation, a functionalized carbon-silica solid acid was ob-
tained with variable sulfonic acid sites. The catalyst shows ex-
cellent activity towards the acid-catalyzed acetalization of
bulky aldehyde or ketone molecules with alcohols and is ex-
pected to be widely applicable because of its easy preparation
and post-handling, compared with composites using sucrose as
a carbon precursor.
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Carbon-coated mesoporous silica functionalized with sulfonic acid
groups and its application to acetalization
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Polycyclic carbon-coated SBA-15 serves as a stable solid acid catalyst after
sulfonation, and is efficient during acetalization of aldehydes/ketones
with alcohol because of its high surface area and abundant Bronsted acid
sites.
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HLIEAIL A4 A R P22 I e e sk B b Rl P 45 3 32
WEE. Xing 221D SBA-15 9 AR AR, 1A 78 JiE 1 - E4T A
SEA AR & 2 R I ECMK-34 FLIA K, [
N SR FH R 4 T A o T R i ] 0 31) 22 DR B R 28, A R
JRCA Rl A FLIE R BR. AR EE T Nakajima 24 o i1 45 1)
B s R AR (2 mPlg) A LR THT A, CMIK-3-SO5H EL 2 [
FAFEIT 1000 mP/g, 2 & 411.0 mmol/g, PR i 76 7 AH U1 55 2
HHHE KRR I A R A TE V. SR 1T CMK-3-SO3H
TE S B B o, IR AR AL I R v, BE 2R A A AR 2
Gy KRR BERRAG TR SR, DR 1 3 s o R ) ml 4R
AR e 1, Fang 1A A5 1 £ 83K £ SBA-15/r FLALIE
(1 $n B, AR JE AT TR R A AR 45 8 T 3 KR
AR =F 8 TR = A 22 R BA-HE S A AR TR AR, 2 i Ak
FiE b S B A 45 AR D S A R AL 75,

R 2 R -1k 5 G R ER A R, Bk 2 2R3 1
T, T HRpE B 22 R B A R 5 AR, (H ER T R R 1 B
HLIE 76 5 35005 22 KA AESBA-15 FLFLIE N TE 5 HERR, 5
& LB 35 JE, (E 1SR 5 LR TR 2R R B, M LUATL 2
FUA R A e o7 2 TR AR 35 TR sk, G B o 24 o v PO TR
i, H A U8 MO 1 5 B 23 8] RN T I 2R R )k
W —, 53— J7 T, TEAR 2 IR TR 4K B B v, 448 1 A e 1
TR T ORI R 2K ) N, 47 T A 2 S RS [
BE 250 TR 7K S 7 o AR AL A 4 1) 6 B TR,
DRI LA 32 O i 3. 1% S 388 7 350 M R M 1L 4%
PE R HEAT BAT B U R A R T, AR 4 %2 Y
TRES TR SR R S5 R A R A R PR 55 #vERE MEIRAIR,
AT 717 e AR i S L A5 K B T 7= A UAC 26 74 T ik $1190%
DA fr i 5 280, et P v S v 4 ) /0 D A R,
T IR A R Ak (0 0 K Tl 27 451290, ) 75 #6150 °Crmim 461
e E Bl ES

A SCF P E R 1) 4 CMIK-5 (1 77 0 7 AU I
SBA-15# 1 I £ B RE, FLIE P4 BE & SEAIRR 1407 DA A 5%
PRI BE T B 32 B, AR R AE AN 58 AR e S A N AEAL
BE b IR SO R ik 22 R0 2, S8 J5 5 FLEAT R IR 1)
RELL, IS BTk 2 K- TEE SN FLEARRR, I 145
TS () S I

2. SLESD

2.1, LTINS

DL IE i 2 2 Bg (TEOS, Sigma-Aldrich) Jy Al 3% 14 |
P123= itk BLAL (M, = 5800, Sigma-Aldrich) A4 7,
FE R P K ¥ W A i SBA-15 K 1 g ke i 1

SBA-15F" 5t T+ 44 0.12 g AICI; 925 mITE K 2.1 ([
ZJBE ) TR (BoRHR BE R EESI/AL = 20), T =i #E 14
h, VB R4 28 4 8 I F G K & B e, 1E80 °CHt T,
550 °C 7 A H K5 46 h, Rl 15 AI-SBA-15 (/K L SiAl =
19.2).

181 QiZ AR REM K] I £1380.5~5 g (> 98.0%, [F 24
W), =R T Fahfii B 25, RI57E80 °C F# K1
ol HR 2 2 R 48, 7680 °C FHias 1 hL £ R 2 s
WA, G ENRYT T, JHF550 °CANTE A AL6 h, 15
Bl — R B fie 2 A PRI FE i SC-x, H ARG 1)
Ji B F (%), K SC-xE 1% g A% L7, T 7 T
T L S 1720 (g/mi) 1) = 0 % BR (50%S03/H,S0,, [H 2 4
[1), f£80 °CH#E 12 h. HUH, [E 444 FH80 °CLL F i #4
K E B, FIBaCly(=99.0%, [ 24 5 1) k6 il ik i
SO7; FH4TJ4J5 15 3SC-x-SO5H.

SC-x 2 SC-x-SO3H 7F [ /3 bt 24 1/20 (g/ml), 15% [
HF (=40%, EZj & 1) /Kb =iRmpsed i, i3, %
BT KBRS, HE, AT 19 E 4 AR C-xBC-x-SOzH. X
EU A A4 701 FRE - ik A [T TR 11 71 % 77425 L SCRR[6].

2.2, BT

X UF 26 ¥y K A7 5 (XRD) ] it 7€ Bruke 2 &) D8
ADVANCERI X5 2y RATHHMX _EEAT, Cu-K, A5 2l
(A=0.15406 nm). F£ &b 1 B 3 AR AL SL 4R o A 1
Quantachrome 2 & Autosorb3-B %4 [ %y 4 3 W B 4% b 1k
AT, WP R P 9 —196 °C. W B T, A A 7E 120 °CI .23
AT AR EE6 h. SR H A H 572 ] Hitachi S-4800 2 ¥
v W R S F T BB (SEM) X AL 7 Rz 42 R
KIMTEI AT 7 #r. 2058618 (FT-IR) 7E 3% [E Nicolet &
] Nexus 6707 & HLIH- AR 27 SR i AR, KBr& 4.
B i e 72150 °CH 23 i /K AL HES h, FEFE110 °CHR B itk g
0.5 h; 7E150 °C I JIi Zs 9 B B Ak g Ji5 0 52 FEFT-IRTE.
F] Fil Mettler-Toledo A 7] TG/DTA 851e % #4 /3 #r 4% ic. 5%
FE i 1 R 5 (TG) AL 2 #ih 42 (D TA).

7£100 mIZNBERF A N 60 mI NaCI A iz i, PA &
R b3 FE A 21(0.1520.01) g, T = BEFEL2 h, dhiE. L
Bk e~ 7, FH COF AR 28 — 1R &80 b 52 I NaOH
T E DRI, 45 IR i R RRAA.

2.3. EURE

% () 5 2, - BE R 46 45 I NAEL100 mI =20 b AT,
111 N0.04 mol /8 (i), 0.048 mol 5 (3f CLF , ¥4 B, 3- 7%
Fi, 2 —BEANL,4-T ZH ok B [ 2R 1, 2R RS, e TR
2K R F TCI), 40 mgfE 465, LS mIFR cki(=
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99.5%, [® 254 [4). =3 LA B Moy K ER, T8
90 °C N INFASR L FIAR L h, A8 5 B2 7= A= 7K 5 3 K 53
CUoe I 28t IRSLEE 5 BURE 0 AT, RBP4 SR FH 5
[ Agilent 6890/5973N %4 < H {7 1% - 57 1% I FH (GC-MS) £
BEATEME AT, B TR H AR R EE14-B AL S AH X
34T, DB-WAXEZHE 1 (¢ 0.25 mm x 30 m).

3. @RS

31 MRS R NEMERNRIES

K14 H T SC-x-SOsHM EHifk 2 R IR 71 2 i AL R
B, DA ] R R R 75 52 3180 °C LA Hl L £ A i
WIRBIA . B R AT WL, Bk 2 ORI 7 38 T A 65%; 4
N51%H, LR B ATIA0.84 mmollg. #5ANE A5 Hhkg, Tk
2 ORI B Al IR B A = 952%10.71 mmol/g, J5
HHME A X = 44AH AL 5T, R 2 BN
TR, RO FEARAY L MILEEEN R, K1)
IXRDIGE B, A RERERE . B BREERR 2 5 TR T
FAUCMK-35Z MR A FLEE 4.

L&A IXRDE. 7T LLA H, 488 42 5 #hAl
DA% i i BRI () £ 3, 52 6 PR SC-x IR SR IR T 4N
T FLIBEER. B2 3R G R 3 i 156 73 BEAAR A FLAE
1T 55 0 o P2 B 9 5, FG v [100T Ve 5 A, i W R I 1) i
RO FE LA ML, K BREEIER J5, 2 280
I ELC-x H B 25180 T CMK-5 1) i 78 A\ FL 238 55 45 M) R AE AT
UG, B [110]U 5 2 55 T [100] W), 1 7550 °CHRir b
™, RREESZ A FLFLEE B AR LA F I % Ak 1Bk 2 2R 8,
A3 5 7 BT ALEE B, TR T TR S BRGKE A
FLEERT. TIAh, FE PR 2 R IR B, L [100] 04 5
JEE el v, 0 B R JEL, e s A A A [ SO MR B AR (O
FE i C-34F1C-44). Zefifh SR J5, I3 it IR XRD AT
W A AR B R R Ak, T AR E YRR R g 6 AT LR A
SC-x-SO;HTER AL AE F T 197 7 FE (L Bl 1(b)).

P12 09 % SC-xF: fil P9 260/ P - I PR 45 0 42 &% L A%
oy B, AN EE YRR B 3K 2. nTLUE W, BEE IR 2
FINLERE S BRI BT, H LR A SBA-1511)
761 cm®/g[% % SC-34-SO;H 11472 cm®g, fL4% H18.1 nmAZ
3.6 nm, FLAERLR /N T 2/3, {HJZ SC-x-SOzH (x < 44) £
At (1 SR 28 A L R (R VR, 3R AR A8 o B AT 7 A L&
F4. SC-34-SOzH ¥ i 1 555 28 TF Uy H L F i 34 72 1
AMBLG, HE T AN LRSI B S REE, 5
TREWE S FE W I T P HERUIRZS I AR R, 3t — A
ZM R Z KRR AV U SR ERE R AT AL

FLBE. [, ¥ J5 24 i p/po = 0.65~0.70 A1 Eb [ [X plpg =
0.5%3), Ui i i T 2 R R AW I A FLAE, R @
N, Ak, TR E R 2 S A T A S B E R
FLS 35 B ARFL K1 27%), i F5 P 52 IR 6 B W B B 4.
x> 50, T4 AF i (0 2R 2 IV LA Sy 1A, S
SC-51-SOH i b 2 T F B# 25 318 cm®/g, fiFLAA B3 &
48%, T 7 22t =y R -1k B 5 44 K1 45%C/CS-SOgH (x
= 44)11J272 cm®/g®, RIAH KB FLAFLE.

2:BRSC-34F1SC-44 I hE FERFIMR 2 J5 , C-34H1C-44
ULV R B 4535 28, 7 plpo = 0.35 H BB 4H &t 5 R X,
R H AR L. o6, oL G 1 53
R ZARL LR 2 R AE A AL ALEE, SR M5 AL T
FDU-15M A iR A AL AP, [FIR, Bt B A Rt I 1
C-XFE i A7 1E 2 I BUALAR o3 A, S T #28 [))CMK-5
ghp, R 2 s 7S T B HERUR A AR B o
A VA& T LU S A FLFLE AR T8 B 2 R IR oK
AR, o BEZ W A A2 B IR, X B T SBA-15
BEAA ) FLBE J5 8 K B =1 10 36 e b n AL B0 O, P
2(b)). HR2IETT LG H, FF b o BE 5 R 67 32 1 3
T, oS GO B ) FLEE I R, T AR K L g T K
TAEALIE AL S5 58

&3 N C-44-SOHEE S ISEME Fr. | AT I, %A
fh H AT R AUCMK-B A FLEE . AR g KA /N T 25 o
FAHED, B BEL) 2 nm, BB A A RUEEL) S < 4 nm, JF
HAERAER G, M B SRR R 2 8, B TR
5E HIATLBR B B2 R A P .

Kl 4(a) ly 51 N B R FR 11 SC-34 FIC-34 [ FT-IRIE.
P AT L, SC-34-SO5H A i 7E1000~1300 cm 4 H L (1) %2
U 9 J& T Si-O (1 48 48 3h W . B RE S, BT 19
C-34-SO;HAH Eb T A 4 s A6 1 F 1) C-34, 7£1032 cm ™4k
HEI— N IR IR IR IS U, U1 T S=O ) R 4 91 5,
W —SOaH 3 A O il Th G 82 Bk 2 AR A B4k b 3 4%,
C-34-SOHHE S AE 291210 e b 3L T — AN S F
W iU, )9 J& T —COOH K C=Ofh 45 4R 51, #7~ T i fb 1
FH [R) B 9 4 A 350 40 ik S0 8 A DL 6 A 3R R T g ik
[24,26]'

N g R P FT-IR S T DA B 42 A [ 4 g ¥ 2 57 A 1)
P o R R R B, K B Ak JE B L E B R B
150 °C R T4t /K, P& iR 2110 °CIR BRIERE, Sy T 8
ML W 1 47 B R B A i 5 2 B] - 21150 °CHEAT 35 2 Bt
A #EO P 4(b) F9SC-x-SO3H 2 Bl FE il 28 HHk e W B I 1)
FT-IR¥%. ] DLA H, 7£1531~1545, 1489 f111445 cm ik
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FFE B S PR ML e BR AT 45 R 2 R S0, 43 0T 7 T B AV
BER AL /B LER ST « LIS FI/ELSi-OH. bE& B 74k &
(R4 I, A B E 1531~1545 om (X 8 W i i 58 55 5 A 1
FEANAE; 2 51% 0 MRS 5 B SURIPRAIC. IXAME BT
% 5 T 1 N 25 5y A e, DS T IR S BIR AV [ 45
1M FLIE B T Bk 2 R E 5 BE 3 )5 88025 (R A BELHE R (UL
F2), /N T IERE SR T B AT AR R AL ) AT e 1.
32, fELRMMERE

i £ FH LU 2 T A 2 A e 700 P ) 7 A R TR
#, IS LA T SR B R I A0 RE W A S 78 4 1) 2 T AR
TEFA 13 A0 20— e 44 W 2 S ) (A v P el LT A,
Bt A A AL 7e P PR 388 o, 9 1 [ g P L 2 T R S 34
BFAG; x < 35, TEFR 51 N Bt RFLLIE 0. x = 35H, A
VERIE TR B 55 A [ R (1) B2 {8 15 i 151 290.70 mmol/g,
T B B2 DU) 7 x = B0 R JA f% 1570.84 mmol/g. 2R 1M, J& # 1
Bl 2% T A7 B BT 5 v HE AT 100 mPg. R, 24 x = 500, K
W - Tk 52 TR A TR 4 A 1100 448 ) B I WS 26 0 B o v (82
mol%), Tfi 1 B - T A4 MY 963 mol%. HIF 9t 2 B, fi i
VENIEFRIINT, 2 2RI TP AR 25 5 1 i SBA-15FLiE
B2, LU AR T FURIFLARFL SRk /N, DR G T R AR 1 51N
X = 35T L AL SR, BRI USSR R 1 T
A ARAESBA-15FLEE I, H B Tt m 2 KA i, (2
fo A 2 WEPR B A AR, 5 08 J5 B 2 2R3 -1E B S 6
B S AR E [ p s 9K IR G5 M TE AL A P A Ak
JO7 H R AL T AR I N 2 T A T B R AL £, 5 R
TR RIS PIAE AL 7808

FIAAFE KRy TR S 2 88 T 46
i Js 7, FR ATk — 25 2% 82 1 SC-x-SOzH [F 17 2 fr {1k 3%
P, 45 RT3, HrhSC-34-SO5H PR 1L ] 4 (it ] 432 finh iR
TEPEAL DL R 240K 1) i B2 TR A H AR AL, SR
A, Y6 2 R R, . TR, AEHEEDL
S ¥R OB 48 B R MR B TE90% DL B, BOR T
SC-34-SO3HTEIX - JIEA) 5 B2 (1) v fHE AT 14 (B2 50 1, 3,
S5HN7). MEREAT ZEER, FOR & R BRI B T )
5% e A7 (SE56:2, 4, 6/818). 114t FH 3- S A 2% R i 45 i

VIt [ SR B N R X BT E AT T AR
BOK, HA Bz 2 LE RSP BR S, 55— 771, C=OH ke
B4k T3 18], 5y 52 PR 0 S8 B Az BEL s, D] e
W5 R TR L B i P R e Ik ik /N, AT S = R R
B (S236:9~12). fH, Eis — % i 5 % R s o 45 3R,
B # 5 2 B840 N5 hs, IR A $1]56% (5256511
11). K HISC-34-SOHFE it A K B B 7 (8], 7] 5842
TGN W RST RN B IR (S 50:5), s B3 2991 %.
TR NI R L O R R 248, RIS AR B e
BRSO JE 3 10—, Z e p R — 2K F R
L BEM AR AR . AR, bR R H R S
L BEANT RER R SRR I, J5 A U EE L)
) — 2 (SLER11A112), X2 RN T BRI 2 K
— %, BEWE BA TR AL 5 A HY R S L A gl — 2.
g5 SR, A Bt T WL AT ik S R A6 F SC-34-SOH [
PRBRTE R 43 14 i SsB7 P 32 90 v B RS e O Ak vs
P,

SR 45 R, i SC-34-SO5H [E A4 B i 4k 771, it
BB 2 IR BRI T, T3 QA 2 ZBE)
ARWA S S SR L S AT P RE. 45 R, EEAE 6
WJa, NI T £15%. X 1t B SBA-15FL 18 A BE
B I AR PERT DA K SRR B AR 2 ol B, e e e
FSC PRI 22 2R PR o 72 [ o 5 7 R I DR T 2 B L 2 s )

4. g

SBA-1541 X MR EEAES50 °C R AN 58 Ak ke, ml il 13
MR b BRI 2 K- N ALE A, R EaME
IR A A, R & B 1TA40.84 mmol/g. AH LE T REHEAE
NREIR IR & B ARER, P i Bk 2 2R IA-E R AL R oA
TS BRI A HEAR [ ACMK-5 A FLEE )« BRI s
) FE MINUIERE . Bt i BRI AR BL K K BT
P BRI AL, FRI T 76 K 701 4 1 () Jse M2 v R B HE AR
e HEAL TR RE, Hfl & E T g T EE M, 184
SR BTRR AL S R AS 2 T2 R



