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ABSTRACT

Various sulfonated carbon-silica-meso composite materials have been synthesized by adopting a novel
concept of using glucose as a carbon source as well as precursor for the structure directing agent. The
change in concentration of glucose in the initial gel mixture and the nature of treatment of the gel (ther-
mal or hydrothermal methods) influenced the properties of the resultant composite material such as sur-
face area, porosity and acidity. All the samples have been characterized by XRD, SEM, FT-IR, TPD, N,
adsorption-desorption, CHNS elemental analysis and were used for acetalization of glycerol reaction to
produce 2,2-dimethyl-1,3-dioxolane-4-methanol, also known as solketal. Among the various catalysts,
the highly acidic composite gave the higher glycerol conversion (82%) and solketal selectivity. The activ-
ity achieved with sulfonated carbon-silica-meso composite was observed to be comparable with the
reported results of known sulfonated catalyst Amberlyst-15. Optimal production of solketal over sulfo-
nated carbon-silica-meso composite has been established at 70 °C reaction temperature after 30 min
reaction time under reflux and the catalyst exhibited comparable activity at least up to the studied num-

ber of four cycles.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Acidity is an important parameter in catalyst development,
where the liquid acids such as H,SO4, HF and H5PO,4 have been pro-
ven as efficient catalysts for various industrial processes by virtue
of their higher Ka values and their efficient interaction with the
reactant molecules. However, the toxicity and corrosive nature of
the liquid acids are demanding alternative sources especially those
of solid acids that are having advantage of easy separation from the
product, reusability for recycle operation and their environment
friendly nature [1-4]. But, the main limitation in using solid acids
lies in their lower density and strength of acid sites. More over the
accessibility of the reactant to the active sites and their stability in
the aqueous environment need to be established. In order to take
advantage of the positive aspects of liquid acids and solid acids,
the method of immobilization of liquid acids onto the solid sup-
port, viz. sulfonation of activate carbon or metal oxides, came into
practice in recent years that provides high acid functionality bear-
ing solid materials for catalytic applications [5-6].

The acid functionalization of the solid support is generally car-
ried out by three methods. The first method involves the immobi-
lization of a thiol and sulfonate ester functional groups onto the
mesoporous silica followed by oxidation of -SH to -SO3H group
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which also has its own limitation of low acid density [7-8]. The
second method involves a single step co-condensation of tetra-
ethyl-orthosilicate (TEOS) and 3-mercatopropyl trimethoxysilane
in the presence of block copolymer template. But, this method re-
quires expensive template and 3-mercatopropyl trimethoxysilane.
Moreover, the block co-polymer needs to be leached out after the
synthesis that makes the process multi-step and complicated due
to its dependence on multiple factors. The third method involves
two step process of carbonization of the carbon precursor or me-
tal-carbon composite material followed by its sulfonation [9-12].
In present study, we have adopted a novel approach of simulta-
neous carbonization and sulfonation of glucose in the presence of
organic silica (TEOS), where glucose act as cheaper carbon source
as well as structure directing precursor through sulfonation for
the formation of the acidic sulfonated carbon-silica-meso compos-
ite material (SCS) [13]. This work inspired us to study the role of
various synthesis parameters such as the concentration of glucose,
sulfuric acid and the method of treatment (thermal or hydrother-
mal) used for facilitating interaction between carbon and silica
moiety in the SCS material. Here in we report the synthesis of var-
ious SCS materials exhibiting wide range of properties such as
morphology, surface area, porosity and acidity that are expected
to exhibit different catalytic properties. The composite material
possessing high surface area and acidic properties is not only suit-
able for further functionalization with acid or metal ions but also
provides good mechanical and thermal stability for catalytic
applications.
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The production of biodiesel is continuously gaining importance
due to its biodegradable, non-toxic and renewable nature, which is
relevant to the present scenario of call out for the alternative fuels
to the traditional fossil fuels. The process of biodiesel formation in-
volves transesterification reaction between vegetable oils or ani-
mal fats and methanol in the presence of an acid or a basic
catalyst, where huge amount (~10 wt.%) of glycerol is produced
as unavoidable bi-product [14-16]. The properties of glycerol such
as diesel-immiscibility make it not suitable even for fuel blending
and research is on for value addition of glycerol through its chem-
ical conversion to useful products and to find new applications for
this cheap and off grade glycerol obtained from biodiesel plants.
Wide variety of chemicals and fuel blending stocks were reported
to produce from glycerol through the chemical reactions [17-22];
selective oxidation for dihydroxyacetone, glyceraldehyde, glyceric
acid, glycolic acid, hydroxypyruvic acid, mesoxalic acid, oxalic acid
and tartronic acid; reduction for 1,3-propanediol and 1,2-propane-
diol; hydrogenolysis for propylene glycol; dehydration for acrolein
or 3-hydroxypropionaldehyde; halogenation for 1,3-dichloropro-
panol; fermentation for 1,3-propanediol; polymerization for poly-
glycerols and polyglycerol esters (ESIt Table 1).

The production of oxygenates from glycerol gains much impor-
tance due to the excellent diesel-blending property of the oxygen-
ates that not only improve the quality of the fuel but also increases
the overall yield of the biodiesel in helping to meet the target for
energy production from renewable sources for transport in the en-
ergy utilization directive. Olefins such as butene or alcohols such as
tertiary butyl alcohol are commonly used as etherifying agents of
glycerol, but the main drawback involved in the use of olefin is
the formation of undesired di-olefins and the formation of huge
amount of water in case of using alcohols [23-27]. Esterification
with low molecular weight acids, transesterification with low
molecular weight esters and acetalization with aldehydes or ke-
tones are the other promising and economically viable alternative
routes for the conversion of glycerol [28-32]. Acetalization with
ketones, especially acetone is gaining importance due to the fact
that acetone is widely produced from biomass conversion as well
as from the chemical process of cumene cracking. Hence, facilitat-
ing reaction between two biomass derived products glycerol and
acetone is advantageous as they constitute an excellent component
for the formulation of gasoline, diesel and biodiesel fuels. These
oxygenated compounds, when incorporated into standard diesel
fuel, have led to a decrease in particles, hydrocarbons, carbon mon-
oxide and unregulated aldehyde emissions. Likewise, these prod-
ucts also can act as improvers of cold flow and flash point
properties of biodiesel along with simultaneous reduction its vis-
cosity desirable for fuel applications [29].

The main challenge involved in glycerol acetalization is the pro-
duction of water, which has to be removed in order to hinder the
reversibility of the reaction. Continuous processes for the forma-
tion of solketal employing heterogeneous catalysts, such as the

commercial macro porous acid resins of the Amberlyst family, have
been described by in the literature [28]. More recently, Vicente
et al. [31] reported the suitability of sulfonic meso-structured silica
as a catalyst for the acetalization of glycerol. Wider pores, large
specific surface area, a relatively hydrophobic surface and the
amount of accessible acid sites were identified as the factors that
positively influence the catalytic performance in this reaction.
However, the synthesis of material involved using costly organic
template and multiple-step procedure. In the present study, we
adopted a simple, single step, template-free, simultaneous carbon-
ization and sulfonation method using glucose alone as carbon
source as well as templating precursor, and explored the applica-
bility of the SCS materials obtained in the synthesis for industrially
important solketal production. Effect of synthesis variables such as
glucose concentration was observed to alter the meso porosity of
the materials in a significant manner.

In addition to the SCS materials, the study also focus on the syn-
thesis of hierarchical mesoporous silica (HMS) exhibiting a range of
porosity properties tuneable for the desired applications such as
organic mass transformations, adsorption of gases and immobiliza-
tion of different organic moieties and inorganic metals [33-35], by
varying the glucose concentration in the initial synthetic mixture
followed by the simple calcination of the SCS composite materials.

2. Experimental
2.1. Chemicals

Tetraethyl-orthosilicate (TEOS) was purchased from Merck,
Germany. Glucose, sulfuric acid, glycerol and acetone was pur-
chased from RFCL India private limited. All chemicals were used
as received.

2.2. Synthesis of sulfonated carbon-silica-meso composite materials

Two different methods have been adopted for the synthesis of
various sulfonated carbon silica composite materials. While both
the methods follow the similar procedure and composition of the
gel precursors, the main difference lies in adopting thermal or
hydrothermal treatment for controlling extent of interaction be-
tween carbon and silicon species. In a typical synthesis procedure,
a solution obtained by dissolving 20 g of glucose in 20 g de-ionized
water was added drop-wise to the 60 g TEOS solution, followed by
drop-wise addition of 23 g of concentrated sulfuric acid (98%). Spe-
cial care has taken to control the temperature (very slow addition
of the acid) of the solution while adding the sulfuric acid. The solu-
tions were continuously under vigorous stirring throughout the
procedure and the resultant mixture was further allowed for mix-
ing under stirring for 3 h. The synthesis procedure is common in
both the methods up to this stage while the procedure differs in
the following steps. In the thermal treatment method, the dry gel

Table 1
Textural properties of the synthesized materials.
Sample SAger (m’g™'?) SAmi (m°g™"") SAmc (m°g™"* % SAme Viot (cm’g™'%) Vimi (cm®g™'®) D (nm")
SCS1/0.3 779 240 539 69.19 0.52 0.10 2.6
SCS1/1 426 166 260 61.03 0.61 0.07 5.6
SCS1/2 425 274 151 35.52 0.32 0.11 3.0
HSCS1/0.3 238 21 217 91.17 0.82 0.0072 13.8
HSCS1/1 176 82 94 53.40 0.25 0.039 5.9
HSCS1/2 242 119 123 50.82 035 0.0497 5.7
¢ BET surface area.
> Micropore surface area calculated from t-plot [38-40].
¢ Mesopore surface area were calculated as SAggr — SAmi.
4 Total pore volume taken from the volume of N, adsorbed at P/P, = 0.995.
e

Micropore volume calculated from t-plot.
' BJH adsorption average pore diameter.
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thus obtained was transferred to silica crucible and was heated at
120 °C inside oven having air circulation for 12 h. On the other
hand, in the second method the gel obtained in the first step was
treated inside the Teflon-lined autoclave at 150 °C for 15h for
hydrothermal synthesis. The ramping method is used to achieve
the temperature (150 °C) maintained by P.I.D. Controller, where
the gradual raise in temperature was carried out with the rate
2.5°C per minute and the targeted temperature of 150 °C was
achieved in 1 h. The third step is common in both the methods,
wherein the resultant solid black mass was treated at 300 °C for
4 h under nitrogen atmosphere to obtain the solid form of sulfo-
nated carbon-silica-meso composite material. The materials were
washed with ample amount of cold - followed by hot deionized
water until no sulfate ions appeared in filtrate solution (by check-
ing with barium hydroxide solution) and dried at 120 °C tempera-
ture for 12 h. The materials synthesized by first method are
denoted as sulfonated carbon-silica-meso composite (SCS) and
the materials synthesized by second method are denoted as hydro-
thermally treated sulfonated carbon-silica-meso composite
(HSCS). Since, glucose is the carbon source as well as structure
directing agent, the concentration of glucose is varied in both the
methods to understand its role in the carbonization and final prop-
erties of the materials. The materials thus obtained are denoted as
SCS1/0.3, SCS1/1, SCS1/2, HSCS1/0.3, HSCS1/1 and HSCS1/2, where
the numeric value indicates the weight ratio of TEOS/glucose taken
in the synthesis mixture. Since, the use of sulfuric acid is for the
sulfonation of the carbon moiety, the molar ratio of glucose to sul-
furic acid was kept constant for the synthesis of all the materials.
The SCS and HSCS samples synthesized by the above mentioned
methods are acted as potential source for the production of hierar-
chical mesoporous silica (MS) materials that are formed by simple
calcination of the SCS/HSCS at 600 °C for 10 h.

2.3. Characterization

Powder X-ray diffraction patterns of the samples were recorded
on a Regaku Dmax Il B equipped with rotating anode and CuKa
radiations. SEM images were recorded for obtaining particle mor-
phology on Quanta 200f instrument, Netherland. Nitrogen sorption
isotherms were obtained using micromeritics ASAP 2010 unit, USA,
operated at —203 °C, where the samples were degassed at 250 °C
prior to measurement of specific BET surface area and pore volume.
Pore size was calculated from the desorption branch of the adsorp-
tion-desorption isotherms by the Barrett-Joyner-Halenda (BJH)
method. TPD of the samples were recorded in micromeritics
2010 unit, USA, where helium is used as career gas and prior to
the ammonia adsorption the samples were degassed at 250 °C for
one hour. Thermo gravimetric analyses (TGA) of these samples
were carried out for the temperature range of 30-800 °C under
the nitrogen flow. The IR spectra of the both samples were re-
corded on Thermonicolate 8700 instrument, Thermoscientific Cor-
poration, USA. The reaction products are analyzed by using GC
equipped with the DB wax column and FID detector. The total acid-
ity was determined by treatment of each catalyst with concen-
trated NaCl solution and filtrate was titrated by NaOH solution.

2.4. Application of materials for solketal synthesis

All the synthesized materials were used for acetalization of
glycerol with acetone to yield solketal. In a typical experiment,
0.25 g of catalyst (5% of glycerol weight) was taken in a round bot-
tom flask and 18.91 g of acetone and 5 g of glycerol with glycerol to
acetone molar ratio 1:6 was added to it and the mixture was re-
fluxed at 70 °C for different time duration viz. from 30 min to
4 h. After reaction was completed products were analyzed by GC.

3. Results and discussion

Carbonization and sulfonation are the two important steps that
influence the nature and properties of the sulfonated carbon-silica
composite materials. The rate and extent of carbonization also
influence the amount of sulfonyl bearing groups on the carbon
moiety which are related with the acidity of the final material.
Due to these reasons, the strategy adopted in the present study
is related to the change in concentration of the carbon precursor,
glucose and the conditions to facilitate effective interaction be-
tween carbon and silicon species during the simultaneous carbon-
ization and sulfonation synthesis. The variation in glucose
concentration is also expected to alter the material quality due to
the fact of the structure directing property of its intermediate spe-
cies. To know the effect of glucose on the properties of materials
such as acidity, porosity and surface area we have varied the glu-
cose concentration while keeping the TEOS concentration constant.
Further, to facilitate the effective interaction between carbon and
silicon species, we have adopted additional step of hydrothermal
treatment of the reaction mixture so as to improve the simulta-
neous sulfonation and carbonization.

3.1. Effect of synthesis conditions on material properties

The influence of synthesis conditions, such as the amount of
glucose and concentration of sulfuric acid, on the morphology of
SCS, HSCS are investigated. The SEM images of the samples pre-
pared by varying glucose concentration and synthesis method have
been given in Fig. 1. The SCS samples synthesized by thermal
method exhibited non-uniform (hierarchical) morphology of
agglomerated spheres in the composite, while those of hydrother-
mally synthesized samples (HSCS) appeared in uniform spherical
morphology. Among the hydrothermally treated samples, the sam-
ple HSCS 1/0.3 exhibits smoothly surfaced spherical agglomerates
that may be due to the excess amount of silica species that super-
fluous to generate sufficient primary silica particles on the surface
besides its interaction with carbon in the carbon silica composite
material. At higher glucose concentrations the material (HSCS1/2)
exhibited cracked sphere morphology that is attributed to the for-
mation of thinner outer shell prone to breakage. The above results
demonstrated that the shell morphology of composite material
could be easily controlled by adjusting the ratio of glucose to silica
concentration. However, a commonality observed in both the
methods (SCS as well as HSCS) is the increase in agglomerate size
with glucose concentration. The IR spectra of the samples show the
interaction between silica and carbon moiety in both SCS and HSCS
materials (Fig. 2A and B). It is known that sulfonated carbon exhib-
its two characteristic bands representing the -OSOsH group at
1712 cm~' and 1207 cm~![36]. In our study, all the SCS and HSCS
samples also exhibited a band at 1712 cm™}, but the second one
at 1207 cm™' is not distinct as it is merged with the band at
1090 cm™! related to silica. Further as the synthesis of material
was carried out in air, there is a fair chance for the oxidation of glu-
cose in presence of concentrated sulfuric acid to form the —-COOH
groups. Thus, the band at 1712 cm™! obtained for the materials
may also due to stretching vibration of (C=0) of -COOH group.
The additional bands obtained at 3447 cm~' and 803 cm™' are
due to presence of -OH and SiO, stretching, Vibrations. The pres-
ence of aromatic carbon is confirmed by the presence of band at
1620 cm ™.

3.2. Porosity and acidic properties of the synthesized materials

Small angle X-ray diffraction patterns of the samples (ESI Fig. 1)
reveal the presence of larger meso-porosity in the synthesized



D. Nandan et al./ Microporous and Mesoporous Materials 179 (2013) 182-190

SCS1/0.3

jet
A LF

'ses12 8

Fig. 1. SEM images of the materials synthesized by thermal method (A, B and C) and hydrothermal methods (D, E and F).
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Fig. 2. FT-IR spectra of synthesized materials (A) SCS and (B) HSCS.



186

materials [37]. Textural properties of the materials given in Table 1
reveal that the materials synthesized by thermal method (SCS) ex-
hibit higher surface area and micropore surface areas compared to
those synthesized by hydrothermal method (HSCS). However, a
common feature observed in both SCS and HSCS materials is the in-
crease in the micropore surface area with the glucose concentra-
tion that is indeed expected from the formation of more
microporous carbon material with increasing carbon source, glu-
cose in the synthesis mixture. Accordingly, except SCS 1/1, the per-
centage of mesoporous surface area is lower in SCS materials
(Table 1). The nitrogen adsorption-desorption isotherms of SCS
samples (Fig. 3A) indicate that the hysteresis loop representing
mesopores is not H1 type (observed for larger mesopores) in
SCS1/0.3, but it is shifted to H1 type with increasing glucose con-
centration (as in case of SCS1/1 and SCS1/2). In SCS 1/0.3 the hys-
teresis loop was broad with range of nitrogen adsorption volume
from 0.2 to 0.7 P/P, (relative pressures) signifying the presence of
small mesopores. But in case of SCS1/1 the hysteresis loop repre-
senting the range of nitrogen adsorption volume shifted to higher
level (0.6-1.0 P/Py) signifying the presence of mesoporosity with
larger mesopores [37]. However, further increase of glucose con-
centration as in case of SCS1/2 could not continue this increase
rather decrease in area of hysteresis loop was observed. There
seems an optimum amount of glucose required in SCS material,
for its effective interaction with silica species to form larger pores
where, the concentration of glucose used in SCS1/1 (with equal wt.
ratios of glucose and TEOS) produced the material with best poros-
ity properties. This phenomenon is also supported by the pore size
distribution of corresponding samples (Fig. 3B) where the average
pore diameter of SCS1/0.3 was 2.6 nm which is initially increased
with glucose concentration to 5.6 nm in SCS1/1, while further in-
crease in glucose concentration resulted in reversible effect of de-
crease in the size to 3 nm in SCS1/2 sample. Overall, sample SCS1/1
exhibited superior properties in terms of porosity and average pore
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size. Unlike this, all the three materials synthesized by hydrother-
mal method (HSCS) exhibited uniform pores of type IV with H1
type hysteresis loop configuration representing the larger mesop-
ores (Fig. 3C). The presence of larger mesoporosity was evident
from the sharp uptakes of nitrogen volume adsorbed at relative
pressures of 0.7-0.1.0 P[Py as a result of capillary condensation in-
side the mesopores in HSCS1/0.3. Increase in the glucose concen-
tration resulted in significant change in loop configuration where
the area inside the loop is decreased in both HSCS1/1 and HSCS1/
2 samples. This phenomenon is also supported by pore size distri-
bution of the corresponding materials (Fig. 3D) where ordered and
larger mesopores are formed (average pore diameter (13.8 nm) at
low glucose (SCSS1/0.3) concentrations. But, increase in glucose
concentration resulted in change from ordered mesopores to hier-
archical mesopores of lower pore diameter (average pore diameter
of 5.7-5.9 nm), and the hierarchy of the pores is further increased
with glucose concentration (HSCS1/2). It is interesting to see, at
same glucose concentrations, the materials synthesized by hydro-
thermal method exhibited larger pore diameter. For example, the
average pore diameter of the HSCS1/0.3 is 13.8 nm against
2.6 nm of the SCS1/0.3.

The properties of HMS samples obtained by simple calcination
of corresponding composite material (for removal of carbon moiety
ESI Table 2) indicates that average pore diameter as well as the
percentage of meso pore surface area of the materials increased
after the removal of carbon moiety. This observation suggests that
the carbon moiety is surrounded by silica moiety in the composite
material. Further, increase of glucose concentration in the initial
gel resulted in increase in average meso pore diameter of the resul-
tant HMS.

The acidity of the samples is measured by three methods; tem-
perature programmed desorption of ammonia (Fig 4), acid-base
titration, elemental sulfur analysis (Table 2) and EDX analysis
(ESI Fig. 2). The common trend of increase in acidity of the
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Fig. 3. (A) and (C) N2 adsorption-desorption isotherms of the samples of SCS and HSCS, respectively (B) and (D) is the respective pore size distribution using BJH method.
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Table 2
Elemental composition and acid density of the synthesized materials.

Sample Carbon (%) Hydrogen (%) Sulfur (%) Acid density due to -SOsH (mmol/g)* Total acid density (mmol/g)®
SCS1/0.3 22.96 1.93 0.36 0.11 0.90
SCS1/1 30.59 1.79 0.45 0.14 1.20
SCS1/2 48.28 2.18 0.58 0.18 135
HSCS1/0.3 25.70 1.45 0.20 0.06 1.05
HSCS1/1 33.38 1.86 0.21 0.06 1.50
HSCS1/2 42.53 1.58 0.23 0.07 2.25

@ Calculated from sulfur content assuming all S atoms are in the SOsH form.

> Determined by acid base titration.

composite materials with the glucose concentration was observed
for all the samples, Further, the acidity related to —-SOsH groups of
the samples is lower than the total acidity measured by titration
method. This may be due to the contribution of other functional
groups (—-COOH, phenolic -OH), which is supported by IR analysis.
But, the only difference observed between the properties of the
materials synthesized by two methods is the increase in acidity
is significant in the materials synthesized by hydrothermal method
(HSCS) when compared to those synthesized by thermal method
(SCS). Further the TGA analysis of the composite materials synthe-
sized by thermal and hydrothermal methods (Fig. 5) shows weight
loss at two places: (1) below 100 °C due to the removal of moisture
and (2) between 300 °C and 750 °C due to the removal of carbon
material from the composite. The above discussion envisions that
the catalysts are stable at the chosen reaction temperature i.e.
70 °C under solvent free conditions.

3.3. Plausible mechanism for the formation of SCS, HSCS and HMS
materials

Based on the surface area and porosity, morphology of the
materials obtained by SEM images and acidity trends observed in
TPD analysis of the composite materials we have proposed a sche-
matic model for the formation of SCS and HSCS materials obtained
by thermal and hydrothermal routes (Fig. 6). The TEOS and Glucose
undergo hydrolysis in presence of sulfuric acid to produce the silica
and carbon species in the first step, which is common in both ther-
mal and hydrothermal methods. However, the direct interaction
between lypophilic carbon species and hydrophilic silica species
is not possible. Here, sulfuric acid can act as sulfonation agent
and the interaction of sulfuric acid with unsaturated cyclic carbon
moiety creates the polarity in the molecule. This supramolecular
assembly of glucose molecules helps to form the cage-like struc-
ture inside the SiO,, where otherwise difficult interaction between
hydrophobic carbon moiety and hydrophilic silica moiety is facili-
tated by the presence of hydrophilic -SOsH functional groups on
the hydrophobic carbon moiety for the successful formation of
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the composite [41-42]. In the present synthesis, there is no struc-
ture directing agent is used in the initial gel mixture, but the sulfo-
nyl carbon species formed by the sulfuric acid treatment of glucose
in the initial gel itself acts as structure directing agent and its fur-
ther interaction with silica species facilitates the formation of mes-
opores (carbon-silica-composite material). Hence, the high
amount of mesopores formed in the hydrothermal method gives
indirect evidence to the better interaction between carbon and sil-
ica moiety. The extent of carbonization of the carbon moiety and
its interaction with silica moiety is strongly influenced by the con-
centration of sulfonyl group functionalized on the carbon moiety.
Hence, the key factor in the synthesis of composite material seems
to be governed by the carbonization and sulfonation reactions,
where thermal and hydrothermal methods adopted (in the second
step of the synthesis) in the present study were observed to influ-
ence the properties of the material. As shown in Fig 6, compared to
thermal method, the hydrothermal method adopted in step 2 of
the synthesis facilitates effective sulfonation of the carbon moiety
due to the presence of the autogenous pressure created in the auto-
clave that results in enhanced interaction between carbon and sil-
icon moieties. Third step is common in both the methods, where
the solid materials obtained in the second step are treated at high
temperatures under nitrogen atmosphere for the complete carbon-
ization of the materials to obtain sulfonyl functionalized thermally
stable carbon-silica composite materials. As shown in Fig. 6, the
carbonization step yields different type of materials in two differ-
ent methods, where, the effective interaction of sulfonyl groups
with carbon moiety facilitated in hydrothermal method yields
homogenously distributed sulfonyl interacted carbon-silica com-
posite (HSCS) with larger mesopores, while the thermal method re-
sults in the formation of heterogeneously distributed carbon
having localized carbon moieties along with silicon interacted car-
bon responsible for formation of considerable micropores and
smaller mesopores in SCS materials. The fourth and final step is
the production of mesoporous silica from the composite materials
by thermal treatment to remove the carbon moiety in the compos-
ite material, where both HSCS and SCS materials produced

0.12
B ——HSCS1/2
~ 010 ——HSCS1/1
= ——HSCS1/0.3
< 0.081
=
=
.8 0.06 1
]
2 04]
=
0.02
0.00 ——
0 50 100 150 200 250 300

Temperature (OC )

Fig. 4. TPD spectra of synthesized (A) SCS and (B) HSCS materials.



188

62%
100 200 300 400 500 600 700
0
Temperature ("C)

D. Nandan et al./ Microporous and Mesoporous Materials 179 (2013) 182-190

100
95 4
90+
85
80
751
704
65
60

91% HSCS1/2

86%

Weight %

61%
100 200 300 400 500 600 700

Temperature (OC)
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Fig. 6. Plausible mechanism for the formation of SCS, HSCS and HMS materials.

hierarchical mesoporous silica (HMS), with only difference of pro-
ducing larger mesopores in hydrothermal method and smaller
mesopores in thermal method.

From above discussions the hydrothermal method seems to be
better to synthesize the composite material (HSCS) with larger
mesopores and higher acidity required for the catalytic transfor-
mation of bulky molecules. However, the presence of micropores
and the low diameter mesopores in SCS 1/0.3 resulted in high sur-
face area of this material. Hence, this material also exhibits lower
average pore diameter values that further confirm the presence
of carbon/carbon-silica inside the silica shell which finds applica-
tions in catalysis due to its high surface area and hierarchical
porosity.

3.4. Catalytic application of SCS and HSCS materials

All the composite materials synthesized in this study have been
tested for glycerol to solketal reaction under similar conditions by
taking reactant mixture in the round bottomed flask attached with
reflux condenser at 70 °C reaction temperature and glycerol/ace-
tone molar ratio of 1/6. Among the various catalysts, the highest
glycerol conversion of 82% along with 99% selectivity to solketal
was obtained over the HSCS1/2 (Table 3). In a typical reaction con-
ducted on HSCS1/2 indicated the gradual increase of conversion
from 30% to 82 up to the reaction time of 30 min and the conver-
sion levels are stabilized and no further change in these values ob-
served with reaction time (Fig. 7). A blank reaction conducted in
the absence of catalyst ascertained that there is no production of
solketal. Hence the reaction time of 30 min is considered for equi-
librium attainment of the reaction and the product is collected
after this time period on all the catalysts. The highest conversion
of glycerol observed on HSCS1/2, despite of its lower porosity

and low surface area indicate that the mesopores size alone is
not responsible for the catalytic activity of these composite mate-
rials. Since, the reaction under study is of acid catalyzed nature, the
catalytic activity of the materials may be related with the acidity of
the samples. The acidity patterns given in TPD spectra and total
acidity measured by NaOH titration indeed indicate the highest
activity exhibiting sample HSCS1/2 also exhibits highest acidity
that supports the direct role of acidity in catalytic activity. All other
composite materials also exhibited the higher conversion values of
>75% (lower when compared to HSCS1/2) of glycerol. A general
trend observed in catalytic activity is that the hydrothermally trea-
ted composite materials (HSCS) outperformed the corresponding
samples prepared by thermal method (SCS) at all the glucose con-
centrations. This may be due to the higher total acid density and
larger mesopore formation facilitated in the hydrothermal treat-
ment method. However TOF values calculated for HSCS samples

Table 3

Catalytic activity and product distribution with time.?
Catalyst Conversion (%) Solketal sel. (%) TOF/h
SCS1/0.3 76 95 39
SCS1/1 79 76 37
SCS1/2 75 90 30
HSCS1/0.3 79 98 35
HSCS1/1 80 98 32
HSCS1/2 82 99 30

Amberlyst-153"

2 0.25 g of catalyst (5% of glycerol weight) was taken in a round bottom flask and
18.91 g of acetone and 5 g of glycerol with glycerol to acetone molar ratio 1:6 was
added to it and reflux at 70 °C for 30 min.

b TOF value is based on the moles of the glycerol converted per mole of total acid
site per h.
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Table 4
Recycling experiments on the HSCS1/2 catalyst for the synthesis of solketal.®

Run Glycerol conversion Total acid density (mmol/g)°
1 82 2.25
2 80 2.20
3 81 2.19
4 79 2.15

2 0.25 g of catalyst (5% of glycerol weight) was taken in a round bottom flask and
18.91 g of acetone and 5 g of glycerol with glycerol to acetone molar ratio 1:6 was
added to it and reflux at 70 °C for 30 min.

b Acidity was determined by acid base titration.

are comparable with those of the SCS samples (Table 3). Further,
the performances of HSCS materials are also comparable with
those reported for sulfonic acid modified silica catalysts (82.5%
for Ar-SBA-15 and 79.0% Pr-SBA-15) (Table 3). However the perfor-
mances of the catalysts are not directly correlated with the amount
of sulfur estimated by elemental analysis. This may be due to the
contribution of -COOH and phenolic -OH groups (in addition to
-SO3H) to the total acidity. This is in accordance with the results
reported for the sulfonated carbon catalysts [43-44]. Further, the
co-presence of the hydrophilic -COOH and phenolic ~-OH groups
in the HSCS materials of the present study may also play an impor-
tant role in promoting the activity of the catalyst by creating strong
affinity between the hydrophilic parts of the reactants with the
catalyst. Thus the presence of acidic SOsH groups along with
hydrophilic groups (-COOH and -OH) present in composite mate-
rial of present study provides a beneficial factor for the develop-
ment of the catalytic process for solketal production, and the
catalyst also exhibits constant glycerol conversion up to the 4 reac-
tion cycles (Table 4).

4. Conclusions

The synthesis of sulfonated carbon-silica-meso composite
materials with tuneable acidity and porosity are reported for first
time by adopting simple one step method of simultaneous carbon-
ization and sulfonation. The simplicity involved in the material
synthesis using low cost glucose as a carbon source as well as
structure directing precursor makes the present method novel to
those relevant works reported in the prior art. The materials exhib-
ited excellent catalytic activity in the acetalization of acetone with
a renewable feedstock, glycerol to produce 2,2-dimethyl-1,3-
dioxolane-4-methanol (solketal) thus provides an efficient heter-
ogenous catalyst for the value addition of the undesired bi-product
glycerol obtained in the biodiesel synthesis. The glycerol conver-

sion and product selectivities achieved on these materials are com-
parable to those reported for other sulfonated materials. Moreover,
the active mesoporous materials do not suffer from leaching prob-
lems and can be efficiently reused in consecutive catalytic cycles.
The synthesized SCS materials and the mesoporous silica (MS) ob-
tained by carbon removal through simple calcination of SCS exhibit
different porosity and can be used as catalysts and supports for vi-
vid catalytic applications.
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