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Abstract
Mesostructured silica materials with surface area in the range of ~700–900 m2/g have been prepared using hydroxy-car-
boxylic acid compounds such as tartaric acid, malic acid and citric acid (low cost non-surfactant template/pore forming 
agents) and tetraethylorthosilicate (TEOS) as silica source by sol-gel reaction. The templates were removed by either soxhlet 
extraction or calcination method. Mesoporous carbon molecular sieves were then prepared by carbonizing sucrose inside 
the pores of the above prepared mesoporous silica using sulfuric acid as a catalyst. The materials were characterized by 
FTIR spectroscopy, powder X-ray diffraction (XRD),  N2-sorption studies, microanalysis, thermal analysis and transmission 
electron microscopy (TEM). The resulting carbon material shows relatively higher surface area (~1100 m2/g), narrow pore 
size distribution and pore diameter of 4–5 nm. The mesoporosity of carbon material arises from interconnecting channels 
arrangements of mesoporous silica template. The mesoporous carbon material was used as a support for the immobilization 
of rhodium complex [HRhCO(TPPTS)3] by ossification method. The prepared catalyst has been tested for the hydrofor-
mylation of higher olefins. The activity of the catalyst was improved by 20–30% as compared to the catalyst prepared from 
a conventional activated carbon support.

Keywords Low cost templates · Mesoporous silica · Carbonization · Mesoporous carbon · Immobilization · 
Hydroformylation

1 Introduction

The most important research area in the mesoporous mate-
rials is to develop an inexpensive and environmentally 
benign route for fabrication of three dimensionally inter-
connected mesoporous materials. Carbon with high surface 

area, large pore volume and chemical inertness are useful 
in many material applications which includes adsorption, 
water and air purification, chromatographic column, capaci-
tor for energy storage and as a catalyst support [1–6]. Most 
activated carbons synthesized through physical or chemi-
cal activation [7–11] are however microporous and these 
carbons have limited applications as adsorbents for large 
molecules and as an electrode [12, 13]. Various porous car-
bon materials have been fabricated using different kinds of 
nanostructural silica materials as templates. The technique 
consists of: (i) impregnation of the inorganic porous struc-
ture (template) with a carbon precursor (generally a polymer 
or prepolymer), (ii) carbonization of the precursor inside the 
nanocomposite, and (iii) elimination of the template that 
gives rise to the pores.

The recent discovery of ordered mesoporous materi-
als thus provided a new generation to the silica tem-
plates [14–19]. These silica templates are suitable for 
the synthesis of mesoporous carbon, possibly with the 
ordered mesoporous structures with three dimensionally 
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interconnected channels. Ryoo and coworkers reported 
the first synthesis of new type of mesoscopically ordered 
carbon molecular sieve CMK-1 and CMK-3 (cubic and 
hexagonal respectively), by carbonizing sucrose inside 
the pores of the cubic MCM-48 and hexagonal SBA-15 
mesostructured silica materials [20, 21]. Whereas furfuryl 
alcohol was found to be most suitable carbon precursor 
to synthesize hollow or fully filled cage-like silica-car-
bon mesostructures from SBA-16 [22]. Wormhole [23], 
foam like [24] mesostructured carbons and mesoporous 

carbons with high textural porosity [25] were fabricated 
using mesoporous aluminosilicate, organic colloids and 
mesostructered HMS silica materials as templates respec-
tively. Kim and coworkers synthesized nanoporous hollow 
carbon tubes from silica tubes derived by sol-gel reactions 
of tetraethoxysilane and n-octadecyltrimethoxysilane on 
the surface of ammonium-dl tartarate crystals [26]. One-
step synthesis of composite mesoporous carbon has also 
been reported on co-polymerization of cheap silica and 
carbon precursors [27].

The synthesis of mesoporous silica materials using sur-
factants as templates has been studied extensively [28–30]. 
So far surfactants, ionic [14, 17] or neutral [15, 31] have 
been the most commonly used templates for directing the 
formation of mesopores. All the ionic pathways are based 
on charge matching between the ionic surfactants and ionic 
inorganic precursors through electrostatic interactions. For 
the neutral surfactants it was suggested that hydrogen bond-
ing between the surfactants and the precursors directs the 
formation of mesostructures. The preparation of mesoporous 
silica via neutral route has important advantage over electro-
static route because of the easy removal of the surfactants by 
solvent extraction and the tendency to produce material with 
thicker walls and smaller particle size. The second advan-
tage is that they are relatively inexpensive, environmentally 
compatible and biodegradable.

Synthesis of mesoporous silica materials is documented 
in literature using the non-surfactant method [32–37]. A 
general non-surfactant neutral templating pathway for 
the preparation of mesoporous silica materials via sol-gel 
method with large surface area and pore volume is reported 
by Wei and coworkers, where he used D-glucose, D-malt-
ose, dibenzoyl L-tartaric acid etc. as templates or pore 
forming agents [32]. Pang et al. reported the preparation of 
mesoporous silica materials via pre-hydrolysis of tetraethyl 

orthosilicate (TEOS) and using different concentrations 
of hydroxy-carboxylic acid as templates [33]. They have 
obtained mesoporous silica with numerous interconnected 
worm-like channels or pores which are relatively regular in 
diameter but largely disordered in channel arrangements.

The hydroformylation of olefins is one of the most impor-
tant industrial processes exclusively relying on homogeneous 
catalysis [38]. This process produces the aldehydes by reaction 
of olefins with syngas in the presence of a catalyst as shown 
below:

Higher olefins  (C6 and onwards) constitutes more than 20% 
of the commercial hydroformylation capacity. Their hydro-
formylation is more complicated and has additional issues to 
that observed in lower olefin hydroformylation. (i) Isomeriza-
tion of higher olefins under hydroformylation conditions is 
a prominent side reaction which ultimately affects the TON 
and n/i ratio. (ii) Heavy ends formation by side reactions such 
as condensation, trimerization, aldolization, acetalization at 
higher reaction temperatures. (iii) Catalyst-product separation 
is more difficult, as aldehydes of higher olefins are high boil-
ing and their distillative separation from reaction mixture is 
difficult. Hence development of true heterogeneous catalyst 
for easy catalyst product separation is one of the challenging 
tasks in hydroformylation chemistry. Attempts were made to 
heterogenize the homogeneous catalysts by immobilization of 
the metal complex on a variety of organic/inorganic solid sup-
ports using different methods [39]. These methods includes 
anchoring [40, 41], tethering [42], encapsulation [43, 44], and 
impregnation of solid support with liquid medium contain-
ing catalyst i.e. supported liquid phase catalyst (SLPC) [45] 
and supported aqueous phase catalyst (SAPC) [46]. We have 
successfully demonstrated heterogenization of homogeneous 
complexes by the ossification method for carbonylation, hydro-
formylation and Suzuki cross coupling reactions [47–50].

Here, we report the synthesis of mesoporous silica at room 
temperature with short-range order and narrower pore size 
distribution by using hydroxy-carboxilic acids (tartaric, malic 
or citric acid) as templates/pore forming agents. Mesoporous 
carbon molecular sieves were then prepared by carbonizing 
sucrose inside the pores of the above prepared mesoporous 
silica using sulfuric acid. The above prepared mesoporous 
carbon is used as a support for preparation of immobilized 
rhodium complexes [HRhCO(TPPTS)3] using ossification 
method in presence of excess trisodium salt of tris triphenyl 

O
CO + H2+ O+

catalyst

1-hexene n-heptaldehyde 2-methyl, hexaldehyde

branched isomern- isomer( ) ( )
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phosphine trisulphonate ligand (TPPTS) [48]. This catalyst 
has been found to be active for the hydroformylation of higher 
olefins such as 1-hexene, 1-octene and 1-decene.

2  Experimental

2.1  Chemicals

For the synthesis of mesoporous silica tetraethylortho-
silicate (TEOS, Aldrich USA 98% pure), absolute etha-
nol (99.9%, S. D. Fine Chem. Ltd. India), hydrochloric 
acid (sp. gr. 1.18, 35.4%) tartaric acid, malic acid and 
citric acid (99% pure) purchased from Loba Chemie Pvt. 
Ltd. India. In order to prepare mesoporous carbon mate-
rial sucrose (99.9% pure),  H2SO4 (sp. gr. 1.8, 98% Pure), 
NaOH flakes (98% pure) were purchased from Loba Che-
mie Pvt. Ltd. India and used without further purification.

To prepare carbon suppor ted bar ium salt of 
HRhCO(TPPTS)3 catalyst Rhodium trichloride  (RhCl3. 
 3H2O, Arora-Matthey, India), Barium nitrate,  PPh3, acti-
vated carbon (C-1) Loba Chemie Pvt. Ltd. India and used 
without further purification. The solvents, toluene, ben-
zene, ethanol etc. were freshly distilled and dried prior 
to use. For hydroformylation experiments 1-hexene, 
1-octene, 1-decene (>99% pure) procured from Aldrich 
USA. Hydrogen and nitrogen gas (Indian Oxygen, Mum-
bai, India), Carbon monoxide (>99.8% pure, Matheson 
Gas, USA) was used directly from the cylinders. The 
syngas mixture  (H2 + CO) with 1:1 ratio was prepared 
by mixing  H2 and CO in a reservoir vessel. The ligand 
triphenylphosphine trisulfonate (TPPTS) and its rhodium 
complex, HRh(CO)(TPPTS)3 were prepared by known lit-
erature procedures [46, 51].

All the chemicals and reagents used were of analytical 
grade. Double distilled water was used during synthesis 
procedure.

2.2  Synthesis of mesoporous silica

Mesoporous silica was prepared on the basis of a proce-
dure reported by Pang et al. with some modification [24]. 
The molar composition of the gel was: 1.0 [TEOS]: 0.01 
[HCl]: 4.0  [H2O]: 3.0 [EtOH]. Tetraethylorthosilicate 
(TEOS) in ethanol was hydrolyzed using hydrochloric 
acid as a catalyst in deionized water at room temperature 
in presence of an aqueous solution of hydroxy-carboxylic 
acid (0.45 g/ml for 50 wt%) as a template. The hydroxy-
carboxylic acids used may be tartaric acid (T), malic acid 
(M) or citric acid (C) as template or pore forming agent. 
Slow hydrolysis in the presence of templates might play a 
role for some regularity in the mesophase formation.

The final gel was kept at room temperature for 1 month. 
The transparent monolithic disk obtained may be due to 
the aggregation/self-assembly formation of the template 
and their hydrogen bonding interactions with the inorganic 
precursor, which plays an important role in directing the 
mesostructure formation [14, 52]. This transparent, mono-
lithic mesoporous silica disk containing template was then 
ground into fine powder and the template was removed by 
two methods: (a) soxhlet extraction using deionized water 
and (b) calcination at 550 °C (0.5 °C/min. in air) for 5–6 h. 
The soxhlet-extracted samples were designated as SSA 
(i.e., soxhlet extracted mesoporous silica of respective 
hydroxy-carboxylic acids). These are SST (tartaric acid 
templated silica), SSM (malic acid templated silica) and 
SSC (citric acid templated silica). For the calcined sam-
ples, the abbreviations are CSA (i.e. calcined mesoporous 
silica of respective hydroxy-carboxylic acids) i.e. CST, 
CSM and CSC as above respectively.

2.3  Synthesis of mesoporous carbon

In order to get the mesoporous carbon material, the 
mesoporous silica sample (prepared in Sect.  2.2) was 
impregnated with the aqueous solution of sucrose contain-
ing sulfuric acid, as reported earlier [20, 21]. In brief, 1 g of 
mesoporous silica material (SSA or CSA) was added to the 
solution obtained by dissolving 1 g of sucrose and 0.12 g of 
 H2SO4 in 5 ml of  H2O. The mixture was placed in a drying 
oven for 6 h at 160 °C. The treatment was repeated and the 
obtained sample was carbonized under  N2 atmosphere at 
900 °C (2 °C/min) for 5 h. The silica templates were then 
removed by dissolving in an ethanolic aqueous solution of 
sodium hydroxide. The mesoporous carbon samples thus 
produced were designated as SCA (carbon: using silica as 
template when procured on removing respective hydroxy-
carboxylic acids by soxhlet extraction) and CCA (carbon: 
using silica as template when procured on removing respec-
tive hydroxy-carboxylic acids by calcination).

2.4  Preparation of carbon supported catalysts

The dispersed heterogenized catalyst was synthesized from 
a water-soluble metal complex prepared by known methods 
[51] and then supported ossified catalyst was prepared by 
precipitating it as its barium salt on a porous support as 
per the procedure described [48]. In a typical case, aque-
ous solution of 20% Ba(NO3)2 (0.060 g) was added to 0.3 g 
of carbon support. The mixture was refluxed for 4–5 h and 
evaporated to dryness to get barium nitrate impregnated 
carbon.

The carbon supported barium salt of HRhCO(TPPTS)3 
was prepared by taking 0.3 g of above prepared Ba(NO3)2 
impregnated carbon in a small two-neck round bottom flask. 
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An aqueous solution of HRhCO(TPPTS)3 [48  mg] and 
TPPTS [60 mg] was added under constant stirring in a posi-
tive flow of argon. The stirring was continued for 4–5 h. The 
mixture was filtered; the precipitate was washed 2–3 times 
with cold and hot water respectively followed by water and 
toluene for 12 h each with soxhlet apparatus, to remove the 
unreacted complex and excess ligand. The precipitate was 
dried under vacuum (yield = 0.33 g.). Two catalysts thus pre-
pared from activated carbon (C-1) and mesoporous carbons 
(SCT) were designated as Rh-C-1 and Rh-SCT respectively.

2.5  Characterization

FTIR spectra of mesoporous silica recorded with a Shi-
madzu FT-IR spectrometer (Model 8300). Mesoporous silica 
and carbon samples were characterized using X-ray diffrac-
tion method (Rigaku X-ray diffractometer; model Dmax 
2500 with Cu Kα radiations of λ = 0.154 nm). The surface 
area and pore volume were determined from  N2 adsorption 
isotherms using a Coulter (Omnisorb, 100 CX) instrument. 
Metal content of the catalysts were analyzed by inductively 
coupled plasma with atomic emission spectra (ICP-AES) 
performed using Perkin-Elmer 1200 instrument. Trans-
mission electron image was received from JEOL 1200 EX 
microscope operated at 100 kV. The sample was prepared by 
dispersing the powder in isopropanol. Depositing few drops 
of suspension on a carbon coated 400-mesh Cu grid enabled 
imaging. Thermal stability of the mesoporous silica/carbon 
samples was carried out using computer controlled thermal 
analyzer (Setaram, France, Model TG-DTA 92).

2.6  Catalytic experiment

The reactions were carried out in a 50 ml high-pressure 
stainless steel reactor manufactured by Amar Instruments, 
India. This reactor was fitted with a transducer for moni-
toring of pressure, a temperature control with automatic 
heating and cooling, and a magnetic stirrer with variable 
speed. A reservoir filled with syngas was connected to 
the reactor via a constant pressure regulator. This enabled 
continuous feeding of the syngas from the reservoir, as 
per the consumption in the rector, while maintaining con-
stant pressure in the rector. The reaction was monitored by 
looking at the reservoir pressure drop. During the course 
of the reaction, the reactants and catalyst were charged 
into the rector and the contents were flushed with nitro-
gen and syngas. Following this the reactor and contents 
were heated to the desired temperature under low stirring 
[200 rpm]. Once the temperature was attained, the syngas 
[CO:  H2, 1:1] were pressurized into the reactor as and 
when required. The reaction was started by increasing the 
agitation speed to 1400 rpm. The gas consumed by the 
reaction was made up by a continuous addition from the 

reservoir, wherein the pressure was monitored with time. 
During the course of the reaction, samples were withdrawn 
periodically and analyzed on GC for reactant and products. 
At the end of the reaction the autoclave was cooled and 
final samples were taken for GC analysis (Agilent 6890, 
HP-5 capillary column 30 m) and confirmation of the mass 
balance.

3  Results and discussion

3.1  FTIR spectroscopy

Mesoporous silica materials have been prepared via sol-gel 
reactions of TEOS in the presence of T, M or C acids as 
templates. All characteristic absorption bands due to asym-
metric stretching mode (1088–1084 cm−1) with shoulder at 
~1200 cm−1 and others at 960 cm−1, 800 cm−1, 730 cm−1, 
550 cm−1 and 450 cm−1 assigned to symmetric stretching 
and deformation mode are observed like other mesoporous 
silica materials [53]. On comparing the set of spectra A 
& B in Fig. 1, it has been observed that band intensity at 
960 cm−1 (due to coupled mode of Si–O stretching and 
O–H deformation) is lower for calcined samples than for the 
soxhlet extracted samples. This intensity reduction may be 
related to dehydroxylation and rearrangement of silica wall 
during calcination. All the mesoporous silica samples show 
the absence of strong absorption band at ~1700–1750 cm−1 
corresponding to the C=O stretching vibration of hydroxy-
carboxylic acid indicate that all template molecules are com-
pletely removed after washing the silica material (Figure not 
shown) [53, 54].

3.2  X‑ray diffraction

The representative low angle XRD pattern of (A) 
mesoporous silica SST and (B) corresponding mesoporous 
carbon SCT are shown in Fig. 2. XRD pattern of mesoporous 
silica SST, shows a broad diffraction peak (100 reflection) 
centered at 2θ = 1.1o suggesting short range ordering of 
mesoporous silica material, which corresponds to d spac-
ing of 8.0 nm. Whereas slight shift in the peak positions 
(the prominent peak at 100 reflection shifted to higher 2θ 
value of 1.4o, d-spacing of 7.4 nm) is observed for the cor-
responding mesoporous carbon material. The XRD pattern 
of mesoporous carbon in the high angle region (10–90o) 
showed the absence of peaks characteristic of graphitized 
carbon which observed at (2θ = 26o and  44o) assigned to 
(002) and (10) diffraction of the graphitic framework 
(Fig. 3). Hence this is highly amorphous carbon with negli-
gible graphitic content which is undetectable by XRD.
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The XRD pattern of immobilized catalyst Rh-SCT is 
similar to the parent mesoporous carbon SCT at low angle 
indicating that the structure of SCT is intact after immobi-
lization of HRhCO(TPPTS)3 complex (Figure not shown).

3.3  Adsorption studies

N2 adsorption-desorption isotherms of all the silica/carbon 
samples exhibit type IV isotherm with type  H2 hysteresis 
loop which can be attributed to capillary condensation taking 

place in the mesoporous silica /carbon samples [33]. The 
representative tartaric acid templated mesoporous silica’s 
obtained by soxhlet extraction method i.e. SST and calcina-
tion method i.e. CST (Figs. 4a and 5a) and their carbon rep-
licas i.e. SCT and CCT respectively (Figs. 4b and 5b) show 
type IV isotherm with corresponding Barret Joyner Halenda 
(BJH) pore size distribution plots (insert) determined from 
the desorption branch of  N2 isotherm. The initial part of 
type IV isotherm at lower relative pressure (P/P0 < 0.4) is 

Fig. 1  (a): FTIR spectra of sox-
hlet extracted mesoporous silica 
materials; (1) SST, (2) SSM and 
(3) SSC. (b) FTIR spectra of 
calcined mesoporous silica; (1) 
CST, (2) CSM and (3) CSC
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mainly attributed to the monolayer multilayer adsorption of 
mesopores [52].

It is observed that surface area, pore volume and pore 
diameter of all mesoporous silica samples obtained by sox-
hlet extraction i.e. SST, SSM and SSC are higher than the 
respective samples obtained by calcination method i.e. CST, 
CSM and CSC (Table 1). This behavior may be attributed 
to the rearrangement of the silica wall due to dehydroxyla-
tion and thermal decomposition of corresponding hydroxy 
carboxylic acid, during slow heating up to 550 oC (Fig. 4). 
The BET surface area (700 m2/g.) and total pore volume 
(0.85 cm3/g.) of SST samples are comparable to those of 
the mesoporous materials prepared by us using surfactants 
as templates [55].

All mesoporous silica templated carbon samples show 
greater surface area and pore volume than the respective 

silica templates (Table 1). This observation can be attrib-
uted due to microporosity within the carbon walls and the 
extra porosity due to the incomplete replication process 
respectively. Mesoporous carbon replica SCT shows higher 

Fig. 2  XRD pattern of (a) mesoporous silica SST and (b) mesoporous 
carbon replica SCT

Fig. 3  XRD pattern of 
mesoporous carbon SCT and 
graphite

Fig. 4  N2 adsorption desorption isotherm and corresponding pore 
size distribution plots (insert) determined from the desorption branch 
of N2 isotherm for the soxhlet extracted mesoporous silica sample (a) 
SST and its carbon replica (b) SCT
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surface area of 1027 m2/g and pore volume of 1.0 cm3/g 
than the respective mesoporous silica template SST. The 
pore diameter of mesoporous carbon material is smaller 
than the diameter of respective mesoporous silica sample 
in the case of soxhlet extracted silica samples. Mesoporous 
silica SST has a pore diameter of 4.8 nm whereas carbon 
replica SCT shows pore diameter of 3.9 nm. In the case of 
mesoporous silica samples obtained by calcination method, 
we observed decrease in the pore diameter as compared to 
mesoporous silica samples obtained by soxhlet extraction 
method due to the contraction of pore at the temperature 
of calcination. Also the pore diameter of calcined sample 
is smaller than the respective carbon replica. Mesoporous 
silica sample CST has a pore diameter of 4.0 nm whereas 
carbon replica shows pore diameter of 4.6 nm. SCT and 
CCT show the average pore diameter of ~3.9 nm and 4.6 nm 
respectively (Fig. 5). This difference in pore diameters may 

be attributed to respective wall thickness of silica materials 
i.e. SST ~ 3.7 nm and CST ~ 4.2 nm. In general it is observed 
that the pore diameters are in the order: SCA < SSA and 
CCA > CSA. The pore diameters observed for the above-
prepared mesoporous carbons are comparable to the carbon 
materials derived from MCM-48 [21], SBA-15 and MSU-H 
[56]. From the t-plot analysis with Harkins Jura Equation 
(Table 1), the measured surface areas and pore volumes in 
the pure silica powder  (SiO2 – gel) are predominantly con-
tributed by micropores. We observed higher pore diameter 
of mesoporous carbon than the corresponding silica wall 
thickness, which may be due to the shrinkage of carbon wall 
as reported by Jun et al. [21].

Rhodium complex impregnated catalyst Rh-SCT shows 
decrease in the surface area, pore volume and pore diameter 
as compared to parent mesoporous carbon SCT as shown in 
Table 1. This indicates that the pores of SCT are occupied by 
the metal complex. On the other hand the activated micropo-
rous carbon C-1 did not show much change in the surface 
area after impregnation of metal complex (Table 1). This is 
due to the microporous nature of C-1 (pore diameter < 18 Å) 

Fig. 5  N2 adsorption-desorption isotherms and corresponding pore 
size distribution plots (insert) determined from the desorption branch 
of N2 isotherm for the calcined mesoporous silica sample (a) CST 
and its carbon replica (b) CCT 

Table 1  Sorption properties of mesoporous silica templates, corre-
sponding mesostructured carbon replicas and Rh-complex immobi-
lized catalysts

a The first letter of the sample codes abbreviates about the template 
removing method, S- soxhlet extraction, C- calcination; the second 
letter denotes as S- mesoporous silica or C- mesoporous carbon; the 
third letter refers to the template used for building the unit, T- tartaric 
acid; M- malic acid; C- citric acid
b Control sample: sol gel  SiO2 prepared without template
c Aactivated microporous carbon
d Rh- content is 0.37% w/w by ICP analysis

Samplea Pore diameter SBET  m2/g Total pore 
volume 
 cm3/g

Micropore 
area  m2/g

BET nm BJH nm

SiO2-gelb 2.0 2.8 325 0.16 285
SST 4.8 4.8 700 0.85 24
SSM 3.7 4.0 879 0.84 22
SSC 5.1 5.0 727 0.93 56
CST 4.4 4.0 664 0.78 15
CSM 4.2 3.8 720 0.83 13
CSC 3.5 3.7 650 0.65 40
SCT 3.5 3.9 1027 1.00 125
SCM 3.9 3.5 1120 0.88 156
SCC 4.6 4.0 1068 1.19 134
CCT 3.6 4.6 1013 0.92 160
CCM 3.5 4.5 981 0.86 96
CCC 4.9 4.5 910 1.00 83
C-1c 1.8 1.7 1142 0.54 1008
Rh-C-1d 1.7 1.7 1124 0.51 994
Rh-SCTd 3.2 3.5 390 0.80 33
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which may not be sufficient to accommodate the bulky metal 
complex. Figure 6 show the  N2-sorption isotherms of Rh-
SCT and Rh-C-1 with the pore size distribution (inset).

31P NMR spectra of Rh-SCT shows shift in the sig-
nals as compared to catalyst HRhCO(TPPTS)3 could be a 
result of interaction of the catalyst with support (Support-
ing information Fig. S1). This observation was identical 
to that of previously reported [48].

3.4  Thermal analysis

TG/DTA profile of representative mesoporous carbon 
SCT is shown in Fig.  7. Thermogravimetric weight 
change recorded under air shows significant weight loss 
in narrow temperature range between 550° and  640o 
(~98%) due to the combustion and decomposition of car-
bon to  CO2. This temperature is much lower than that 
reported for nanotubes and other graphitized carbons 
which provides confirmation of non-graphitized nature 
of SCT carbon sample.

3.5  Transmission electron microscopy

TEM images of mesoporous silica material SST and 
mesoporous carbon replica SCT are shown in Fig. 8a, b 
respectively. Aggregation of the non-surfactant template 
molecules could play an important role and the hydrogen 
bonding between the aggregated templates like folic acid 
in isotropic water solution [57] and the inorganic precur-
sors in solution and/or during the gelation may direct 
mesophase formation. These samples show wormhole like 
channel array together with regions of regular ordering of 
the pores in parallel arrangements to the channels as seen 
from TEM images similar to MSU-Si [58], whereas Pang 
et al. [33] reported the formation of mesoporous silica 
with wormhole channels only. This may be due to the slow 

Fig. 7  TGA and DTA curves of 
mesoporous carbon SCT

Fig. 6  N2 adsorption-desorption isotherms and corresponding pore 
size distribution plots (insert) determined from the desorption branch 
of N2 isotherm for Rh-SCT and Rh- C-1
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hydrolysis of TEOS at room temperature in the presence 
of templates in the present study.

3.6  Catalytic reactions

Hydroformylation of 1-hexene, 1-octene and 1-decene was 
carried out using both the catalysts i.e. Rh-C-1 and Rh-SCT 
at 353 K. We have observed a low n / i aldehyde product 
ratio in all the reactions. This is due to the formation of 
internal olefins by isomerization and their subsequent hydro-
formylation (Table 2).

It was observed that, mesoporous carbon supported 
Rh-SCT catalyst showed approximately 20–30% higher 
reaction rates as compared to Rh-C-1 [48, 59]. In addi-
tion, this catalyst also gives better activity (TOF) than 
the literature reported immobilized catalyst for hydrofor-
mylation of higher olefins [42, 44, 60–62]. For example 
for hydroformylation of 1-decene the TOF obtained using 
Rh-SCT catalyst is 541 h−1, whereas for encapsulated 
catalyst (TOF = 109 h−1) [44] and for tethered catalyst 
(TOF = 328 h−1) [42] was obtained under identical reaction 
conditions. The enhanced activity as compared to Rh-C-1 
can be attributed to the large pore diameter (39 Å) of the 
support SCT which is sufficient to accommodate the bulky 
metal complex. This is evident from sorption study which 
shows a decrease in the surface area after the metal com-
plex is immobilized. Hence interaction of the olefins and 
diffusion of the product is easier in the case of Rh-SCT.

On the other hand, the activated carbon C-1 with large 
surface area (1141 m2/g) and a micropore diameter of 
~18 Å did not show major decrease in the surface area 
(>2% decrease) after impregnation of the metal complex 
i.e. for Rh-C-1. In this case the metal complex primarily 
occupies the external surface area of the support as the 
pore size is very small to accommodate the complex. This 
results in the less dispersed catalyst with a reduced surface 
area available for the reaction. This lowers the activity of Fig. 8  TEM images of mesoporous silica (a) SST and respective 

mesoporous carbon replica (b) SCT

Table 2  Comparative study of 
hydroformylation reaction on 
Rh-C-1 and Rh-SCT catalysts

Reaction conditions: Temperature 353  K, Stirring speed 1000  rpm, pCO + H2 (1:1) 4.14  MPa, olefin: 
0.391 kmol/m3 Catalyst: 0.100 g (Rh content 0.37% w/w), Total charge 2.7 × 10−5 m3, solvent: toluene

Sr no Catalyst Olefin % Conversion % 
aldehyde. Selectivity

% Final Isomerisation n/i TOF/h. Time, h

1 Rh-C-1 1-hexene 100 91.4 8.6 1.05 629 4.33
2 Rh-SCT 1-hexene 100 97.1 2.9 0.79 873 3.50
1 Rh-C-1 1-octene 98.6 95.3 4.7 0.93 549 5.22
2 Rh-SCT 1-octene 99.3 98.3 1.7 0.74 673 4.50
1 Rh-C-1 1-decene 97.2 99.3 0.74 0.74 473 6.07
2 Rh-SCT 1-decene 99.4 96.9 3.1 0.65 541 5.42
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the catalyst as compared to mesoporous carbon SCT sup-
ported catalyst Rh-SCT.

Figure 9a, b shows a comparison between concentra-
tion time profile for hydroformylation of 1-decene using 
Rh-C-1 and Rh-SCT catalyst respectively. The product 
profiles were the same. In both the cases it was observed 
that syngas (CO + H2) and 1- decene consumed were con-
sistent with the amount of aldehyde formed. The time 
required for complete conversion of 1-decene to the prod-
uct aldehyde is lesser for Rh-SCT catalyst compared to 
Rh-C-1 catalyst

4  Conclusion

Mesoporous silica material having wormhole channels along 
with some regions of regularly ordered channel arrangement 
was prepared at room temperature using low-cost non-sur-
factant templating agents. This silica material with three 
dimensional interconnected channel arrangements was used 
as a template to prepare mesoporous carbon material with 
surface area ~1100 m2/g and pore diameter in the range of 
4–5 nm. Mesoporous carbon supported ossified catalyst was 
obtained by precipitating barium salt of HRh(CO)(TPPTS)3 
complex. The catalyst was found to be highly stable and 
physically adsorbed onto the support. The catalyst shows 
better catalytic activity (TOF) and comparable aldehyde 
selectivity over the catalyst formed using conventional acti-
vated carbon support for hydroformylation of higher olefins.
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