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Abstract 

MCM-41 supported Titanium catalyst (Si/Ti =150) and sulphate modified titanium catalysts were synthesized by 

sol-gel process. The potential of these catalysts was determined by acetalization reaction to produce solketal 

from glycerol. To understand the effect of sulphonation in this catalytic process, 1N H2SO4 was impregnated on 

the surface of the Ti-MCM-41. The incorporation of Ti into the frame work of MCM-41 was authenticated by 

Fourier transformed IR spectroscopy, X-ray diffraction and N2 -sorption studies reveal the existence of 

mesoporous structure and uni-dimensional pores. NH3-TPD results showed the generation of Lewis acid sites, 

which are due to incorporation of titanium (IV) into the silica frame work. Upon sulphonation the acidity on the 

surface of the catalysts increases and facilitates the conversion of glycerol. 
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I. INTRODUCTION 
Bio-diesel is an alternative fuel produced by transesterification of inedible oils and it is compatible with 

commercial diesel engines [1]. In the view of environmental concerns the usage of bio-diesel rapidly increases 

year by year. During the production of bio-diesel, glycerol is obtained as a main by-product. It is about that 

10wt% of the crude glycerol generated of total biodiesel production [2].The cost of the bio-diesel production 

process is decided by the utilization of main by product, glycerol. In this regard, there are many reports to 

transform this crude glycerol to value added chemicals and fuel additives [3-4]. In this present work mesoporous 

molecular sieves namely MCM-41 are used as catalyst support for the transformation of glycerol into solketal. 

Solketal is fuel additive and it has several other applications in polymer, cosmetics and pharmaceutical industry. 

MCM-41 possesses adequate surface area, pore volume and good thermal stability. With these attractive 

properties MCM-41 has a lot of applications; one of its important applications is used in heterogeneous catalysis 

and also used in pharmaceutical industry, environmental protection [5-8]. The incorporation of heteroatoms into 

silica frame work (like Al, Ti, Zr, Cr, V etc) of MCM-41, a significant increase in acidity is observed [9] and 

facilitate the generation of more number of active sites over the catalyst, which improves the catalytic activity 

[10-12]. In the present study titanium is incorporated into the frame work of MCM-41 during the synthesis by 

sol-gel method. It leads to the generation of weak Lewis and Bronsted acid sites over the catalyst. By 

impregnating the sulphate groups on Ti-MCM-41 results in considerable changes in the acidity over the catalyst 

and improves the catalytic activity drastically towards the conversion of glycerol to solketal (Scheme 1).                                                

 
                                  Scheme 1: Glycerol acetalization over sulphated Ti-MCM-41 
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II. EXPERIMENTAL SECTION 
2.1 Chemicals 

 Cetyl trimethyl Ammonium bromide (CTAB), Tetraethyl orthosilicate (TEOS), Titanium isopropoxide 

(Ti(OiPr)4), 25% Aqueous NH4OH solution and H2SO4 are of Sigma-Aldrich make, AR grade and used  in the 

preparation of present catalysts. 

 

 2.2 Preparation of Ti-MCM-41 and sulphate modified Ti-MCM-41 

The titanium containing mesoporous catalyst (Si/Ti=150) was prepared by sol-gel method. TEOS 

(Tetra ethyl orthosilicate), TTIP (titanium tetra isopropoxide or titanium isopropoxide) were used as silica and 

titanium sources respectively. CTAB (Cetyltrimethyl ammonium bromide) was used as surfactant.  Firstly, 

CTAB was dissolved in water and 25% of ammonium hydroxide added to this solution, mixed thoroughly by 

vigorous stirring. After that silica and titanium precursors were added to this solution.   The resultant solution 

mixture was stirred at room temperature 300-400 rpm for 3hours. The sample was separated by filtration and 

washed with deionized water thoroughly, dried at 100
o
C for overnight. Finally the obtained dried powder 

sample was calcined at 550
o
C for 5 hours at a heating rate of 5

o
C/min., is Ti-MCM-41. 

To prepare the sulphate modified Ti-MCM-41catalyst, 1N H2SO4 was impregnated on 1gm of Ti-

MCM-41 excess water was allowed to evaporate. Then the sample was kept in oven and dried over night at 

100
o
C. The dried powder was calcined in a muffle furnace at 550

o
C for 5 hours at a heating rate of 5

o
C/min. The 

obtained catalyst was denoted as S/Ti-MCM-41(Where ―S‖ indicates the sulphonation). 

 

2.3 Characterization studies  

The small and wide angle XRD analysis of the synthesized catalysts were conducted  on a Rigaku 

Ultima-IV X-ray diffractometer using Ni filtered Cu Kα radiation (λ = 0.15418 nm) with a scan rate of 2
o
 min

-1
 

at 40KV and 20 mA. The N2 adsorption-desorption were recorded at 77.3K on Autosorb iQ Station 1. Samples 

were degassed at 200
o
C for 2hours, prior to the measurements. By using BET (Brunauer-Emmett-teller) 

equation specific surface area was calculated. The pore size distributions were calculated by the BJH (Barret-

Joyner-Halenda) equation. The TG-DTA analysis was conducted on SDT Q600 V20.9 Build 20, room 

temperature  to 800°C @ 20 °C/min N2 Purge = 100 mL/min. The surface morphology of the synthesized 

catalysts were determined by SEM (Scanning Electron Microscopy) analysis using JEOL, JSM—6390LV, 

equipped with an Energy Dispersive X-ray Spectrometer (EDS). The XPS (X-ray photoelectron Spectroscopy) 

analysis was conducted using ESCA 3400 photoelectron spectrometer, using Mg Kα radiation of 1253.6 eV. The 

FT-IR spectra of synthesized catalysts were recorded in the range of 400-4000 cm
-1

 on Thermo Nicolet iS50 

with inbuilt ATR. The NH3-TPD analysis was performed on an Auto Chem 2910 (Micromeritics). 

 

2.4 Catalytic reaction 

The conversion of glycerol to solketal via acetalization reaction was conducted in a batch type glass 

reactor equipped with a septum and magnetic stirrer. First appropriate amounts of catalyst, glycerol and acetone 

were added into the reactor. Then the reaction mixture was magnetically stirred at room temperature. The 

reaction mixture was collected at regular time intervals from the reactor and analysed by a GC (Agilent 1020A-

FID). This process was carried out with different wt. % of the synthesized catalysts (like 1/3/5 wt. %) and 

different mole ratios of glycerol and acetone (like 1:6/1:8 /1:10) till steady state was attained. After that catalyst 

was separated from the reaction mixture by centrifugation, washed with deionized water, dried in oven at 100
 
ºC 

overnight and examined for the recyclability. The glycerol conversion and solketal selectivity were calculated 

based on the following equations: 

 

       Glycerol conversion (%) =   x 100 

        Solketal selectivity (%) =    x 100 

 

III. RESULTS AND DISCUSSION 
3.1   XRD analysis 

Figure 1A and 1B show the Low angle and wide angle XRD patterns of the Ti-MCM-41 and sulphate 

modified Ti-MCM-41. Figure 1A reveals both the synthesized catalysts show peak at around 2θ = 0.282 and 

0.303
o
 that corresponds to the d100 plane, characteristic peak of mesoporous materials (ICDD # 49–1712).The 

other two peaks indexed to the d110 and d200 planes respectively, shows the development of an organised 

mesoporous structure [13].Upon sulphonation the intensity of the peak (d100) increases, even though the 

structure of the catalyst remains intact [14]. From Figure 1B, both the catalysts show a broad peak around 23
o
 

due to amorphous silica [15].There is no other peak observed in both the samples corresponding to titania, 
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probably due to high dispersion of titania on the surface of the silica frame work [15]. By using the formula a0 = 

2d100/√3 unit cell parameter is calculated and presented in Table 1. From Table 1, d-spacing value and unit cell 

parameters of sulphonated Ti-MCM-41 show increased values this may be due to the extra frame work 

formation of OSO3H
-
-Ti-MCM-41. 

                                

  
                            Figure 1: (A) Low and (B) Wide angle XRD Patterns of  (a)Ti-MCM-41 and (b) S/Ti-MCM-4 

 

3.2  BET adsorption isotherms and Pore size distribution 

The N2 adsorption-desorption isotherms of the Ti-MCM-41 and S/Ti-MCM-41 are shown in Figure 2A. 

The resultant  textural properties were  presented in Table 1. From Figure 2A it can be observed that  both the 

catalysts exhibits  a type IV isotherm,classified by IUPAC.Which indicates the mesoporous nature of materials 

[16].The relative pressure(p/p
o
) at less the 0.4, N2 was adsorbed(mono layer) on  the  pore walls of the both the 

samples. A significant modulation was noticed between the relative pressures of 0.4-0.8. This is a result of  

capilary condensation during the adsorption process and is a sign of the samples mesoporosity[15].The pore size 

distributions for  both the samples are  shown in Figure 2B. The average pore  size and  pore volume of Ti-

MCM-41 are 1.868 nm  and 0.346 cc/g  respectively, observed. After impregnation of  sulphate groups on  Ti-

MCM-41 the pore size (2.419 nm) and  pore volume(0.479 cc/g)  increases. This may be due to the  widening of  

the  mesopores  by the sulphate groups. As shown in Table 1, the surface area increases even after the 

impregnation of sulphate groups into the frame work of Ti-MCM-41.This is may be due to the potential 

introduction and proper anchoring of OSO3H
-
 to Ti-MCM-41. 

 

 

Table 1: Textural properties of the Ti-MCM-41 and S/Ti-MCM-41 

 

 

     a 
from N2 sorption studies; 

b 
from XRD-analysis; 

c 
from NH3-TPD analysis. 

 

 

 

S. No. 

 

 

Catalysts 

 

BET 

Surface 

area 
a 

(m
2
/g) 

Pore 

volume 
a
 

(cc/g) 

 

Pore   

diameter 
a
 

(nm 

 

d-spacing 
b
 

(nm) 

×10
-4

 

 

Unit cell 

parameter 
b 

(ao)
 

(nm) ×10
-4

 

 

Total 

acidity 
c 

(µmol/g) 

 

1. 

 

Ti-MCM-41 

 

389.04 

 

0.346 

 

1.868 

 

1.89 

 

2.18 

 

90 

 

2. 

 

S/Ti-MCM-41 

 

523.47 

 

0.479 

 

2.419 

 

2.03 

 

2.34 

 

118 
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Figure 2: BET isotherms and pore size distribution curves  of Ti-MCM-41and S/Ti-MCM-41 

 

3.3 TG-DTA analysis  

The thermal decomposition of the Ti-MCM-41 and S/Ti-MCM-41 was studied by using TG-DTA 

analysis and presented in Figure 3. It shows the two weight loss regions. The first weight loss region was 

noticed in the range of 50-150
 o 

C, it is 23.53% for Ti-MCM-41 and for S/Ti-MCM-41 is18.02%. This can be 

assigned to the elimination of chemically bonded water molecules [16]. The second weight loss region was 

noticed in the range of 150-650
o 

C, it is 6.4% for Ti-MCM-41 and 3.5% for S/Ti-MCM-41. This can be 

attributed to the decomposition and removal of organic template [17]. 

                     
                                            Figure 3: TG-DTA curves of (a) Ti-MCM-41 and (b) S/Ti-MCM-41 
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3.4    Scanning Electron Microscopy (SEM) analysis 

 

 The Surface morphology of the samples was investigated by Scanning Electron Microscopy (SEM). 

Figure 4A and 4B   show the SEM images and EDAX of Ti-MCM-41 and S/Ti-MCM-41 respectively. In both 

the samples the particles can be seen as spherical in shape. The particle size of Ti-MCM-41 varies from 304-490 

nm, whereas in case of S/Ti-MCM-41 it is 273-474 nm.  EDAX spectra show the presence of Si, Ti, C, O in 

both the samples and also S in S/Ti-MCM-41 which indicates the proper incorporation of Ti into the silica frame 

work and successful impregnation of sulphate groups on Ti-MCM-41. 

 

 
                       

Figure 4: SEM images and EDAX spectra of (A) Ti-MCM-41 and (B) S/Ti-MCM-41 

 

3.5   X-ray Photoelectron Spectroscopy (XPS) 

 

      In order to determine the surface compositions, chemical and electronic states of atoms of the catalysts, 

XPS technique is recorded for the S/Ti-MCM-41 sample and shown in Figure 5.   Figure 5A confirms the 

presence of Si
4+ 

in the Ti-MCM-41 frame work due to occurrence of Si 2p1/2 at around 107 eV (Si-O links in 

SiO4
-4

 units). Figure 5B shows the Ti 2p XPS spectrum consists of two peaks with binding energies 463.09 and 

468.4 e V  can be assigned to the Ti  2p3/2 and Ti  2p1/2 respectively. It confirms the existence of Ti
4+

 ions in Ti-

MCM-41[16, 18]. Figure 5C reveals the presence of S in the Ti-MCM-41 frame work due to the occurrence of S 

2p1/2 at around 157.8 e V.  This indicates the successful impregnation and proper anchoring of OSO3H
-
 to Ti-

MCM-41. The spectrum (Figure 5D) shows a strong O 1s peak with binding energy 536.5eV, indicates that 

oxygen atoms are linked to silicon by Si-O connection [19]. These Si-O connections are Si-O-Si, Si-OH and Si-

O-Ti. 
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                              Figure 5:  XPS spectra of S/Ti-MCM-41 (A) Si 2p (B) Ti 2p (C) S 2p and (D) O 1s 

 

3.6   FTIR Spectroscopy 

Figure 6A&B displays the FT-IR results of Ti-MCM-41 and S/Ti-MCM-41 respectively. The peak 

observed in both the samples at 1640 cm
-1

 corresponds to the presence of Si-OH group, is the main 

characteristic of mesoporous samples [15]. Ti-MCM-41 and S/Ti-MCM-41 catalysts show peaks at around 

964.4 and 968.4 cm
-1

 attributed to the presence of Si-O-Ti, this indicates incorporation of titanium and its 

existence in tetrahedral coordination within the silica frame work [16, 20]. The presence of Si-O-Ti in the 

mesoporous silica structure indicates that Si
4+

 was replaced with Ti
4+

. The incorporation of Ti into the silica 

frame work results in the generation of both Lewis and Bronsted acidity [21]. The major FTIR band appeared at 

1072 cm
-1

 can be assigned to the asymmetric stretching vibrations in the Si-O-Si linkage present in the silica 

frame work [22]. The band observed at around 453 cm
-1

 is assigned to the bending vibration of the Si-O groups 

[23]. In S/Ti-MCM-41 a weak band observed at 883 cm
-1

 correspond to the stretching vibration of the S=O 

group [24], which indicates the presence of OSO3H
-
 on the pore wall of the Ti-MCM-41. This may be attributed 

to increase in the acidity on surface of the sample.  

 

 
                                    Figure 6: FTIR spectrum of (A) Ti-MCM-41 and (B) S/Ti-MCM-41 
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3.7   Temperature programmed desorption of Ammonia (NH3-TPD) 

 

In order to determine the acidic strength of the Ti-MCM-41 and S/Ti-MCM-41, Temperature 

programmed desorption of ammonia was performed and the profiles were shown in Figure 7. The acid sites 

were distinguished as weak (less than 250 
o
C), medium (250-450 

o
C) and strong (above 450 

o 
C) based on the 

ammonia desorption profiles. Ti-MCM-41 mostly shows the moderate Lewis and Bronsted acidity due the 

presence of Ti
4+

and coordination of OH-group with the titanium respectively. Whereas sulphate modified Ti-

MCM-41 samples shows weak, moderate and strong acid sites. After sulphonation OSO3H
-
 groups bind to the 

titanium frame work as OSO3H-Ti-OH, generates more Bronsted acidity. The high intensity peak observed at 

550 
o
C reveals the desorption of NH3 molecules from tetrahedral titanium IV centre, it indicates that within the 

mesoporous framework the strong acid sites were tetrahedrally coordinating with the titanium centre[17].The 

total acidity values of both the samples were presented in Table 1, it indicates S/Ti-MCM-41 possess high 

acidity (118 µmol/g) than the Ti-MCM-41(90 µmol/g).These findings reveal that by impregnating the sulphate 

groups weak acid sites present on Ti-MCM-41 transform into the strong acid sites. Thus it may be concluded 

that sulphonation favours enhancement of the acidity of the catalyst and conversion of glycerol by acetalization 

reaction. 

 

                               
Figure 7:  NH3 – TPD profiles of (a) Ti-MCM-41 and (b) S/Ti-MCM-41 

 

 

3.8   Activity Studies of Glycerol acetalization 

 

  The Ti-MCM-41 and sulphate modified Ti-MCM-41(Si/Ti = 150) were used for glycerol acetalization 

reaction. As shown in Figure 8(A) and 8(B) Sulphate modified titanium sample(S/Ti-MCM-41) shows highest 

glycerol conversion of 91.98% as compared to the bare Ti-MCM-41(30.25%). Also the selectivity of solketal 

found to be 98% for S/Ti-MCM-41 and around 55% for bare Ti-MCM-41. The better activity of the S/Ti-MCM-

41 is probably due to the generation of well dispersed strong acid sites over the catalyst that is authenticated by 

NH3-TPD analysis (Figure 7). In addition to strong acid sites, S/Ti-MCM-41 possesses high surface area, pore 

volume and pore diameter than the bare Ti-MCM-41(shown in Table 1). These cooperative factors will enhance 

the catalytic activity. The optimized reaction parameters such are substrate molar ratios, catalyst weight 

percentages (of Ti-MCM-41 and S/Ti-MCM-41) and time on stream studies are taken into consideration. To 

optimize the substrate mole ratio the reaction was carried out by varying the mole ratios of glycerol to acetone 

as 1:6, 1:8 and 1:10 over S/Ti-MCM-41. With increasing the glycerol to solketal molar ratio from 1:6 to 1:10, 

the catalytic activity increases as shown in Figure 9A. Further increasing the molar ratio not much change was 

noticed in the catalytic activity. The role of catalyst weight percentage on catalytic activity is examined with 

1wt%, 3wt% and 5wt% of the catalyst separately. With the increase in catalyst wt. % from 1 to 3, increase in 

glycerol conversion and selectivity to solketal was observed as shown in Figure 9B indicating the presence of 
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additional active sites to have enhanced the catalytic activity. Further increasing the catalyst wt. % from 3 to 5, 

there is no appreciable enhancement in the catalytic activity. The time on stream studies were also investigated 

for the catalytic activity. As reaction time increases from 30 to 120 min, glycerol conversion and solketal 

selectivity increases. At 120 min of reaction time, highest catalytic activity was obtained. Further increasing the 

reaction time to 150 min, no considerable improvement in catalytic activity could be seen. The reaction carried 

out at room temperature showed better catalytic activity; upon increasing the reaction temperature no change in 

the catalytic activity was observed. 

   From these investigations the optimal reaction conditions obtained were, catalyst: S/Ti-MCM-41, mole 

ratio of glycerol to solketal: 1:10, catalyst wt. %: 3, reaction time: 120 min and at room temperature. The 

recyclability studies of the S/Ti-MCM-41 reveal that, it retains its activity towards glycerol conversion up to 4 

cycles (shown in Figure 10), indicates the reusability of S/Ti-MCM-41. 

 

                
Figure 8: (A) % Conversion of glycerol and (B) % selectivity of solketal v/s time of (a) Ti-MCM-41 and 

(b)S/Ti-MCM-41; over 3wt. % of the catalyst, glycerol: acetone mole ratio 1:10, at room temperature 

 

                         
 

Figure 9: Conversion of glycerol (%) and Selectivity of solketal (%) (A) at different substrate mole ratios 

and (B) at different wt. % of the catalyst S/Ti-MCM-41 
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Figure 10:  Recycle studies of S/Ti-MCM-41, catalyst weight % : 3, glycerol: acetone : 1:10, time:120min, 

at room temperature 

 

IV. CONCLUSIONS 
In conclusion, titanium incorporated MCM-41 and sulphate modified Ti-MCM-41catalysts were 

synthesized by sol-gel and impregnation methods. These are characterized by various techniques and their 

catalytic activity was compared by conversion of glycerol into solketal at different reaction conditions. Our 

studies reveal that S/Ti-MCM-41 catalyst shows higher glycerol conversion (91.98%) and solketal selectivity 

(98.02%) than the bare Ti-MCM-41 at room temperature. The better efficiency of S/Ti-MCM-41 towards 

glycerol conversion was because of its adequate surface area, presence of strong acidic sites and compatible 

pore size. Also this catalyst retains it catalytic activity up to 4 cycles. Therefore, S/Ti-MCM-41 is a better and 

reusable solid acid catalyst used in the conversion of glycerol into solketal. 
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