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Abstract—Biodiesel is conventionally produced through 

transesterification of vegetable oil in the presence of alcohols such as 
methanol. Due to sharp increase in the production of biodiesel, the 
price of glycerol significantly dropped, making it one of the most 
promising platform chemicals of the near future. Among the various 
reaction pathways for catalytic conversion of glycerol, 
oligomerization to polyglycerols (PGs) is one of the viable and 
demanding processes due to the wide field of applications of PGs in 
cosmetics, polymers, food additives, antifogging film industry, 
pharmaceuticals, biomedicals and drug delivery systems. In this study 
MSU type mesoporous silica was synthesized, using TEOS as silica 
source. After that, the surface of mesoporous material was 
functionalized by chlorosulfonic acid as sulfonating reagent. The 
obtained materials containing SO3H groups were applied as acid 
catalysts to the etherification reaction of glycerol. The main product 
is 1, 4-dioxane- 2, 5- dimethanol which is dimerization product of 
glycerol. All of the mesoporous catalysts were characterized by BET 
analysis and scanning electron microscopy (SEM). In addition, the 
progress of catalytic reaction was followed by gas chromatography-
mass spectrometry method. 
 
Keywords—Biodiesel, Glycerol, Mesoporous silica, 

Nanocatalyst, Surface functionalizing. 
 
 

I. INTRODUCTION 
sing renewable raw materials is necessary for sustainable 
development of societies. Propane-1, 2, 3-triol as an 

appropriate and sustainable chemical, is the basic part of 
triglycerides and it can be created naturally in form of 
vegetables and animal fats and oils [1]-[3]. Traditionally 
glycerol as a byproduct was achieved through soap production 
[3]. But today large amount of glycerol are produced through 
production of biodiesel as a renewable fuel, by the reaction, 
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called transesterification, between seed oils and an alcohol 
such as methanol (Scheme 1). It’s the primary source of 
glycerol now [4]. 
 

 
Scheme. 1 General reaction of the transesterification of triglyceride 

The market price of glycerol has decreased rapidly due to 
the global biodiesel production. For any increase in biodiesel 
production, glycerol price reduced. Studies have shown that 
any increase in making of biodiesel, will cause a sharp value 
decline for more than 60%. With reduce of glycerol prices, this 
bio-based reactant is expected to become a platform chemical 
[5]. In Figure 1, global glycerol production estimates until 
2010 are shown. 
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Fig. 1 An estimated global production of glycerol [6] 

Glycerol in its pure chemical form has been used for several 
decades to manufacture a variety of products [2], [3], [7]. 
Therefore, using this for the synthesis of more valuable 
chemicals is of great industrial importance, because glycerol is 
an edible, nontoxic, bio-sustainable and biodegradable 
compound [8]-[10]. 

This potential of glycerol for conversion into valuable 
commodity chemicals can facilitate the replacement of 
petroleum based products. Large number of chemicals could 
be derived from glycerol. Thus, catalysis represents a critical 
approach to green chemical technology in the activation and 
utilization of glycerol. 

Etherification reactions convert glycerol into polyglycerol 
(PG) with a dehydration process. It has such applications as 
biodegradable surfactant, lubricant, cosmetic, food additive, 
etc [11]-[13]. PG is usually obtained from the oligomerization 
of glycerol in the presence of homogeneous catalysts like 
sulfuric acid. 

In this research, application of heterogeneous catalysts 
functionalized with sulfonic groups in oligomerization of 
glycerol is reported which can be a useful alternative to 
homogeneous catalysts. The former is less corrosive than 
homogeneous catalysts and can be easily separated from the 
reaction mixture. 

II. EXPERIMENTAL SECTION 

A. Materials 
All chemicals were purchased from Merck millipore and 

used without further purification. Tetraethyl orthosilicate 
(TEOS) and Triton X-100 C14H22O (C2H4O)n (n=9-10) were 
used as a silica source and surfactant, respectively. 
Hydrochloric acid (HCl) was used to control pH and 
potassium fluoride was used as a silica condensation agent. 
Chlorosulfonic acid (ClSO3H) was used to functionalizing the 
silica mesoporous surface.  

The morphology and microstructure were investigated by 
scanning electron microscopy (SEM) (Streoscan 360, Leica 
Cambridge) with an accelerating voltage of 20 kV. GC-MS 
analysis was performed with Aligent Technologies GC-6890 
and MS-5973 N equipment; compounds were separated on a 
30 m length * 0.25 mm inter diameter * 0.25 µm film 
thickness HP-5 column. Barrett Joiner Halenda (BJH) pore 
size and Brunauer Emmett Teller (BET) surface area 
measurement methods using N2 adsorption-desorption 
isotherm have been performed by the Micromeritics Gemini III 
2375 instrument. 

B. Synthesis of MSU-4 mesoporous catalyst 
In a typical procedure 1.294 g Triton X-100 as a nonionic 

surfactant which has a hydrophilic polyethylene oxide chain 
and an aromatic hydrocarbon lipophilic or hydrophobic 
group, was dissolved in 100 g distilled water at room 
temperature (RT) in a 200 ml Duran bottle. 3.33 g TEOS was 
added to this solution and HCl was added to make the pH 2. 
Within a few minutes, a transparent solution is obtained, which 
was mildly stirred for 10 h. Then desired amount of KF 
(Potassium fluoride) dissolved in 5 ml distilled water and the 
solution was added slowly. The solution was aged for 24 h at 
25 ˚C at static condition. The resulting white precipitate was 
filtered, extensively washed with distilled water, and dried at 
60 ˚C for 24 h. Finally, it was calcined at 650 ˚C for 6 h after 
being kept for 6 h at 250 ˚C, with the ramping rate of 5˚C/min. 

C. Functionalizing the surface 
0.78 g (0.007 M) chlorosulfonic acid (ClSO3H) was added 

drop wise in 30 minutes inside the balloon at RT to the amount 
of 2 g of mesoporous silica synthesized. As can be seen in 
Figure. 4 Hydrogen chloride gas is produced during the 
reaction. 

 

Fig. 4 Reaction between silica mesoporous and chlorosulfonic acid 
[14] 

After adding acid have been finished the mixture mildly stirred 
for 30 minutes. At the end white powder separated and dried in 
oven at 60 ˚C (Scheme 2). 

 

Scheme. 2 The functionalizing silica mesoporous 

D. Catalytic test 
Polymerizations were carried out in a 500 cc glass reactor 

contained 10 ml glycerol which equipped with a Dean-Stark 
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distillation trap topped with a condenser, nitrogen inlet, 
temperature probe, and a magnetic stirrer in the presence of 
0.5 g functionalized catalyst. The stirring speed (200 rpm) and 
the temperature (390 K) were controlled separately. 

 Dean-Stark trap topped by a condenser was attached to the 
reactor to continuously remove water from the reaction 
mixture. Nitrogen was bubbled through the reaction mixture to 
permit the reactants to be blanketed with a stream of inert gas 
throughout the polymerization. After 12 h, the reaction was 
stopped and its products collected. 

III. RESULTS AND DISCUSSION  
Figure 2 shows the SEM images of MSU-4 samples 

obtained as described above. It can clearly be observed that 
the catalysts have homogeneous spherical morphology. The 
spongy structure of spheres for mesoporous silica MSU is a 
great advantage for the synthesized mesoporous particles and 
provides a high surface area and active sites. The particle size 
of these spheres is in the range of 5-10 micrometer. 

 

 

Fig. 2 Scanning electron micrographs of as prepared MSU-4 samples 

Surface analysis of samples using BJH model are shown in 
Figure .3 which are in good agreement with type (IV) 
isotherms of IUPAC classification [15]-[16]. This type of 
isotherm is typical for porous materials. The knee point 
introduces the monolayer capacity of the material.  

 
Fig. 3 Nitrogen adsorption–desorption isotherms of the prepared 

mesoporous silica 

Mean pore diameter calculated by BJH models for the 
sample is 2.43 nanometer. Table I lists the surface area as well 
as other data obtained by the BET-BJH models. 
 

Table I. Properties of the prepared MSU-4 samples 

Surface area 
(m2/g) 

Mean diameter of 
pores 
(nm) 

Total pore volume 
(cm3/g) 

976.7 3.28 0.4725 

As it has been clearly shown in the above figures, the 
isomorphic spherical silica particles containing ordered pores 
in their structure are produced and tested for their efficient 
catalytic behavior. Additional investigation on catalytic 
properties of catalyst was followed by gas chromatography-
mass spectroscopy (GC-MS) analysis of product mixture 
(Figure 5) showed that two production be existed: 1, 4-
dioxane- 2, 5- dimethanol and 3-methoxy- 1, 2- propandiol, 
which is dimerization product of glycerol. 
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Fig. 5 GC-MS Chromatogram of products 

The retention time of main peak appeared in GC analysis 
was 4.76 minutes. The product is being obtained by removal of 
two H2O molecules from two glycerol molecules (scheme 3). 

 
Scheme. 3 Formation of 4-dioxane- 2, 5- dimethanol as glycerol 

dehydration product 

IV. CONCLUSION 

In this study, MSU type porous silica having surface large 
area (1141 m2/g) has been synthesized. The porous compound 
has been functionalized with SO3H group using a simple 
reagent. The acid functionalized catalyst was successfully used 
in dehydration of glycerol and a valuable cyclic compound has 
been obtained as the main product based on GC-MS analysis.  

We would like to emphasize that the simply prepared solid 
catalyst is capable to take part in other acid catalyzed reactions 
in order to elimination of problems originitaing from 
homogeneous catalysts such as sulfuric acid. On the other 
hand, when the glycerol reaction takes place by a homogeneity 
catalyst, not only it’s difficult to produce a specific product but 
also using a simple method (such as centrifuge) to recycle the 
catalyst is not possible, and note this in the economy as a 
negative point. 
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