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ABSTRACT 

In the present thesis four different heterogeneous acidic catalysts viz., SO4
2-

/SiZrO4, 

Fe3O4@SiO2@SO4
2-

, Nb@Fe3O4 and Ce/TiZrO4@SO4
2-

 were synthesized by chemical 

method. The prepared catalysts were employed for the glycerol acetylation with acetic acid to 

yield the diacetin or triacetin as exclusive products. The structural property of all the prepared 

catalysts was determined with the help of powder X-ray diffraction pattern, and FTIR 

analysis. X-ray photoelectron spectroscopy also revealed that the active species was 

incorporated over the matrix to impart the Brønsted as well as Lewis acidity to the catalyst 

which is vital for the acetylation activity. The surface morphology and elemental distribution 

were studied by SEM-EDX, and HRTEM analysis. The BET analysis of the catalysts reveals 

the surface porosity and pore size of the prepared samples. The acidic strength of the catalysts 

was quantified by the NH3-TPD analysis while nature (Brønsted versus Lewis) of those sites 

was determined by analysing the FTIR of pyridine adsorbed catalyst samples. The reaction 

parameters were optimized to obtain a specific acetin as an exclusive product.  

Under the optimized reaction parameters of 9:1 AcA/GL molar ratio, 3 wt% catalyst, 80 °C 

reaction temperature, and 40 min of reaction duration, a 93 % triacetin yield was obtained 

during SO4
2-

/SiZrO4 catalyzed glycerol acetylation. The catalyst was recovered from the 

reaction mixture and reused during six consecutive reaction runs while retaining 54 % 

triacetin selectivity in the last cycle. A plausible mechanism suggests the heterogeneous 

catalyst-assisted protonation of carbonyl group of acetic acid to initiate the stepwise 

acetylation of the hydroxyl groups of glycerol.  

A magnetic catalyst was prepared by embedding magnetite (Fe3O4) within the silica shell on 

which sulphate ions were anchored (Fe3O4@SiO2@SO4
2-

). The catalyst was successfully 

employed for glycerol acetylation with acetic acid to obtain 100 % selectivity towards 

triacetin within 45 min of reaction duration at 80 °C. The catalyst was successfully isolated 

from the reaction medium magnetically and reused for 6 consecutive reaction cycles while 

retaining 90 % glycerol conversion levels and 50 % triacetin selectivity in the last reaction 

cycles.  

In another approach, niobium oxide was incorporated over magnetic Fe3O4 nanoparticles, to 

impart the acetylation activity to the catalyst. The prepared catalyst (Nb@Fe3O4) in 7 wt% 

amount was found to yield 92 % triacetin within 80 min of reaction duration. The glycerol 

acetylation with acetic acid was found to follow the pseudo first-order kinetic equation. The 

thermodynamic parameters viz., enthalpy (ΔH⧧), entropy (ΔS⧧), and Gibbs free energy (ΔG⧧) 
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of the reaction were also determined to suggest the endothermic and unspontaneous nature of 

the reaction. Upon completion of the reaction, the catalyst was recovered from the reaction 

mixture under the influence of an external magnetic field and reused during seven 

consecutive reaction cycles.  

To prepare diacetin molecule as an exclusive product, Ce/TiZrO4@SO4
2-

 was prepared and 

employed as a heterogeneous acid catalyst for the acetylation of glycerol with acetic acid. 

The prepared catalyst, Ce/TiZrO4@SO4
2-

, demonstrated almost 96 % diacetin selectivity in 

60 min by employing acetic acid to glycerol molar ratio of 6:1 at 120 °C reaction 

temperature. The catalyst was recycled in five successive reaction cycles while retaining ~36 

% activity during the last cycle.  

 

Keywords: Acetylation, Acetic acid, Glycerol, Monoacetin, Diacetin, Triacetin, XRD, HR-

TEM, XPS, NH3-TPD, HPLC, Magnetic catalysts, Leaching, and Kinetics study. 
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Introduction and literature review 

Overview of the Chapter  

The increased demand for renewable and eco-friendly energy sources (e.g., biodiesel), has 

been encouraged in the recent past. Biodiesel production, via triglyceride transesterification, 

has also resulted in the overproduction of the side product, glycerol. To address the issue of 

glycerol mitigation, it has been employed as a versatile substrate for the synthesis of value-

added chemicals such as mono-, di-, and tri-acetin. Triacetin has versatile applications, such 

as, in the fuel industry to improve the viscosity as well as cold flow property of biofuel, in 

food, beverage, pharmaceutical, and cosmetic industries, and could also be used as a 

plasticizer. Acetins could be synthesized via acetylation of glycerol with acetic acid or acetic 

anhydride in presence of homogeneous or heterogeneous acidic catalysts. This chapter 

describes in detail various roots of glycerol production reported in the literature.  Different 

methods of glycerol acetylation to produce acetins in presence of heterogeneous catalysts 

have also been elaborated. In addition, the most influential operating conditions to attain the 

maximum triacetin selectivity during the glycerol acetylation have also been examined in 

light of literature reports. 
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1.1. Introduction 

In 1779, Carl W. Scheele, a Swedish chemist, discovered a new transparent, syrupy liquid by 

heating olive oil and litharge (PbO) [1]. This new colorless, odorless, sweet-tasting, nontoxic and 

high boiling (290 °C) compound was called glycerol (CH2OH.CHOH.CH2OH). Today, the name 

glycerol (GL) refers to the pure chemical substance and is commercially known as propane-

1,2,3-triol or glycerin and can be derived from natural and petrochemical feed stocks [2]. It is 

polyhydric alcohol with three hydrophilic hydroxyl groups attached to three carbon atoms [3]. 

Glycerol has multiple applications, such as in food, paint, cosmetic and pharmaceutical 

industries. The pie chart indicating the distribution of glycerol applications is shown in Fig. 1.1 

[4-7]. 

  

Fig. 1.1. Percentage distribution of industrial applications of glycerol. 

1.2. Glycerol production 

At industrial scale GL is mainly produced via three roots, namely (i) High-pressure splitting (ii) 

Saponification, and (iii) Transesterification [8-10]. 

1.2.1. High-pressure splitting 

High-pressure splitting processing is employed to yield high-quality fatty acids from triglyceride 

(vegetable oils or animal fats) at industrial scale [8,11]. In this process, raw oils and water, fed 

from the two opposite directions, are mixed together in a reactor to obtain the tiny drops of water 
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into the oil (Fig. 1.2). The fatty acids are produced by heating triglyceride at high temperature 

(up to 270 °C) and under high pressure (from 70 to 80 bars) for 3 h [12]. The crude GL obtained 

in this process has the impurities of water, inorganic salts, fats, and GL-oligomers [13]. Such GL 

could be purified through a multistep process, involving the chemical, evaporation and 

distillation, to obtain the technical grade (88–99 %) purity [14-16]. 

 

Fig. 1.2. Flow diagram for the high-pressure splitting process. 

1.2.2. Saponification 

In saponification reaction, tri-glycerides (vegetable oils or animal fats) are treated with aqueous 

NaOH or KOH to obtain the sodium or potassium salts of fatty acids (soap) and GL as a by-

product [9]. After the completion of the reaction, brine was added to separate the top layer of the 

crude soap from the bottom GL layer as shown in Fig. 1.3. The GL thus obtained usually contain 

water, mono-, di-glycerides, alkali, brine and soap as impurities [17,18].   
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Fig. 1.3. Flow diagram for the saponification process.  

1.2.3. Transesterification  

During the past two decades, biodiesel (BD) production has increased manifold as it is 

considered a renewable and eco-friendly alternate to conventional diesel fuel. At industrial scale, 

BD is produced via transesterification of animal fat or vegetable oils with alcohol (e.g., 

methanol) using alkali (e.g., NaOH) as a catalyst (Fig. 1.4) [19]. The reaction yielded fatty acid 

methyl esters (BD) as the main product and GL as a by-product [20]. In this reaction, 

approximately 10 wt% of crude GL (with respect to BD) is formed which usually contains the 

moisture, alkali, mono- and di-glycerides, fatty acids, alcohol, and BD as impurities. Hence, such 

GL is unfit for the pharma, food, and cosmetic industries [21].  

 

Fig. 1.4. Flow diagram for biodiesel production via transesterification reaction. 
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During the past five years, Indonesia, US, Brazil, Germany, Argentina, France, and Spain has 

become the major BD producing nations, as shown in Fig. 1.5 [22,23]. The feedstock employed 

for the BD production varies from one geographical region to another, e.g., soybean oil, palm oil, 

and rapeseed oil have been used as feedstock for the BD production in America, Indonesia, and 

Europe, respectively [22,24-26].    

The ever-increasing demand of BD fuel has caused the GL overproduction (2.2 million 

tones/year) of the GL. Hence, it has become inevitable to find the suitable application of this 

low-cost and nontoxic chemical for the long run sustainability of the biodiesel industry [22]. 

 

Fig. 1.5. Plot of biodiesel production (billion liters) in various countries. 

The worldwide GL production from the BD industries has already been reached 4.2 billion liters 

in 2020 [27]. Thus, crude GL disposal and its utilization have become a financial and 

environmental liability for the BD industries [28]. The market value of crude GL was 30–32 

cents per liter in 2006 has come down to 18–20 cents per liter in 2018 (Fig. 1.6) [29]. Thus new 

applications for crude GL must be found to avoid the continuous fall in its price.  
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Fig. 1.6. Global crude glycerol production (from biodiesel industry) and price during 2003 to 

2021. 

1.3. Purification of crude glycerol 

One of the significant challenges while utilizing the crude GL from the BD industry is the 

presence of a variety of impurities in it [2,6,30-32]. The GL coming out of BD manufacturing 

plants usually contains methanol (MeOH), water, and acid or base as impurities. Consequently, it 

remains unfit for the edible or pharma industries and thus having low commercial value.  A 

comparison of the properties of crude GL from BD industry and its pure counterpart is provided 

in Table 1.1. 

Table 1.1. Comparison of properties of crude (from BD) and pure glycerol. 

Properties Crude glycerol Pure glycerol 

Colour Dark brown Colorless 

pH 9.6 6.7 

Density at 20 °C (kg/m
3
) 1.29 1.25 

Flash point (°C) 180 177 

Fire point (°C) 211 204 

Carbon residue (%) 18 11.25 

Ash content (%) 11.26 NA 

Solubility with water Miscible Miscible 

NA=not applicable 
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A representative purification procedure for GL purification typically involves neutralization, 

vacuum distillation, ion exchange, and activated carbon adsorptions processes (Fig. 1.7). 

However, the methods employed for the crude GL treatment are purification are costly and 

bound to enhance GL cost [33].  

 

Fig. 1.7. Crude glycerol purification steps. 

1.4. Application of crude glycerol 

The crude GL coming from the BD and soap industries could be utilized directly or converted 

into other value-added products through chemical modifications. Crude GL can be refined into 

the pure form and utilized in food, pharmaceutical, and cosmetics industries [34]. On the other 

hand, crude GL can be directly used in composting, animal-feeding, and a nutrient in microbial 

fermentation and enzymatic processes [35,36]. 
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1.4.1. Valorization of Glycerol  

Due to the enormous overproduction of the GL in the last five years, its price is constantly 

decreasing; hence, researchers have paid attention to find out the suitable application of the crude 

GL to avoid the purification steps. [37]. Some of the frequently employed methods for GL 

valorization include acetylation, transesterification, etherification, dehydration and 

hydrogenolysis, etc. [38-43], as shown in Fig. 1.8. Out of these methods, GL acetylation 

(esterification) and transesterification are important methods for the production of acetins and 

glycerol carbonate, respectively [44,45]. 

 

Fig. 1.8. Crude glycerol derivatives obtained in various chemical reactions 

1.4.2. Acetins 

Acetins, including mono-, di- and triacetin, are an essential category of glycerol derivatives, 

frequently prepared via GL acetylation employing acetic acid (AcA) or acetic anhydride 

(AcAn) as acetylating agents [46,47]. The acetylation of –OH functional group takes place in a 

stepwise fashion and leads to the formation of two isomers each of the monoacetin (MA) and 

diacetin (DA) molecules as shown in Fig. 1.9. Monoacetin is a clear, colorless, odorless, 

viscous liquid with high boiling (290 °C) point, also called glycerol monoacetate (C5H10O4). It 

can be utilized in cosmetics, medicines, leather and food industries [48]. 
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Diacetin is also a colorless, odorless, and viscous liquid with a high boiling (280 °C) point an 

also called as glycerol diacetate (C7H12O5). It is used in the cosmetics, pharmaceutical, food, 

and fuel industries [49]. MA and DA also find applications as monomers for the production of 

biodegradable polyesters [50].  

The triacetin (TA), generally known as glycerol triacetate (C9H14O6), is a colorless, odorless, 

viscous liquid with a boiling point of 260 °C. Triacetin has a wide spectrum of versatile 

applications, for example, in fuel industry as an additive to improve the anti-knocking property 

of gasoline, and to improve the viscosity and cold flow property of biofuel [51-54], in food 

industry, in beverage industry as a flavor garnish, in pharmaceuticals as antifungal agents and 

plasticizer, in cosmetics to maintain the moisture of creams or lotions, in cigarette filters as a  

plasticizer and in the production of photographic films and various perfumes [28,42,55-64]. 

 

Fig. 1.9. Applications of the monoacetin, diacetin and triacetin. 

The global TA estimated demand in 2021 is around 50000 tons/annum which is increasing 4-5 % 

annually [65,66]. China is one of the significant TA producers with an annual manufacturing 

capacity of 55000 tons, including 38500 tons for domestic consumption and 16500 tons for 

export [67]. The increasing consumption of TA influences growth and price in the TA market 

across the world. 
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One of the significant challenge in the TA synthesis is their selectivity, which should be close to 

100 %, for most of the commercial applications [68].  Further, MA and DA as an exclusive 

product during the GL acetylation has not been reported so far [46]. 

1.4.2.1. Interesterification 

During the conventional BD production, triglyceride is transesterified with MeOH to produce the 

BD as a main product and GL as a by-product, as shown in Fig 1.4. Low purity GL coming from 

the BD industries could not be directly used either as a fuel, because of its high viscosity and 

high atomization temperature or for other commercial applications due to the presence of 

impurities in it [69]. Thus crude GL required purification and further derivatization before it 

could be employed for other industrial applications. In order to address the issues of GL over-

production and its subsequent derivatization, interesterification, instead of transesterification, 

could be performed. During this reaction, triglyceride is treated with methyl acetate to produce a 

mixture of BD and TA as shown in Fig 1.10. [70,71]. The TA produced during the reaction is 

completely soluble in the BD, and hence, this mixture could be directly employed as a fuel in 

diesel engines [69]. The main drawbacks of the reaction are low product yield and requirement 

of super critical conditions, which demand the reaction temperature up to 350 °C, and methyl 

acetate to triglyceride molar ratio of 42:1 [72]. Dhawan et al. reported triglyceride 

interesterification with methyl acetate in presence of hydrotalcite (Mg:Al mole ratio- 3:1) as a 

heterogeneous catalyst for achieving high triglyceride conversion (95.5 %) into BD (94.7 %) and 

TA (5.3 %) at 200 °C in 4 h reaction duration  [73]. Recently, Brondani et al. employed γ-

alumina as a heterogeneous catalyst during interesterification of triglyceride (macaw oil) with 

methyl acetate to obtain 80 % fatty acid methyl ester selectivity at 300 °C reaction temperature 

with 2 wt % of catalyst amount, 3 h reaction duration and methyl acetate/oil molar ratio being 

10:1 [74].  
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Fig. 1.10. Flow diagram for the interesterification process. 

1.4.2.2. Acetins production with different acetylating agents 

There are two frequently employed methods for the GL acetylation involving either acetic acid 

(AcA) or acetic anhydride (AcAn) as acetylating agents as shown in Scheme 1.1. The former as 

an acetylating agent required a relatively high temperature (up to 120 °C) and formed water as a 

side product. In comparison, the later reagent (AcAn) required a relatively low reaction 

temperature (room temperature to 100 °C) while forming the corrosive AcA as a by-product. 

Further, AcAn above 49 
o
C, forms an explosive mixture with air, and hence, not considered 

suitable for the large-scale manufacturing of acetins [75]. 

The use of AcA for GL acetylation is preferred as it is readily available at a lower price (~ 0.4 

USD/kg) in comparison to AcAn (~ 0.98 USD/kg) [76,77]. On the other hand, AcAn availability 

is challenging in many countries due to its application in the production of heroin and in the 

creation of improvised explosive devices [78]. 
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Scheme 1.1. Acetylation of glycerol with acetic acid or acetic anhydride. 

1.4.2.3. Two-step process for triacetin production 

From an industrial perspective, the conventional method for TA production, with 100 % 

selectivity, involves two-step processes, as shown in Fig. 1.11 [75]. This process involves (i), GL 

acetylation with AcA without any catalyst at 105 °C for 4 h to form MA and water and (ii) 

reaction of MA, formed in step (i), with AcAn to form TA with 100 % selectivity and acetic acid 

as a by-product [79,80]. Acetic acid formed during step (ii) will be recycled again in step (i). 

Literature reports indicate that GL acetylation with AcAn is an exothermic process, and hence, 

TA formation requires lesser energy [81].  
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Fig. 1.11. Flow diagram of two-step process for the triacetin production. 

1.5. Catalyst for glycerol acetylation  

A comparison between heterogeneous and homogeneous acidic catalysts, employed for the AcA 

or AcAn mediated GL acetylation is summarized in Fig. 1.12. At present, acetins industry is 

dominated by homogeneous Brønsted acid catalyzed (H2SO4, H3PO4, HCl, p-toluene sulphonic 

acid, etc.,) acetylation (Fischer esterification) due to its cost effectiveness, higher product 

selectivity and higher GL conversion rate [82-84]. 

 

Fig. 1.12. Comparison of the homogeneous and heterogeneous catalysts employed for glycerol 

acetylation.  
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However, homogeneous Brønsted acidic catalysts are sensitive to water, which formed as a by-

product during the GL acetylation, making the catalyst less effective towards the acetylation 

[85].  Such catalysts are harmful to the environment as they are highly corrosive and must be 

neutralized, separated, and washed away after the completion of the reaction. Large amounts of 

water are required during the process, and vast quantities of industrial effluents are generated, 

which must be disposed of safely [86]. Even the Brønsted presence homogeneous acidic catalysts 

mediated GL acetylation with AcA, demands high temperature (up to 135 
o
C) and a long reaction 

duration (up to 5 h) to achieve the partial conversion levels [87]. In order to address the issues 

related to the homogeneous acids, Brønsted or Lewis acidic group have been immobilized over 

the matrix to prepare a variety of the solid acid catalyst for the GL acetylation [88]. 

1.6. Catalyst preparation and characterization 

Brønsted acidic functional groups (e.g., SO4
2-

, PO4
3-

, heteropoly acids, etc.) could be immobilized 

over suitable matrix (e.g., silica, alumina, mixed metal oxides, etc.) following a variety of 

catalyst perpetration techniques (e.g., co-precipitations, sol-gel methods, etc.) [85,88,89]. Reddy 

et al. prepared the sulphated catalysts by impregnating sulphate group over the mixed metal 

oxides (CeO2–ZrO2 and CeO2–Al2O3) based matrix [88]. The matrix for the sulphate group 

impregnation was prepared by the co-precipitation method in which the solutions of metal 

precursors (e.g., metal-nitrates, chlorides, etc.) were mixed together under mild stirring and to 

this, solution of precipitating agents (e.g., NH3, citric acid, NaOH, or  Na2CO3, etc.) were added 

to obtained the precipitate of mixed metal hydroxides.  These hydroxides precipitates were 

initially dried at 100 °C and finally calcined upto 700 °C to obtain mixed metal oxides. The 

sulphate group over the matrix could be impregnated by wet impregnated method. In this 

method, un-calcined matrix is treated with diluted H2SO4 followed by calcination upto 600 °C as 

above this temperature sulphate group would decompose from the catalyst. The main limitation 

of the co-precipitation method is the inconsistency in the catalyst particle size and poor surface 

area [89,90].  In order to have better control over the catalyst surface area, pore volume, and 

particle size distribution, nowadays, wet impregnation and sol–gel methods are widely employed 

for the heterogeneous catalyst preparation [88-90]. These methods are inexpensive, less time-

consuming, and provide better control over catalyst morphology to yield homogenous material 

[91]. 
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In order to quantify the acidic sites present over the catalyst surface, temperature-programmed 

desorption of ammonia (NH3-TPD) is frequently employed in the literature. In the same 

technique, a desorption peak obtained in the range of 100-400 °C signifies the presence of weak 

to moderate moderated acid sites [92]. In contrast, a desorption peak above 400 °C refers to the 

strong acidic sites over the matrix [68]. The amount of ammonia desorbed could be correlated to 

the number of acidic sites present.  For instance, upon sulphate group incorporation over the 

CeO2–ZrO2 and CeO2–Al2O3 matrix, two NH3 desorption peaks were observed at 700 and 800 

°C, to suggest the formation of strong acidic sites over these catalysts [88]. In the same study 

BET surface area of the matrix was found to be lower in comparison to the sulphated catalyst 

[93]. However, most of the reported work indicates the reduction in catalyst surface area due to 

the partial blockage of the matrix pores by the sulphate groups [94].   

The FTIR technique found to be useful to confirm the incorporation of various Brønsted acidic 

groups over the catalyst support. The position of characteristics FTIR bands corresponding to 

these groups are provided in Table 1.2.  For instance, the SO4
2-

 group incorporation over the 

matrix, could be identified by the presence of bands in the range of at 900-1014 and 1162-1400 

cm
-1 

due to S-O and S=O functional group, respectively [95-97]. The silica or zirconia matrix 

peaks could be observed at 802 and 1035 cm
-1, 

respectively, due to Si-O and Zr-O, bonding, 

respectively [98-101]. Testa et al. reported the simultaneous incorporation of phosphate as well 

as sulphate groups over the zirconia matrix to yield Zr4(PO4)2(SO4)5 catalyst for the GL 

acetylation with AcA to produce acetins [101]. From FTIR analysis, bands in the range of 900-

1114 cm
-1

 [95,102] and 1400-1250 cm
-1

 [103] were correlated to the S-O and S=O bonding, 

respectively, of  sulphate groups, while the presence of PO4
3−

 group was supported by the 

presence of a band at 1050 cm
-1

 band due to P-O bonding [101-107]. In order to prepare the 

magnetic catalysts, active sites (Brønsted or Lewis acids) were incorporated over a magnetic core 

(Fe3O4). The presence of a band in the range of 583-591 cm
-1

 due to Fe-O linkage indicates the 

presence of Fe3O4 within the catalyst [108,109]. 
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Table 1.2. Identification of catalyst functional groups with the help of FTIR technique. 

Bands  Wavenumber (cm
-1

) References  

S-O 900-1114 [95-97] 

S=O 1400-1250 [95-97,110] 

P-O 474-1089 [101,104,106,107] 

Si-O 798-1100 [98,100] 

Fe-O 583–591 [108,109] 

Zr-O 1353-1565 [99,111] 

The Oxidation states of the element present in the catalyst could be identified by XPS analysis of 

the catalyst. A specific oxidation state of the element present could be correlated with the 

catalyst activity. In XPS, the presence of the sulphate group over the catalyst could be 

characterized by the presence of a typical doublet at 168.4 and 170.1 eV due to the S
6+ 

2p3/2 and 

S
6+ 

2p1/2 states, respectively [98,112]. Ghoreishi et al. reports the impregnation of PO4
3− 

over the 

silica which was verified by the presence of binding energy peaks at 136.1 and 134.1 eV 

corresponding to P 2p1/2 and P 2p3/2 states, respectively, of P in +5 oxidation state [58]. Testa et 

al. prepared a Brønsted acid catalyst in which sulphate as well phosphate groups were 

simultaneously anchored over the zirconia matrix (Zr4(PO4)2(SO4)5) [101]. The impregnation of 

the SO4
2−

 and PO4
3−

 over the zirconia surface was evaluated the presence of peaks at 170.5 and 

135.2 eV, due to the S
6+ 

 2p1/2 and P
5+ 

 2p1/2 states, respectively [98,101]. In case of 

heterogeneous catalysts, the Brønsted acids usually remain anchored over the silica, or zirconia 

matrix. The binding energies of 103.6 eV and 102 eV indicate the 2p1/2 and 2p3/2 levels, 

respectively, of Si
4+ 

state [98,113,114]. Furthermore, Zr
4+

 in ZrO2 shows binding energy peaks at 

185.1 and 182.7, corresponding to the Zr
4+ 

3d3/2 and Zr
4+ 

3d5/2 states, respectively [101,115]. The 

binding energies of few more reported catalysts having sulphate and phosphate groups are 

summarized in Table 1.3.  To facilitate the magnetic separation of the catalyst, recently, our 

group has reported Fe3O4@SiO2@SO4
2-

 as heterogeneous catalyst or the GL acetylation. The 

characterization of the same catalyst by XPS shows the peaks at 711.7 and 720.2 eV due to the 

+3 oxidation state of Fe 2p3/2, while those observed at 713.9 and 726.6 eV were correlated to the 

+2 oxidation state of Fe 2p1/2 [68]. Liu et al. reported that in case of sulphated Fe2ZrO2, binding 

energy peaks observed in the range of 710.0 - 711.5 eV and 724.3 - 725.5 eV could be ascribed 
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to the Fe
3+ 

 2p3/2 and Fe
2+ 

 2p1/2 electronic states, respectively [116-119]. The variation in the 

peak position was correlated to the varying sulphate concentration over the magnetic core. 

Table. 1.3. XPS identification of electronic states of elements present in various catalysts. 

Catalyst Elements with oxidation 

and electronic state 

Binding energy 

(eV) 

Reference 

Fe3O4@SiO2@SO4
2-

, FeS5Zr 
Fe

3+ 
2p3/2 710.0-725.5 [68,116] 

Fe
2+ 

2p1/2 713.9- 726.6 

20-SO4
2-

/SiO2, 

Fe3O4@SiO2@SO4
2-

, 

Zr4(PO4)2(SO4)5, CoMo-sZr, 

FeS5Zr, SO4
2−

/ZrO2 

S
6+ 

2p3/2 168.4- 170.0 [58,68,101,110,116,120] 

S
6+

 2p1/2 170.1- 170.5 

20-SO4
2-

/SiO2, 20-PO4
3-

/SiO2, 

SO4
2−

/SiZrO4, 

Fe3O4@SiO2@SO4
2- 

Si
4+

 2p3/2 100.7- 103.6 [58,68,98] 

Si
4+

 2p1/2 102.0- 104.1 

SO4
2−

/SiZrO4, SO4
2−

/ZrO2, 

CoMo-sZr 

Zr
4+

 3d3/2 184.0- 185.3 [98,120,121] 

Zr
4+

 3d5/2 182.0- 182.9 

20-PO4
3-

/SiO2, Zr4(PO4)2(SO4)5 P
5+

  2p3/2 136.2 [58,101] 

P
5+

  2p1/2 134.6- 135.2 

1.7. Lewis acids as heterogeneous catalysts for glycerol acetylation  

A wide range of heterogeneous acidic (Lewis as well as Brønsted) catalysts have been explored 

for the acetylation of GL to produce higher selectivity of acetins (MA or DA or TA) as well as 

GL conversion levels. The product selectivity in the literature was a function of matrix 

employed, acidic strength, surface area, and pore size of the catalyst [122,123]. Further, the 

reaction parameters have to be optimized with respect to the regent molar ratio, reaction 

temperature, catalyst amount, and reaction duration [124]. Lewis acids have been less explored 

in literature than the Brønsted acids, primarily due to their less activity. Pure or mixed metal 

oxides (ZrO2, CeO2-ZrO2, TiO2–ZrO2, WOx/TiO2–ZrO2 and MoOx/TiO2–ZrO2 etc.) constitute 

the category of such Lewis acid catalysts [125-127]. In these catalysts, metal centers act as Lewis 

acids or electron acceptors (Fig 1.13) to initiate the catalytic cycles [128]. The mixed metal 

oxide based heterogeneous Lewis acidic catalysts are considered important due to their stability 

caused by metal oxide linkage, non-stoichiometric metal ratios, and redox properties [126,127]. 
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Additionally, they can tolerate high temperature and pressure during the reaction without 

undergoing any significant deactivation [127]. Acetins selectivity and GL conversion depend 

upon the catalyst acidic strength and the nature of acidic sites (Lewis or Brønsted), which is a 

function of the catalyst surface area and oxidation state of the metal ions present in the catalyst 

[122,129]. Such catalysts could be prepared by the co-precipitation, wet impregnation, or sol-gel 

method employing the metal salts as precursors [85,88,89]. The Lewis acidic sites of 

heterogeneous catalysts could be identified by the presence of bands positioned at 1621, 1576 

and 1455 cm
-1

 in the FTIR spectra of pyridine adsorbed catalysts [130-133]. These bands 

indicate the covalent interactions between Lewis acidic sites and pyridine molecule, as shown in 

Fig. 1.13b. The surface acidity of the catalysts could be quantified by the NH3-TPD and 

Hemmett indicator test [134-136]. 

 

Fig. 1.13. The interaction of pyridine with Lewis acidic site. 

Rane et al. reported that ammonia desorption peaks in the case of  SO4
2–

/γ-Al2O3 catalyst, 

applied during GL acetylation with AcA, was observed in the range of 250–300 °C and 500–750 

°C. The desorption peak at low temperature was suggested to weak acidic sites while at high 

temperature for strong acidic sites [129]. Similarly, Reddy et al. reported the same observation 

for the sulphated binary metal oxides (SO4
2–

/CeO2-Al2O3 and SO4
2–

/CeO2-ZrO2) to indicate the 

NH3 desorption peaks at 100, 300 and 400 °C. Usually, the NH3 desorption peaks in the 

temperature range of 100-300 °C indicated the weak acidic sites, at 300-400 °C moderated acidic 

sites and above 400 °C strong acidic sites  [88]. 

In order to improve the acidic strength and catalyst activity, Lewis acids sites of the metals could 

be functionalized with Brønsted acidic sites [121]. Balaraju et al. incorporated tungstophosphoric 

acid over niobic acid to prepare the solid acidic catalyst for the production of acetin by the GL 
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acetylation with AcA. The acidic strength of the catalyst was found to increase from 8.25 to 

11.49 mol/g with the increase in tungstophosphoric acid amount from 5 to 25 % [137]. The 

catalyst with maximum acidity, in spite of having the smallest surface area, was found to 

demonstrate the maximum GL conversion levels. This observation clearly underlines catalyst 

acidity is more prominent than catalyst surface area during the GL acetylation reaction [138]. 

Nevertheless, heterogeneous Lewis acidic catalysts are less frequent in literature than their 

Brønsted counterpart, primarily as they were found to yield lesser product selectivity and 

conversion levels. For example, CeO2-ZrO2 based catalyst was found to yield ~57 % GL 

conversion, reaching as high as ~ 99 % upon employing the SO4
2–

/CeO2-ZrO2 as heterogeneous 

catalyst for the same reaction [126]. However, most of the mixed metal oxide based catalysts 

remain unaffected by the presence of water, which forms as a by-product during the GL 

acetylation [139]. The plausible mechanism of the Lewis acid catalyzed GL acetylation has been 

proposed, involving the following steps: 

(i) Interaction of the Lewis acid with acetic acid or acetic anhydride carbonyl group 

followed by rearrangement , to form carbocation (I) as shown in Scheme 1.2 [75].    

(ii) The carbocation thus formed was attacked by the lone pair of oxygen (nucleophile) of 

GL hydroxy group to form the intermediate (II). 

(iii) During the next step, a water molecule is given away by the intermediate (II), to form 

another intermediate (III) where carbonyl oxygen remains attached with the Lewis 

acidic site [140]. 

(iv) In the last step, product with the ester bond, monoacetin, gets detached from the 

catalyst surface. A similar, mechanism is expected to be followed to form DA or TA 

where two or three ester bonds, respectively, will form.  
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Scheme 1.2. Reaction mechanism of glycerol acetylation involving Lewis acidic site.  

A variety of metal oxides has been explored as catalysts or support material for the sulphate or 

sulphonic acid group incorporation [88,126]. A few literatures reported Lewis acid based 

heterogeneous acidic catalysts for the production of acetins had been summarized in Table 1.4. 

Metal oxides such as ZrO2, TiO2–ZrO2 and CeO2-ZrO2 possess Lewis acid sites which are found 

to impart the catalytic activity for the GL acetylation to form acetins [125,126]. Rane et al. used 

γ-Al2O3 as a matric to support the Cu or Ni or Cu-Ni or SO4
2- 

to prepare the catalyst for the GL 

acetylation [128]. The sulphated alumina was found to demonstrate better activity among the 

prepared catalyst with 97 % GL conversion levels with MA, DA and TA selectivity of 27 %, 50 

%, and 23 %, respectively. The catalyst was reused during 3 catalytic cycles without any 

significant loss in activity. The reaction was found to follow the pseudo-second order rate law 

[129], contrary to the other reports which have suggested the pseudo-first order kinetic model for 

the same reaction [60,141-143].  
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Table 1.4.  Activity comparison of literature reported Lewis acidic catalysts employed for 

glycerol acetylation.  

 

Catalyst 

wt% 

(w.r.t. 

GL) 

AcA/GL 

(mol/mol) 

Temp 

(
o
C) 

Time 

(h) 

MA 

% 

DA 

% 

TA 

% 

GL 

conversion 

% 

Catalyst 

reusability 

(# of 

cycles) 

Reference 

CeO2-ZrO2  5.0 10:1 100 3.0 85.39 14.13 0.48 57.96 NR [126] 

γ-Al2O3 2.5 9:1 110 5.0 86.7 12.9 0.5 82.0 NR [129] 

Cu/γ-Al2O3 2.5 9:1 110 5.0 70.7 27.0 2.3 84.0 NR [129] 

Ni/γ-Al2O3 2.5 9:1 110 5.0 68.9 28.4 2.6 97.0 NR [129] 

ZrO2 5.0 6:1 120 3.0 86.32 36.67 5.39 86.32 NR [127] 

TiO2–ZrO2 5.0 6:1 120 3.0 54.72 39.40 5.88 91.53 NR [127] 

WO/TiO2–ZrO2 5.0 6:1 120 3.0 53.98 40.01 6.78 99.02 NR [127] 

MoO/TiO2–ZrO2 5.0 6:1 120 3.0 52.03 40.45 7.52 100 5 [127] 

w.r.t. = with respect to, GL = glycerol, AcA = acetic acid, temp = reaction temperature, h = 

hours, MA = monoacetin, DA = diacetin, TA = triacetin, and NR = not reported 

1.8. Brønsted acids as heterogeneous catalysts for glycerol acetylation 

Homogeneous Brønsted acids viz., H2SO4, HCl, H3PO4, heteropoly acids, etc. have been 

employed to acetylate alcohols, including GL, in the literature [141,144,145]. In order to 

promote the separation and reusability of such catalysts they have been immobilized over a 

variety of matrix including SiO2, ZrO2, Nb2O5, SBA-15, MCM-41 and zeolites 

[85,121,126,145,146]. These catalysts have both, Brønsted as well as Lewis acidic sites, which 

could be identified by the FTIR analysis of the catalyst adsorbed with pyridine molecule [147]. 

Lewis acidic sites interact with pyridine through the coordinate bond as shown in Fig 1.14a, and 

this interaction could be identified by the appearance of bands at 1621, 1576 and 1455 cm
-1

 in 

the FTIR spectra [130,131-133]. On the other hand, H
+
 of Brønsted acids leads to the formation 

of pyridinium ion (Fig 1.14b), on interaction with pyridine molecule, which could be identified 

by the presence of bands positioned at 1397, 1545 and 1635 cm
-1

 [133,148].  
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Fig. 1.14. Incorporation of Brønsted acid sites over the matrix and interaction of pyridine with 

Brønsted and Lewis acidic sites. 

The plausible mechanism of the Brønsted acid catalyzed GL acetylation has been reported to 

involve the following steps: 

i. The first step involves the protonation of the carbonyl oxygen of AcA by the proton, 

furnished by the Brønsted acid, to form the carbocation (I) as shown in Scheme 1.3 [68]. 

ii.  In second step the carbon of the carbocation (I) reacts with –O–H of GL to form another 

carbocation (II) as an intermediate [98]. 

iii. Now, intermediate (II) undergoes the rearrangement  through proton transfer to form 

another cationic intermediate (III) 

iv. Intermediate (III), give away a water molecule to form yet another intermediate (IV) 

where proton remains associated with O of the carbonyl group [98]. 

v. In the final step, the intermediate (IV) dissociated into a proton (Brønsted acid) and ester 

bond of MA. A similar mechanism is expected to be followed by the MA to form DA or 

TA where two or three ester bonds, respectively, will form [145,149].  
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Scheme 1.3. Reaction mechanism of glycerol acetylation with acetic acid catalysed by Brønsted 

acidic site. 

Thus, an ideal heterogeneous catalyst to carry out the GL acetylation must have high acidity, 

better reusability, and stability. In order to prepare the efficient heterogeneous acidic catalyst for 

the GL acetylation a variety of Brønsted acidic sites have been incorporated over a variety of 

matrix viz., metal/mixed metal oxides, mesoporous silica, ion exchange, zeolites, carbon, clay 

and magnetic core [121,122,145,150-152]. 

1.8.1. Metal oxide based Brønsted acids 

In literature reports, Brønsted acids are frequently employed for the acetylation of GL and other 

molecules. The acidic sites have been anchored over a variety of matrix surfaces. Among them, 

metal oxides (pure and mixed metals) have been extensively used to develop heterogeneous 

catalysts. Such catalysts have been reported to provide several advantages viz., ease of 

preparation, high and tunable surface area, and high acidity and stability [88,150]. In literature, 

single metal (Zr, Al, Sn, etc.) oxides have been supported with sulphate or phosphate groups to 

prepare the solid catalysts for the GL acetylation with AcA to produce acetins [120,129,153]. 
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Recently, Zr(SO4)2 and Zr3(PO4)4  catalysts have been utilized during GL acetylation to obtain up 

to 81 % GL conversion levels under optimized reaction conditions as shown in Table 1.5. The 

catalyst with phosphate group was found to show better activity compared to the one with 

sulphate group. Rane et al. reported the preparation of sulphate impregnated γ-Al2O3 oxide as 

heterogeneous acidic catalysts employing the varying concentrations (0.2 - 4.8 M) of sulphate 

group [129].  The catalyst prepared with 2 M concentration of sulphate group (2 M SO4
2–

/γ-

Al2O3) demonstrated higher TA selectivity (23.1 %) while maintaing the overall GL conversion 

level of 97 %.  The TA selectivity varies with the sulphate concentration over the catalyst and 

follows the trends viz., 2 M SO4
2–

/γ-Al2O3 ˃ 4.8 M SO4
2–

/γ-Al2O3 ˃ 0.2 M SO4
2–

/γ-Al2O3, while 

maintaining the total GL conversion of 97 % for all the catalysts [129]. In another report, SnO2 

was used as a matrix to incorporate sulphate or MoO3 groups to prepare the solid catalysts. The 

SO4
2−

/SnO2 catalyst was found to demonstrate better activity and reusability compared to the 

MoO3 based catalyst [153]. However, the GL conversion decreased from ∼77 to 52 % on 

repeated use of SO4
2−

/SnO2 catalyst during four consecutive cycles. Although the overall GL 

conversion level was close to 100 %, the TA selectivity was not promising in case of 

heterogeneous catalysts prepared by incorporating the Brønsted acid over the single metal 

oxides.  In an exciting approach, Testa et al. anchored both sulphate and phosphate over the 

zirconia surface to obtain the Zr4(PO4)2(SO4)5 catalyst for the GL acetylation with AcA. TA 

selectivity was found to be 39 % while maintaining 100 % GL conversion at 105 °C within one h 

of reaction duration [101]. This catalyst was reused 5 times under optimized reaction conditions; 

however, a decline in catalyst activity and TA/DA selectivity was observed even during the 2
nd

 

cycle. In most cases, the catalyst deactivation was associated either with the active site blockage 

[129] or with the leaching of active components, such as sulphate group, from the catalyst 

surface [154]. 

In order to improve the TA selectivity and catalyst stability, to achieve the better reusability, 

mixed metal oxides based heterogeneous acidic catalysts have been employed for the GL 

acetylation during the past few years as shown in Table 1.5. 

Mixed metal oxides based catalysts, consisting of two or more metals, have been found to 

demonstrate enhanced activity and stability compared to the single metal oxide based catalysts. 

Recently, Kulkarni et al. prepared sulphated mixed metal oxides (SO4
2-

/CeO2–ZrO2) which was 
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employed in 5 wt% amount (with respect to GL) for the GL acetylation utilizing the AcA/GL 

molar ratio of 10:1, at 100 °C reaction temperature. During the reaction, 99 % GL conversion 

levels were obtained with 22 %, 57 %, and 21 % MA, DA, and TA selectivity, respectively, 

within one h of reaction duration [126].  On similar lines, our group has anchored the sulphate 

group over the mixed metal oxides (SiZrO4) matrix to prepare SO4
2-

/SiZrO4 (SSZ) heterogeneous 

catalyst. The catalyst demonstrated the excellent TA selectivity (93 %) as well GL conversion 

(100 %) on employing 9:1 AcA/GL molar ratio and 3 wt% catalyst at 80 °C reaction 

temperature.  The same catalyst was reused during 6 consecutive reaction cycles while retaining 

54 % TA selectivity in the last cycle [98].  

Table 1.5. Activity comparison of literature reported metal oxide based Brønsted acidic catalysts 

employed for glycerol acetylation. 

 

Catalyst 

wt% 

(w.r.t. 

GL) 

AcA/GL 

(mol/mol) 

Temp 

(
o
C) 

Time 

(h) 

MA 

% 

DA 

% 

TA 

% 

GL 

conversion 

% 

Catalyst 

reusability 

(# of cycles) 

Reference 

SO4
2_

/CeO2–ZrO2 5.0 10:1 100 3.0 22.0 57.0 21.0 99.0 3 [126] 

SO4
2_

/SiZrO4 3.0 9:1 80 0.7 - 7.0 93.0 100 6 [98] 

Zr4(PO4)2(SO4)5 5.0 3:1 105 1.0 15.0 48.0 39.0 100 5 [101] 

Zr(SO4)2 5.0 3:1 105 1.0 - - - 40.0 NR [101] 

Zr3(PO4)4 5.0 3:1 105 1.0 - - - 81.0 NR [101] 

SO4
2-

/W-Zr 0.023 - 120 4.0 33.0 41.0 4.0 100 NR [155] 

HAlSi 22.16 6:1 110 3.0 76.4 7.9 12.0 96.4 NR [156] 

HZnAlSi 22.16 6:1 110 3.0 16.5 - 83.4 99.9 NR [156] 

Zr-S/PW 12.0 12:1 105 20.0 8.0 59.0 33.0 100 NR [157] 

0.2 M SO4
2–

/γ-Al2O3 2.5 9:1 110 5.0 30.5 53.6 15.9 97.0 NR [129] 

2 M SO4
2–

/γ-Al2O3 2.5 9:1 110 5.0 27.0 49.9 23.1 97.0 2 [129] 

4.5 M SO4
2–

/γ-Al2O3 2.5 9:1 110 5.0 33.0 48.8 18.2 97.0 NR [129] 

Cu-Ni(3:1)/γ-Al2O3 2.5 9:1 110 5.0 75.4 23.2 1.4 89.0 NR [129] 

SO4
2-

/CeO2-TiO2-ZrO2 6.0 9:1 120 2.0 22.1 59.5 18.4 100 NR [150] 

SO3H /GO 1.0 10:1 120 6.0 10.0 50.0 39.0 100 4 [158] 

A
Sb2O5 1.0 6:1 120 3.5 33.2 54.2 12.6 96.3 6 [50] 

SO4
2−

/SnO2 5.0 6:1 100 2.0 68.0 19.0 7.0 83.0 6 [153] 

MoO3/SnO2   5.0 6:1 100 2.0 80.0 12.0 1.0 64.0 NR [153] 

25%TPA/Nb2O5 2.0 5:1 120 4.0 21.0 59.0 20.0 90.0 3 [137] 

S = sulphate, A = saturated with H2O2, GO = Graphene oxide, and TPA = tungstophosphoric 

acid  
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1.8.2. Mesoporous silica based acidic catalyst 

Silica (SiO2) is a highly stable material with weak acidic sites over the surface in the form –O–H 

functional groups [159]. It could be easily modified by various organic and inorganic functional 

groups and be prepared as mesoporous material to increase its surface area [157]. In recent past, 

it has attracted much attention as a heterogeneous catalysts support because of the reasons 

mentioned above coupled with its low production cost.  It can be synthesized by a wide variety 

of low-cost precursors with high surface area and large pore volume and in suitable morphology 

(e.g. spheres, fibers and tubules etc.) [160-162]. The strong Brønsted acidic sites over silica 

could be introduced by coupling it with sulphate functional group, as shown in Fig. 1.15 [163].  

 

Fig. 1.15. A typical structure of formation of sulphonated silica catalyst. 

To prepare the silica matrix, tetraethoxysilane (TEOS), a frequently used silica precursor, was 

mixed with ethanol under stirring and hydrolyzed under acidic or alkaline pH [164]. The use of 

an appropriate surfactant is necessary to obtain the silica particles of desired pore size [165,166]. 

The active site over the matrix surface could be attached either in a two- or single-step process 

[161]. In order to control the pore size, a sol-gel method was frequently employed for the matrix 

preparation. For example, Testa et al. prepared mesoporous silica by sol-gel method, which was 

later functionalized with sulphonic acid group [85]. The catalyst was employed for the GL 

acetylation with AcA to produce TA (49 % selectivity) with complete GL conversion at 105 °C 

within 1 h of reaction duration. The catalyst activity was reduced as GL conversion decreased 

from 100 to 20 % after 5 cycles. 3-Mercaptopropyltrimethoxy silane could be employed to form 

the silica support (SBA-15 and SBA-16) and later, 3-mercaptopropyl group was oxidized to a –
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SO3H group with the help of H2O2 to obtain heterogeneous acidic catalysts labeled as SO3H-

SBA-15 and SO3H-SBA-16.  The catalyst, SO3H-SBA-15, exhibited higher activity towards GL 

acetylation with AcA to yield complete GL conversion with 21.5 % TA selectivity at 130 °C 

reaction temperature [146]. Patel and Singh also prepared 12-tungstophosphoric acid anchored 

silica based (MCM-41) heterogeneous acidic catalyst following the reported procedure [60]. In 

the first step, MCM-41 was synthesized employing cetyl trimethylammonium bromide (CTAB) 

as surfactant under alkaline pH of NaOH. To this, TEOS was added drop wise, to obtain a gel 

that was filtered, washed, dried at room temperature and then finally calcined at 550 °C to 

decompose the surfactant to obtain MCM-41. In the second step, the 10-40 % of 12-

tungstophosphoric acid (TPA) was anchored over the MCM-41 by the impregnation method. In a 

typical method, MCM-41 was mixed with an aqueous solution of 12-tungstophosphoric acid of 

the desired concentration and the mixture was dried at 100 °C for 10 h to obtain TPA/MCM-41 

catalyst, which was employed to catalyse the GL acetylation with AcA to yield 15 % of TA 

selectivity with 87 % GL conversion at 100 °C in 6 h of reaction duration. On recycling the 

catalyst, no significant drop in activity was observed during 4 catalytic cycles [60]. Our group 

recently synthesized sulphated zirconia-silica-based heterogeneous acidic catalysts employed for 

the GL acetylation with AcA to yield excellent TA selectivity (93 %) and complete GL 

conversion under mild reaction conditions. The same catalyst was reused during 6 catalytic 

cycles with a gradual decrease in TA selectivity which remain up to 54 % during the last run 

[98]. 

Recently, Mufrodi el al. reported the GL acetylation in the presence of a silica-alumina 

heterogeneous acidic catalyst, to obtain the moderate TA selectivity (47.69 %) with 87.43 % GL 

conversion at 110 °C [167]. The acidic sites (Lewis) in the catalyst could also be generated by 

incorporating transition metals over the matrix. Liu et al. compared the activity of bare MCM-41 

with that of -SO3H, Ru and Cu functionalized one [124,151]. As expected, the catalyst activity 

has been found to improve upon the incorporation of active species. In a similar approach, 

Ramalingam et al. prepared ruthenium and copper incorporated MCM-41 heterogeneous acidic 

catalyst by the sol-gel method and employed them for the GL acetylation with AcA [124]. The 

MCM-41-10Ru10Cu was found to demonstrate better activity than MCM-41-10Cu in terms of 

GL conversion (99.1 %), maintaining 45.2 % and 50.4 % of DA and TA selectivity, respectively, 

at 120 °C in 5 h of reaction duration. Reusability is one of the crucial features of heterogeneous 
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catalysts. However, as evident from Table 1.6, most of the silica based catalysts employed 

during the acetin synthesis were demonstrated poor reusability.  

Table 1.6. Activity comparison of literature reported mesoporous silica based catalysts 

employed for glycerol acetylation. 

 

Catalyst 

wt% 

(w.r.t. 

GL) 

AcA/GL 

(mol/mol) 

Temp 

(
o
C) 

Time 

(h) 

MA 

% 

DA 

% 

TA 

% 

GL 

conversion 

% 

Catalyst 

reusability 

(# of 

cycles) 

Reference 

MCM-41-10Cu 8.0 10:1 120 5.0 68.3 21.1 10.6 83.8 NR [124] 

MCM-41-

10Ru10Cu 

8.0 10:1 120 5.0 2.4 45.2 50.4 99.1 NR [124] 

Silica alumina NR 3:1 110 1.0 18.47 32.84 47.69 87.43 NR [167] 

SO4
2-

/SiZrO4 3.0 9:1 80 0.67 - 7.0 93.0 100 6 [98] 

MCM-41 1.5 9:1 125 24.0 76.4 19.8 3.8 70.5 NR [151] 

SO3H-SBA-15 2.5 6:1 130 4.0 21.3 57.2 21.5 100 3 [146] 

SO3H-SBA-16 2.5 6:1 130 4.0 35.5 46.4 18.1 NR NR [146] 

Pr-SO3H-SBA-15 5.0 6:1 100 2.5 13.0 32.0 55.0 96.0 2 [168] 

TPA3/MCM-41 1.5 6:1 100 6.0 - 60.0 15.0 87.0 4 [60] 

SSBA 5.0 3:1 105 1.0 15.0 74.0 11.0 100 5 [85] 

SAS 5.0 3:1 105 1.0 10.0 73.0 17.0 100 3 [85] 

MP(1)/SBA-15 1.0 9:1 75 4.0 12.0 54.0 34.0 85.0 3 [46] 

MP(1)/NbSBA-15 1.0 9:1 75 4.0 11.0 51.0 38.0 92.0 3 [46] 

P = pressure, SSBA = propyl-SO3H functionalized SBA-15, SAS = Propyl-SO3H functionalized 

silica, and MP = 3-mercaptopropyl 

1.8.3. Ion exchange resins as acidic catalyst 

The idea of using the insoluble ion exchange materials in place of liquid mineral acids or bases is 

more than hundred years old [169]. Ion exchange resins consist of polymeric support (e.g., 

polystyrene) and a labile ionic group (e.g., sulphonic acid or tertiary ammonium hydroxide) 

attached with the benzene ring as indicated in the Fig. 1.16. They could be broadly divided into 

two categories:- (i) cation exchangers (e.g., -SO3
-
H

+
), having the capability to exchange their H

+ 

with other cations and extensively used in water softening and as acidic catalysts, and (ii) anionic 

exchangers (e.g., NR4
+
OH

-
) having the capability to exchange their OH

-
 with other anions and 

could be used in removing the anionic impurities from water and also as basic catalysts [38, 

145,170,171]. Thus, they are suitable to replace the respective homogeneous catalysts due to 

acidic or basic functional groups. Moreover, due to their insoluble nature, such catalysts could 
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easily be isolated from the reaction media and could also be reused multiple times [172,173] and 

thus advantageous over their homogeneous counterpart [174]. 

                          

Fig. 1.16. Structure of commercially available cation exchange resin e.g., (a) Amberlyst  and (b) 

Dowex50, and  anion exchange resin e.g., (c) Lewatit catalyst.  

In the last few years, commercially available ion exchange resins (e.g., Amberlyst-15, 

Amberlyst-36, Amberlyst-70 and Dowex 50Wx2 etc.) have gained the attention as 

heterogeneous acidic catalysts for the production of acetins via GL acetylation with AcA 

[38,175].  Zhou et al. employed Amberlyst-15 for the GL acetylation with AcA to produce 44.47 

% TA selectivity with 98.47 % GL conversion at 110 °C in 4.5 h of reaction duration [176]. 

However, they have used a relatively higher catalyst amount (26 wt % of GL) without 

mentioning its reusability. Later, the same catalyst (Amberlyst-15) have been reported for GL 

acetylation with AcA (AcA/GL molar ratio = 7:1) at 100 °C to achieve 100 % GL conversion, 

maintaining 14 % TA selectivity in 25 h reaction duration [139]. Under the same reaction 

conditions, Amberlyst-36 was found to yield 100 % GL conversion, including 13 % of TA 

selectivity. Jiang et al. employed Amberlyst-45 as a heterogeneous acidic catalyst to obtain 75.3 

% GL conversion into the acetins at 70 °C in 7 h of reaction duration [177]. To further improve 

the GL conversion and catalyst reusability, Rodriguez and Gaigneaux employed the strong acidic 

ion exchange resins, Dowex 50Wx2, Dowex 50Wx4 and Dowex 50Wx8, for the GL acetylation. 

Dowex 50Wx2 and Dowex 50Wx4 catalysts showed higher GL conversion levels (> 94 %) in 

comparison to Dowex 50Wx8, at 105 °C reaction temperature [38]. Additionally, Dowex 50Wx2 

ion exchange resin has been reused 5 consecutive times without any significant loss in activity 

under optimized reaction conditions, as shown in Table 1.7.  
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The literature review shows that most of the ion exchange resins are employed, as a catalyst for 

GL acetylation, in their native form without any further modifications. However, lower GL 

conversion levels accompanied by lower TA selectivity and poor catalyst reusability are major 

drawbacks of ion exchange resins while utilizing them as solid catalysts for the GL acetylation.     

Table 1.7. Activity comparison of literature reported ion exchange resin based catalysts 

employed for glycerol acetylation. 

 

Catalyst 

wt% 

(w.r.t. 

GL) 

AcA/GL 

(mol/mol) 

Temp 

(
o
C) 

Time 

(h) 

MA 

% 

DA 

% 

TA 

% 

GL 

conversion 

% 

Catalyst 

reusability 

(# of 

cycles) 

Reference 

Amberlyst-45 7.0 3:1 70 7.0 68.9 29.8 1.3 75.3 NR [177] 

Amberlyst-36
P
 - 7:1 120 - 30.0 50.0 17.0 100 NR [178] 

DM-650C 4.0 9:1 120 4.0 11.0 52.0 34.0 100 5 [179] 

Lewatit catalyst  3.0 7:1 100 1.5 - - - 66.91 NR [180] 

Amberlyst-36
P
 7.0 7:1 100 25.0 43.0 44.0 13.0 100 3 [139] 

Amberlyst-15
P
 7.0 7:1 100 25.0 42.0 44.0 14.0 100 NR [139] 

Amberlyst-70 5.0 6:1 105 10.0 - 9.4 85.4 100 3 [175] 

Amberlyst-15 26.0 9:1 110 4.5 8.65 46.56 44.79 98.47 NR [176] 

Dowex 50Wx2 6.25 8:1 105 1.6 71.9 3.3 - 95.2 5 [38] 

Dowex 50Wx4 6.25 8:1 105 1.6 63.7 2.8 - 94.8 NR [38] 

Dowex 50Wx8 6.25 8:1 105 1.6 64.9 3.1 - 64.9 NR [38] 

Amberlyst-15 26.0 9:1 110 5.0 7.59 46.29 43.23 97.13 NR [145] 

Amberlyst-15 - 3:1 110 0.5 31.0 54.0 13.0 97.0 NR [181] 

DM = dowex monosphere, T = toluene, and P = pressure  

1.8.4. Carbon based acidic catalyst 

A new category of carbon based heterogeneous acidic catalysts has recently gained attention for 

the GL acetylation to produce acetins [182]. They are eco-friendly, demonstrate high catalyst 

activity, have better stability, and could be reused during GL acetylation several times without 

significant loss in catalytic activity [183]. This category of catalysts could be synthesized from 

biomass such as wood sources or vehicle residues (tyre rubber) or even from sugar molecules 

[184,185]. Reported sulphonated carbon based heterogeneous acidic catalysts are derived from 

low-cost biomass, and their acidic strength has been improved by varying the sulphonation 

condition [182,186]. An example of -SO3H functionalized sugar derived carbon based catalyst is 

shown in Fig. 1.17 [185]. 
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Fig. 1.17. Sulphonated carbon heterogeneous acidic catalyst. 

Recently, Nda-Umar et al. prepared sulphonated biomass carbon based acidic catalysts in four 

steps: pre-treatment, template carbonization, template removal, and functionalization [187]. In 

the first step, the Palm Kernel Shells (PKS) were washed, dried and crushed. To this dilute HCl 

and Na2SiO3 mixture was added under stirring. After this, the mixture was allowed to polymerize 

at 50 °C followed by the calcination at 800 °C under CO2 environment for 4 h to carbonize the 

template. During the third step, the carbonized template was removed by treating the calcined 

sample with dilute NaOH at 80 °C for 1 h, which was later washed with deionized water and 

finally dried at 120 °C. In the final step, the PKS derived carbon material was crushed and 

treated with 100 mL of 1 M organo-sulfonic acid under reflux at 90 °C for 5 h to obtain the 

ethanesulfonic acid (ESA) catalyst. The catalyst was employed for the production of acetins to 

obtain 37.73 % of TA selectivity at 120 °C reaction temperature in 3 h reaction duration with 8:1 

AcA/GL molar ratio. The same catalyst was reused 5 times, without significant loss in activity 

(99 % GL conversion) in the last cycle; however, the TA selectivity was reduced to 12 %. The 

decline in activity has been correlated with the leaching of the acidic sites from the catalyst 

surface during the catalyst regeneration process. 

In literature, SO3H-functionalized carbon based acidic (CS-H2SO4) catalyst was also reported by 

Malaika et al. [182]. They have prepared the sugar-derived carbon spheres by mixing glucose 

(13.5 g) and phosphomolybdic acid hydrate (1.2 g) into distilled water, which was autoclaved at 

160 °C for 8 h with constant stirring under argon atmosphere. The brown polymeric spheres, thus 

formed, were washed with distilled water and ethanol, dried overnight at 110 °C and finally 
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pyrolysed at 850 °C for 1 h under argon atmosphere. In the second step, the surface of carbon 

spheres was functionalized by treating them with H2SO4 at 140 °C for 20 h. The obtained 

mixture was cool down, transferred into distilled water, filtered and washed with hot distilled 

water and finally dried overnight at 110 °C. To verify the activity of carbon-based catalyst, GL 

acetylation with AcA was carried out to obtain the 97 % conversion with 21 % TA selectivity. 

TA selectivity was found to drop from 21 to 9 % during the fourth catalytic cycle.  

Karnjanakom et al. also prepared SO3H-GL-carbon based acidic catalyst for TA production from 

direct reaction of GL with AcA [122]. In this method, the catalyst was prepared from GL via in-

situ hydrothermal carbonization and sulphonation. In brief, a desired amount of GL and 

concentrated H2SO4 were mixed and transferred into an autoclave and heated for 24 h at 150 °C. 

After heating, the SO3H-GL-carbon catalyst was filtered out, washed with deionized water and 

ethanol multiple times to remove the excess sulphate ions, and dried for 12 h at 110 °C in 

vacuum oven. Employing the same catalyst (5 wt% with respect to GL) 82 % TA selectivity was 

achieved with 100 % of GL conversion at 100 °C within 3.5 h of reaction duration. The 

reusability study demonstrates that it could be reused during 10 consecutive cycles without any 

significant loss in GL conversion and TA selectivity.    

As evident from the recent literature review, summarized in Table. 1.8, the carbon based acidic 

catalysts demonstrated the better reusability as well GL conversion levels, while yielding low TA 

selectivity. 
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Table 1.8. Activity comparison of literature reported carbon based catalysts employed for 

glycerol acetylation. 

 

Catalyst 

wt% 

(w.r.t. 

GL) 

AcA/GL 

(mol/mol) 

Temp 

(
o
C) 

Time 

(h) 

MA  

% 

DA 

% 

TA 

% 

GL 

conversion 

% 

Catalyst 

reusability 

(# of 

cycles) 

Reference 

ESA 6.9 8:1 120 3.0 6.9 54.9 37.73 99.0 5 [187] 

S-Glycerol - 6:1 110 2.0 21.0 56.0 23.0 97.0 6 [188] 

UiO-66/AC 6.0 6:1 90 3.0 26.74 55.3 17.9 NR 3 [189] 

CSBA-15-BDS 7.0 6:1 110 6.0 53.0 33.0 13.0 100 4 [190] 

PC400S 10.0 6:1 120 5.0 6.71 52.47 40.77 99.76 NR [123] 

PC800S 10.0 6:1 120 5.0 26.89 59.48 13.37 98.97 NR [123] 

MS-Carbon 4.5 10.4:1 126 3.0 4.9 27.8 66.5 97.0 5 [183] 

A
HTC500-H2SO4 7.0 6:1 210 2.0 67.4 30.0 1.6 90.0 NR [191] 

A
HTC-H2SO4 7.0 6:1 210 1.0 68.7 30.0 1.3 80.0 NR [191] 

A
HTC-H2SO4 7.0 6:1 210 24.0 21.0 56.5 22.5 80.0 4 [191] 

CS-H2SO4 - 6:1 80 24.0 25.0 58.0 21.0 97.0 4 [182] 

SO3H-GL-carbon 5.0 8:1 100 3.5 - 18.0 82.0 100 10 [122] 

GBCC 2.0 3:1 110 3.0 7.0 48.0 53.0 100 7 [192] 

[PrSO3HN][SO3CF3]/C-2 1.0 6:1 120 8.0 - - 78.0 - 3 [193] 

Sulfonated carbon 5.0 5:1 120 2.0 32.8 54.5 12.5 98.4 NR [186] 

SO3H-carbon 5.0 4:1 115 1.0 22.0 67.0 11.0 100 5 [80] 

C–SO3H 5.0 9:1 180 4.0 - - 50.0 100 NR [194] 

AC-SA5 8.0 8:1 120 3.0 38.0 28.0 34.0 91.0 4 [84] 

PC = Palm kernel shells carbonized, MS = mesoporous sulphonated carbon, A = argon 

atmosphere, CS = SO3H-functionalized carbon, GBCC = glycerol based carbon catalyst, C = 

carbon and AC = activated carbon 

1.8.5. Zeolite based acidic catalyst 

Zeolite is micro-porous crystalline solid material, and categorized as alumino-silicate minerals. It 

is used as acidic catalyst or matrix for the incorporation of active sites (Ce, Zr and PMo) over 

their surface, in order to increase their specific surface area, acidic strength and stability [195-

197]. Modefied or native zeolites such as Ce-ZSM-5, ZSM-5, HZSM-5 and Zr-zeolite etc., can 

be applied as heterogeneous acidic catalysts in GL acetylation with AcA [168,195,196]. The 

acetylation reaction over zeolite based acidic catalysts depends on their crystal structure, Si/Al 

ratio, surface area, Brønsted or Lewis acidic sites, and extent of proton exchange [198]. Out of 

these, zeolite surface acidic strength is a prominent factor in deciding the catalyst activity 

towards GL acetylation reaction. The acidic strength could be tuned either by altering the Si/Al 
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ratio or by introducing the desired functionalization over the zeolite surface [199]. The acidity in 

aluminosilicate zeolites is introduced due to the substitution of Si (+4) by the Al (+3) and 

compensation of unit positive charge by a proton (H
+
) as shown in Fig. 1.18 [200]. Thus zeolite 

possesses Brønsted (H
+
) as well as Lewis (M

n+
) acidic sites and hydrophobic if high Si/Al ratio is 

maintained [199,200].  

  

 

Fig. 1.18. Structure of zeolite with Brønsted acidic site. 

Ferreira et al. neutralize the commercial HUSY zeolite (Si/Al = 30) before the incorporation of 

the dodecamolybdophosphoric acid over its surface. The HUSY zeolite protons were exchanged 

with sodium ions, by treating it with 2 M NaCl at 80 °C, washing with distilled water and drying 

at 120 °C to obtain NaUSY. Later, dodecamolybdophosphoric acid was incorporated over the 

NaUSY by treating it with molybdenum (VI) oxide and phosphoric acid [197]. The prepared 

catalyst (PMo-NaUSY) was used for the GL acetylation with AcA to obtain overall GL 

conversion of 68 % into the acetins at 120 °C in the presence of 1.9 wt % of catalyst concerning 

GL. The catalytic reusability was also evaluated during 4 catalytic cycles without any significant 

loss in the activity. Liu at al. also synthesized zeolite based HZSM-5/MCM-41 catalyst by 

treating ZSM-5 zeolite powder with aqueous NaOH and Na2SiO3 in presence of CTAB as a 

surfactant. After that, the mixture was autoclaved at 120 °C for 48 h, exposed to H2SO4, 

crystallized, and washed with deionized water and ethanol multiple times. The solid material, 

thus obtained, was dried at 100 °C and finally calcined at 550 °C for 5 h, and designated as 

ZSM-5/MCM-41. The prepared ZSM-5/MCM-41 catalyst has been employed in 1.5 wt% 
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amount (concerning GL), utilizing the AcA to GL molar ratio of 9:1, at 125 °C reaction 

temperature to obtain 100 % GL conversion and 81.9 % of TA selectivity in 24 h of reaction 

duration. The same catalyst was reused 4 times without any significant loss in activity and TA 

selectivity [151].  

In a similar study, Marwan et al. employed chemically activated natural zeolite (CAN-zeolite) as 

a heterogeneous catalyst for GL acetylation with AcA, to obtain 8.3 % TA selectivity with 

complete GL conversion at 90 °C reaction temperature [201]. Recently, over research group, 

synthesized cerium modified ZSM-5 zeolite (Ce-ZSM-5), which was employed as a 

heterogeneous catalyst for the GL acetylation with AcA to obtain 98.5 % GL conversion level 

[195]. The same catalyst was recycled during 4 reaction cycles without any significant loss of 

GL conversion (from 98.5 to 88.25 %) in the last cycle.  

Most of the zeolite based heterogeneous acidic catalyst employed during GL acetylation was 

able to yield high GL conversion (up to 100 %) using a high reaction temperature (up to 120 °C) 

as well as a long reaction duration (up to 24 h). However, low TA selectivity and poor reusability 

in such catalysts remain an issue as indicated in Table 1.9. 

Table 1.9. Activity comparison of literature reported zeolites based catalysts employed for 

glycerol acetylation. 

 

Catalyst 

wt% 

(w.r.t. 

GL) 

AcA/GL 

(mol/mol) 

Temp 

(
o
C) 

Time 

(h) 

MA % DA % TA % GL 

conversion 

% 

Catalyst 

reusability 

(# of 

cycles) 

Reference 

Ce-ZSM-5 8.0 9:1 120 5 53.5 45.0 - 98.5 4 [195] 

CAN-Zeolite
M

 3.0 9:1 90 1.0 80.1 15.4 4.5 95.0 NR [201] 

CAN-Zeolite
M

 3.0 9:1 90 1.5 43.0 48.6 8.3 100 NR [201] 

ZM 1.5 9:1 125 24 55.9 23.4 20.7 92.6 NR [151] 

HZSM-

5/MCM-41 

1.5 9:1 125 24 0.20 17.9 81.9 100 4 [151] 

H-ZSM-5 5.0 6:1 100 4.5 40.0 40.0 - 93.5 NR [168] 

H-Beta 5.0 6:1 100 4.5 21.0 61.0 18.0 91.3 NR [168] 

Zr-Zeolite NR NR 110 0.5 7.0 68.0 26.0 94.56 NR [196] 

HZSM-5 2.65 9:1 110 4.5 - 25.7 7.7 85.6 NR [176] 

HUSY 2.65 9:1 110 4.5 - 20.6 5.6 78.4 NR [176] 

NaUSY 1.9 - - 3.0 64.0 25.0 1.0 14.0 NR [197] 

PMo3_NaUSY 1.9 - - 3.0 37.0 59.0 2.0 68.0 4 [197] 

ESA = ethanesulfonic acid, CAN =chemically activated natural zeolite, M = microwave, AN-

Zeolite, and ZM = ZSM-5/MCM-41 
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1.8.6. Magnetic nanoparticles based acidic catalyst 

The primary issue with literature reported heterogeneous acidic catalysts is their separation from 

the reaction mixture, which either is based on the gravitational settlement of the heterogeneous 

catalyst particles or centrifugation of the reaction mixture to remove the catalyst [98, 202].  The 

separation of the heterogeneous catalyst from the reaction mixture could be simplified by 

incorporating the magnetic core (e.g. Fe3O4) within the catalyst particles, as shown in Fig. 1.19. 

Now being magnetically active, such catalysts could be easily separated from the reaction 

mixture under the influence of an external magnetic field [68]. In literature, magnetic catalysts 

have been employed to catalyze various reactions (transesterification, esterification, 

etherification, dehydration etc.); however, their use in GL acetylation is rare [203-207]. In such 

catalysts sulphate group or tungstic acid remain the active site for the GL acetylation. 

 

Fig. 1.19. Sulphated silica coated magnetic (SO4
2-

@SiO2@Fe3O4) catalyst. 

Tong et al. prepared heterogeneous magnetic acidic catalyst for the production of TA [208]. The 

catalyst was prepared in three steps process involving the mixing of ferrous sulphate and ferric 

sulphate in deionized water followed by heating at 45 °C with the eddition of ammonia solution 

to obtain the magnetic particles in the first step. In the second step, the stannic chloride 

pentahydrate was added to magnetic nanoparticles which were treated with tetrabutyl titanate at 

alkaline pH. The mixture was filtered, washed, dried at 100 °C, and isolated particles, in the last 

step, were soaked with (NH4)2SO4 solution for 24 h, to obtain Fe–Sn–Ti/SO4
2-

 catalyst. The same 

catalyst has been employed for the GL acetylation with AcA to achieve high conversion (100 %) 

levels with high TA selectivity (99 %) at 80 °C in 30 min. Our group also prepared the magnetic 

catalyst by attaching the sulphate group over the silica coated magnetic (SiO2@Fe3O4) 

nanoparticles to prepare SO4
2-

@SiO2@Fe3O4 heterogeneous magnetic acidic catalyst. The 

catalyst demonstrated the excellent TA selectivity (100 %) as well GL conversion (100 %) on 

employing 6:1 AcA/GL molar ratio and 5 wt% catalyst at 80 °C reaction temperature within 45 
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min of reaction duration [68].  The same catalyst was isolated under the influence of external 

magnetic field from the reaction mixture and reused during 6 consecutive reaction cycles while 

retaining ~59 % of TA selectivity during 4
th

 cycle. In another approach, tungsto-polyacid was 

impregnated over silica coated magnetite to form a Fe4SiW12O40 material, employed to facilitate 

the GL acetylation with AcA to attain the TA and DA selectivity of 7 % and 69 %, respectively 

[209]. The catalyst reusability has not been reported. As could be seen from Table 1.10, very 

few magnetic catalysts, so far, have been reported for the GL acetylation, although they have the 

potential to yield high GL conversion as well as TA selectivity and could also be separated easily 

from the reaction mixture.  

Table 1.10. Activity comparison of literature reported magnetic catalysts employed for glycerol 

acetylation. 

 

Catalyst 

wt% 

(w.r.t. 

GL) 

AcA/GL 

(mol/mol) 

Temp 

(
o
C) 

Time 

(h) 

MA 

% 

DA 

% 

TA 

% 

GL 

conversion 

% 

Catalyst 

reusability 

(# of 

cycles) 

Reference 

SO4
2-

@SiO2@Fe3O4 5.0 6:1 80 0.6 - - 100 100 6 [68] 

Fe-Sn-Ti/SO4
2-

 5.0 - 80 0.5 - - 99.0 100 4 [208] 

Fe4SiW12O40 6.0 3:1 60 8.0 24.0 69.0 7.0 100 NR [209] 

 

1.9. Conclusions 

1. Glycerol is a colorless, odorless, and non-toxic compound and has application in food, 

paint, and pharmaceutical industries. At an industrial scale, glycerol is commonly 

produced by saponification and transesterification reactions. 

2. The glycerol coming out of biodiesel manufacturing plants usually contains methanol, 

water, and acid or base as impurities. Consequently, it remains unfit for the edible or 

pharma industries and thus having low commercial value. 

3. Acetins, including mono-, di- and triacetin, are an essential category of glycerol 

derivatives, frequently prepared via glycerol acetylation employing acetic acid or acetic 

anhydride as acetylating agents. 

4. Mono-, di-, and triacetin can be utilized by many industries, such as cosmetics, 

pharmaceutical, leather, and food. TA and DA are used in the fuel industry, besides, TA 
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is employed as an additive to improve the anti-knocking property of gasoline, and to 

improve the viscosity and cold flow property of biofuel. 

5. The acetins are frequently produced via a homogeneous Brønsted acid catalysed process. 

However, such catalysts are corrosive, non-reusable, difficult to separate from the 

reaction mixture, and sensitive to water, which is formed as a by-product during the 

glycerol acetylation.  

6. To address the issues related to the homogeneous acids, Brønsted or Lewis acidic group 

have been immobilized over various matrices (e.g. mixed metal oxides, mesoporous 

silica, ion exchange resins, carbon, zeolites, and magnetic nanoparticles) to prepare the 

heterogeneous acidic catalysts for the glycerol acetylation. 

7. In spite of having the advantage of reusability, reported heterogeneous catalysts often 

suffer the drawbacks of poor stability and limited reusability. Therefore more efforts 

must be made to have the catalyst with better stability.   

1.10. Lacunae 

Glycerol has been esterified to yield TA, DA, and MA in the presence of homogeneous and 

heterogeneous catalysts, and the following lacunae have been identified based on the literature 

survey. 

i. In most of the reports, homogeneous catalysts have been employed, showing higher 

catalytic activity and selectivity towards the desired products but causes the reactor 

corrosion and demand extensive product purification step. Moreover, for product 

purification water could not be used due to the miscibility of acetins and GL in water. 

ii. Compared to homogeneous catalysts, reported heterogeneous acidic catalysts provided 

insufficient GL conversion levels coupled with poor triacetin selectivity. In addition, the 

limited reusability of the reported heterogeneous catalysts, owing to their lesser stability, 

is another concern that limits their application at a commercial scale.  

iii. The separation of the heterogeneous catalyst was mainly conducted either by 

centrifugation or simple filtration, which is a time-consuming process. Magnetic catalyst 

and their separation under the influence of external magnetic field from the reaction 

mixture have not been explored to a significant extent.  
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1.11. Objectives 

1. Development of the mixed metal oxides based solid catalysts for the acetins synthesis 

from glycerol. 

2. Characterization of the surface basic or acidic sites by temperature programmable 

desorption study and structural properties (by powder XRD) of the catalysts. 

3. To test the efficacy of the prepared catalyst for the esterification of glycerol and 

optimizing the corresponding reaction parameters and study the kinetics of the reaction.  
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Overview of the Chapter  

The chapter includes the list of chemicals and details of experimental and analytical 

techniques which are employed in the present thesis. 
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2.1. Chemicals 

Zirconium (IV) oxychloride octahydrate, Tetraethoxysilane (98 %), and deuterated water (D2O), 

were procured from Sigma-Aldrich (USA). Ferrous sulfate (99 %), ferric chloride (97 %), 

titanium tetrachloride (99.5 %), cerous nitrate hexahydrate (99.9 %), Niobium (V) oxide (99 %), 

ammonia solution (25 % v/v), sulphuric acid, triacetin (99 %), acetic acid (99 %), acetic 

anhydride (99 %) and glycerol (99 %) were obtained from Loba Chemie Ltd. (India). HPLC 

grade iso-propanol (IPA) and hexane were purchased from Spectrochem Ltd. (India). 

2.2. Pyridine adsorption study 

To study the nature of the catalytic acidic (Brønsted or Lewis acid) sites, the samples were 

saturated with pyridine at room temperature and then dried at 50 °C for 2 h and further heated for 

10 min at 300 °C in a muffle furnace. Finally, the diffuse reflectance FTIR (DRIFT) spectra of 

the pyridine treated catalysts were recorded in KBr matrix in the mid IR range (400-4000 cm
-1

). 

2.3. Turn over frequency 

The turnover frequency (TOF) of the catalysts is calculated from equation 2.1 [1,2]. 

    
          

          
                       2.1 

where, mmolactual is the mmoles of the product formed, mcat is the mass of the catalyst (in g), t is 

the reaction duration (in h), and fm is active sites of the catalyst (in mmol g
-1

), as calculated by 

NH3-TPD. 

2.4. Reaction kinetics and thermodynamics 

GL acetylation can be assumed as an irreversible reaction [3,4] and the backward reactions in 

each step can be ignored for developing the kinetics as given in steps R1, R2 and R3 [5]. 
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In order to find out the rate constant (k) and order of the reaction, the conversion of GL (Xglycerol) 

at different reaction times (t) was obtained, and appropriate values were fitted in zero-order (I), 

first-order (II), and second-order kinetic (II) models. The equation which gives the best fitting 

has been used to calculate the corresponding rate constants. 

 

   
                                            (I) 

 

k = -ln{(1‒Xglycerol)/t}                     (II) 

 

     
         

           
                              (III) 

 where k is the rate constant, Xglycerol is the GL conversion at time t 

To calculate the activation energy (Ea), reactions were carried by varying the temperatures 

between 30 and 90 ºC.  The Arrhenius equation (IV) was employed to calculate the activation 

energy (Ea) following the reported procedure [6-8]. 

 

ln k = –Ea/RT + lnA                       (IV) 

 

where Ea is the activation energy (kJ mol
–1

), A is the pre-exponential factor (min
–1

), R is the gas 

constant (8.31 × 10
–3

 kJ K
–1

 mol
–1

) and T is the reaction temperature (K). 
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The thermodynamic parameters, viz., enthalpy (∆H
‡
), entropy (∆S

‡
), and the Gibb’s free energy 

of activation (∆G
‡
), were calculated from Eyring-Polanyi equation (V) [9].  

  
   

 
  

   

  
                                     

Taking the natural log of equation (V) and substituting the value of ΔG
‡ 

= ∆H
‡
 - T∆S

‡
, equation 

(VI) will be obtained. 

  
 

 
 

    

 
 
 

 
   

  

 
 

   

 
    (VI) 

 

where kB is the Boltzmann constant (1.38×10
-23

 J K
-1

) and h is the Planck constant (6.63×10
-34

 

Js). The plot of 1/T versus ln(k/T) were drawn in which slope and intercept would be equals to 

−∆H
‡
/R and ln (kB/h) + ∆S

‡
/R, respectively. The superscript ‡ notation refers to the value of the 

interest in the activated complex. 

2.5. Instruments 

2.5.1. Powder X-ray diffraction (XRD) 

Powder X-ray diffraction data were collected using a PANalytical’s X’Pert Pro using Cu-Ka 

radiation (operated at 45 kV) in the 2θ range of 10 to 80°. The phases present in the samples 

were identified by comparing the results with the JCPDS (Joint Committee of the Powder 

Diffraction Standards) database files. 

2.5.2. Fourier transformation infra-red spectroscopy (FTIR) 

Fourier transform-infrared spectra (FTIR) of solid samples were recorded in a Potassium 

bromide (KBr) matrix and liquid samples over attenuated total reflectance (ATR) accessory in 

mid IR range (400-4000 cm
-1

)
 
on an Agilent Cary-660 spectrophotometer. 

2.5.3. Brunauer-Emmett-Teller (BET) 

The specific surface area was measured by the Brunauer-Emmett-Teller (BET) method and the 

pore size by the BJH method using a Microtrac-BEL mini-II instrument. Prior to the analysis, the 

samples were heated at 100 °C for 3 h under vacuum to remove any adsorbed molecules from the 

catalyst surface. 
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 2.5.4. NH3-Temperature programmed desorption (NH3-TPD) 

The total surface acidity of the catalysts were calculated by conducting a temperature 

programmed desorption study of NH3 (NH3-TPD) using a Microtrac-BEL Corp. BELCAT II 

instrument which utilizes a thermal conductivity detector (TCD) for quantifying the evolved 

gases. In a typical experiment, 0.05 g of catalyst sample was loaded in a U shaped glass sample 

tube, and heated at 300 °C under the He gas flow for 1 h to remove the moisture and physically 

adsorbed gases. For ammonia adsorption, the sample was then exposed to a mixture of NH3/He 

gases (5/95; v/v) at the 100 °C for 30 min. Afterward, to desorb the NH3, the sample was heated 

in the temperature range of 100 to 700 °C under the He gas flow and evolved gases were 

quantified with the help of thermal conductivity detector. 

2.5.5. Scanning electron microscopy-Energy Dispersive X-ray analysis (SEM-EDX) 

Scanning electron microscopy coupled with energy dispersive X-ray spectrometry (SEM-EDX) 

was performed on a JEOL JSM 6510LV instrument. For analysis of the catalyst samples, initially 

solid samples were ultrasonicated in ethanol for 3 h.  A drop of the prepared suspension was 

mounted on a sample holder with the help of carbon tape. The sample was then sputter-coated 

with gold and visualized with the instrument to assess the particle morphology. 

2.5.6. Transmission electron microscopy (TEM) 

Transmission Electron Microscope (TEM) images were recorded on Hitachi 7500 

instruments. The powdered sample was ultrasonicated with ethanol for 2 h and a drop of the 

prepared suspension was placed on a copper grid. Prior to analysis, the suspension was dried to 

remove the solvent. 

2.5.7. X-ray photoelectron spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS) was performed by using an ESCA+, (omicron 

nanotechnology, Oxford Instrument Germany) equipped with a monochromator Aluminium 

Source (Al K radiation hv = 1486.7 eV) operated at 15 kV and 20 mA. To overcome the charging 

problem, a charge neutralizer of 2 keV was applied, and the binding energy was calibrated with 

the help of C 1s peak (284.2 eV) by employing it as internal standard [10]. 
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2.5.8. Vibrating sample magnetometer (VSM) 

Magnetic properties of the catalyst were investigated by Lakeshore 7404 vibrating sample 

magnetometer (VSM). In this technique, powdered sample with known mass was placed in a 

sample vial and vibrated at constant frequency within the pole gap of an electromagnet. 

Vibrating sample within the pole-gap produced induced emf which is detected by the pick-up 

coils and measured with lock-in amplifier. This induced emf is directly proportional to the 

magnetic moment and hence the magnetization of the sample. Thus, VSM can measure the 

magnetic properties like magnetic saturation magnetization (Ms), coercivity (HC), remanence 

(MR), etc. by measuring the hysteresis M-H loops. In this study, M-H loops were measured at 

room temperature (300 K) in the field range of -10 kOe to + 10 kOe. Before measurement, 

magnetometer was calibrated with Nickel standard.  

2.5.9. Fourier transform-nuclear magnetic resonance (FT-NMR) 

Fourier transform-nuclear magnetic resonance (FT-NMR) spectra of organic molecules were 

recorded on a JEOL ECS-400 (400 MHz) spectrophotometer in D2O solvent using tertramethyl 

silane (TMS) as an internal reference, and chemical shifts (δ) were expressed in parts per million 

(ppm). 

2.5.10. High performance liquid chromatography (HPLC) 

The organic products have been quantified by high-performance liquid chromatography (HPLC) 

over an Agilent Infinity 1200 instrument. During the analysis iso-propanol (IPA)/hexane (60/40; 

v/v) was employed as the mobile phase with a flow rate of 0.6 mL min
-1

, the RX-SIL column 

(4.6 × 250  mm, 5 µ) as the stationary phase and the peaks were identified by using a refractive 

index (RI) detector. All samples were analysed by maintaining a column temperature of 35 °C 

and injecting a fixed sample volume of 20 µL. 
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CHAPTER 3 
 

  
 

Sulphuric acid-functionalized siliceous zirconia as an efficient and 

reusable catalyst for the synthesis of triacetin  

Overview of the Chapter  

In the present study, a sulphated siliceous zirconia catalyst (SSZ-550) has been prepared and 

characterized by XRD and FTIR analysis to indicate the incorporation of the sulphate group 

over the matrix. X-ray photoelectron spectroscopy also revealed that the sulphate group was 

incorporated over the matrix to impart the Brønsted acidity to the catalyst which is vital for 

the acetylation activity. The catalyst was successfully employed for glycerol acetylation with 

acetic acid to obtain 93 % selectivity towards triacetin within 40 min of reaction duration at 

80 °C reaction temperature. The catalyst was recovered from the reaction mixture and reused 

during six consecutive reaction runs while retaining 54 % triacetin selectivity in the last 

cycle. A plausible mechanism suggests the heterogeneous catalyst-assisted protonation of 

carbonyl group of acetic acid to initiate the stepwise acetylation of the hydroxyl groups of 

glycerol. 
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3.1. Introduction 

Glycerol, a by-product from BD and soap industries, can be used as an eco-friendly and 

renewable substrate for the production of GL derivatives, such as, MA, DA, and TA which 

have their applications in the pharmaceuticals, polymer, cosmetic and food industries [1-4]. 

All these molecules could be produced by employing mineral acids, e.g., H2SO4, HF, H3PO4, 

etc., as homogeneous catalysts [5]. However, most mineral acids are harmful to the 

environment and require a complicated reactor design to make them acid resistant [6]. After 

the completion of the reaction, acid neutralization with alkali and removal of the salt formed 

generate a vast quantity of industrial effluents, which are difficult to dispose of. Moreover, 

GL acetylation with AcA in the presence of homogeneous acidic catalyst demands high 

reaction temperature (up to 135 °C) with a long reaction duration (up to 3 h) to yield the 

partial TA selectivity along with MA and DA as a by-product [5]. Moreover, such catalysts 

are not only toxic and corrosive but also non-reusable and difficult to separate from the 

reaction medium. 

To overcome the limitations of the homogeneous acidic catalysts, in literature, a variety of 

heterogeneous acidic catalysts were employed for the production of TA employing GL 

acetylation with AcA as discussed in Chapter 1. TA selectivity was also found to be a 

function of reaction duration, reagent ratio, and reaction temperature along with the catalytic 

sites. Hence, an optimal combination of all these parameters is essential to achieve the 

maximum selectivity of TA. 

In this chapter, acidic, stable, and recyclable heterogeneous catalyst, sulphated siliceous 

zirconia was synthesized and employed to catalyze the GL acetylation to obtain TA 

molecolue. Further, the reaction conditions have been optimized to achieve the maximum TA 

selectivity during the GL acetylation reaction. The catalyst stability and reusability has been 

evaluated with recovered catalyst, and reason for the decline in catalyst activity has also been 

investigated. 

3.2. Experimental section 

3.2.1. Preparation of siliceous zirconia 

The Si(OH)4Zr(OH)4 matrix has been prepared by sol–gel method using ZrOCl2·8H2O as a 

precursor of zirconia. In a usual preparation method, ZrOCl2·8H2O (5 g) was dissolved in 20 

mL deionized water under constant stirring at room temperature (35 °C). Aqueous ammonia 
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solution was added drop wise until 10 pH was obtained, and the resulting mixture was stirred 

for 15 min. To this, TEOS was added (corresponding to theoretical 1:1 molar ratio of Si/Zr) 

slowly, under constant stirring for 1 h at room temperature. The precipitate formed was 

filtered and washed with deionized water multiple times to remove the chloride ions and then 

dried at 100 °C for 12 h to obtain the matrix Si(OH)4Zr(OH)4 which is referred as SZ. 

3.2.2. Anchoring of sulphate ion over the matrix 

Prepared SZ matrix (1 g) was powdered and suspended in 20 mL deionized water. To this, 1 

molar H2SO4 solution (3 mL) was added. The resulted mixture was stirred for 24 h at room 

temperature, then dried for 12 h at 100 °C and finally calcined at 550 °C for 4 h in a muffle 

furnace. The catalyst (referred as SSZ-550) preparation is shown in Scheme 3.1. 

 

Scheme 3.1. Schematic representation for the formation of sulphated siliceous zirconia (SSZ-

550) catalyst. 

3.2.3. Acetylation of glycerol with acetic acid 

A series of the GL acetylation reaction was performed to establish the optimum conditions to 

achieve the maximum TA selectivity. One parameter at a time was varied out of the reaction 

temperature (30–100 °C), AcA/GL molar ratio (3–12), reaction duration (1–50 min), and 

catalyst amount (1–5 wt% of GL). To evaluate the catalyst reusability, it was recovered from 
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the reaction mixture by centrifugation, washed with methanol, and calcined at 550 °C. The 

catalyst thus regenerated was employed in six successive cycles under the same experimental 

and regeneration conditions. 

3.3. Results and discussion 

3.3.1. Catalyst Characterization  

3.3.1.1. XRD analysis 

The X-ray diffraction (XRD) patterns for SZ demonstrate a broad hump (2θ = 22), as shown 

in Fig. 3.1a, to support the amorphous nature of the prepared matrix. On incorporating the 

sulphate group over the matrix, SSZ-550 has been formed which was found to exist in the 

crystalline phase as evident by the appearance of the sharp peaks in the XRD patterns (Fig. 

3.1b). The crystalline nature of the material was due to the formation of ZrSiO2 as minor 

phase (JCPDF = 01-081-0590) and Zr(SO4)2 as major phase (JCPDF = 00-024-1492), as 

shown in Fig. 3.1b. The crystallite size of the Zr(SO4)2 phase, calculated by the Scherrer 

equation, was found to be 13.2 nm. 

 

Fig. 3.1. X-ray diffraction patterns of (a) SZ and (b) SSZ-550. 

3.3.1.2. FTIR analysis 

The FTIR spectra of the prepared SZ and SSZ-550 are compared in Fig. 3.2 to indicate the 

sulphate group anchoring over the siliceous zirconia surface. Both the samples show a strong 

band at ~ 802 cm
−1

 due to Si–O–Si bond vibrations. In literature, the presence of a band at 

808 cm
−1

 has been reported to indicate the presence of Si–O–Si bonding [7]. In the case of 
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SSZ-550, new bands in the range of ~ 1028–1266 cm
−1

 were observed (Fig. 3.2b), due to the 

stretching vibrations corresponding to S–O and S=O bonds to support the incorporation of the 

sulphate group over the siliceous zirconia matrix. A similar observation was reported by Sun 

and Garcia where the bands in the range of 1045–1223 cm
−1

 have been reported to indicate 

sulphate ion anchoring over the siliceous zirconia matrix [8-9]. 

 

Fig. 3.2. FTIR spectra of (a) SZ and (b) SSZ-550. 

3.3.1.3. BET analysis 

The BET surface area of SZ and SSZ-550 was measured by N2 adsorption-desorption 

isotherms as represented in Fig. 3.3. All the samples were found to exhibit type-IV curves of 

IUPAC classification, which indicates the mesoporous nature of the samples. In case of 

siliceous zirconia, matrix surface area and pore volume were found to be 197 m
2
g

-1
 and 0.3 

cm
3
g

-1
, respectively, as shown in Fig. 3.3a.  

 

Fig. 3.3. (a) N2 adsorption-desorption isotherms and (b) Pore size distribution. 
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However, upon sulphate group impregnation over the matrix, the surface area as well as pore 

volume was found to decrease to 70 m
2
g

−1
 and 0.1 cm

3
g

-1
, respectively (Table 3.1). The drop 

in the surface area could be ascribed to the pore blockage of the matrix upon sulphate group 

attachment. Ward et al. also observed the reduction of surface area (from 709 to 342 m
2
g

−1
) 

as well as pore volume (from 0.8 to 0.4 cm
2
g

−1
) when sulphated zirconia was impregnated 

over the mesoporous silica surface [10]. 

Table 3.1. Comparison of the BET specific surface area, pore volume, and total acidity of SZ  

and SSZ-550. 

Catalyst BET surface 

area (m
2
g

-1
) 

Pore volume 

(cm
3
/g

-1
) 

Total acidity 

(mmol g
-1

) 

SZ 197 0.3 0.43 

SSZ-550 67 0.1 4.96 

3.3.1.4. NH3-Temperature Programmed Desorption study 

The acidic sites present over the catalyst surface were quantified by the temperature-

programmed desorption of ammonia (NH3-TPD). The TPD profiles of the desorbed NH3 

from SZ and SSZ-550 catalysts are shown in Fig. 3.4. A broad peak in the range of 233–243 

°C, for both the samples, was observed owing to the ammonia desorption from weak acidic 

sites. However, sulphate incorporation over the siliceous zirconia demonstrates an additional 

desorption peak at 473 °C (4.96 mmol g
−1

) to indicate the formation of strong acidic sites 

(Table 3.1). Chen et al. observed that sulphated silica–zirconia nanoparticles demonstrated 

desorption peaks in the range of 210–290 °C and 460–600 °C to indicated the presence of 

weak and strong acidic sites, respectively, over the catalyst surface [11,12]. 

 

Fig. 3.4. NH3-TPD profiles for (a) SZ and (b) SSZ-550. 
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3.3.1.5. Pyridine adsorption DRIFT study 

To study the nature of the acidic sites present over the catalyst surface, pyridine-saturated 

matrix and catalyst were subjected to FTIR spectroscopy. Through this method, Brønsted and 

Lewis acid sites present over the catalyst could be identified and differentiated [13]. As 

shown in Fig. 3.5, the siliceous zirconia matrix shows a single band at 1636 cm
−1

 owing to 

the presence of Brønsted (B) acidic sites on its surface in the form of –OH group. Upon SO4
2−

 

incorporation over the SZ matrix, new bands at 1445, 1490, 1545 and 1613 cm
−1

 were 

observed in addition to the band observed for the native matrix. Thus, incorporation of 

sulphate group over the matrix leads to the formation of Brønsted as well as Lewis acidic 

sites. The Brønsted sites interact with pyridine, which leads to the formation of pyridinium 

ions, and same could be identified due to band at 1545 cm
−1

 in the FTIR spectrum. The 

presence of a band at 1490 cm
-1

 is indicative of pyridine coordinated to Lewis acid sites. In 

literature, similar band was also reported at 1540 cm
−1

, to support the formation of 

pyridinium ions, owing to the interaction of pyridine with Brønsted acids and the presence of 

the bands at 1450 and 1487 cm
-1

 are indicative of pyridine coordinated to Lewis acidic sites 

[14-16]. Desmartin-Chomel et al. concluded that sulphate group is mainly responsible for 

generating strong acidic sites that impart the acetylation activity to the catalyst [17]. 

 

Fig. 3.5. FTIR spectra of pyridine adsorbed on (a) SZ, (b) SSZ-550 and (c) without pyridine 

adsorption of SSZ-550. 

3.3.1.6. SEM, EDX and elements mapping analysis 

The morphology and elemental distributions of the catalyst particles were examined by 

SEM–EDX technique, and corresponding elemental mapping is shown in Fig. 3.6. The SEM 

images of the siliceous zirconia (Fig. 3.6a) and sulphated siliceous zirconia (Fig. 3.6b) show 
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the formation of agglomerated nanoparticles in irregular geometries. Elemental mapping 

clearly demonstrates that all the elements (O, Si, Zr and S) are uniformly distributed over the 

catalyst surface. 

 

Fig. 3.6. SEM images of (a) SZ, (b) SSZ-550, EDX and elemental mapping of SSZ-550. 

3.3.1.7. TEM analysis 

TEM image of SSZ-550 was studied in order to get information about the particle size and 

geometry, as shown in Fig. 3.7. The TEM analysis of SSZ-550 revealed the formation of 

spherical agglomerated particles (~16 nm size), which is close to the crystallite size (13.2 nm) 

calculated from XRD data. The smaller particle size could be correlated with the higher 

catalyst surface exposure to the reactants, facilitating the higher catalyst activity. 

 

Fig. 3.7. TEM images of (a) and (b) SSZ-550. 

3.3.1.8. XPS analysis 

The XPS spectra of silicon, sulfur, zirconia, and oxygen, present in SSZ-550 catalyst, are 

shown in Fig. 3.8 for determining the electronic state of the elements. The full scan XPS 

spectrum of the SSZ-550 confirmed the presence of Si, S, Zr, and O elements over the 
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catalyst surface as shown in Fig. 3.8a.The peak observed at 103.6 eV and 102 eV could be 

attributed to 2p1/2 and 2p3/2 level of Si
4+

 as shown in Fig. 3.8b. Observed values are very close 

to the literature reported values of 103.1 eV and 102 eV for Si
4+

 2p state present in SiO2 

material [18,19]. The presence of sulphate functional group over the siliceous zirconia matrix 

could be attributed to the presence of two peaks at 168.4 and 170.1 eV corresponding to the 

S
6+

 2p3/2 and S
6+

 2p1/2 states, respectively (Fig. 3.8c). These binding energy values also 

support the linkages of the sulphate group with zirconia/silica matrix as the corresponding 

values for the sulphate group linked to ZrO2 matrix were reported at 168.9 and 169.2 eV [20]. 

The XRD analysis of the same material also indicates the formation of Zr(SO4)2; however, 

owing to the amorphous nature of the silica, no peak due to silica sulphate has been observed. 

Anchoring of the sulphate group over the matrix was also supported by the FTIR analysis of 

the catalyst as discussed in the earlier section. Furthermore, the XPS spectrum shows (Fig. 

3.8d) peaks at 185.1 and 182.7 eV corresponding to the Zr
4+

 3d3/2 and Zr
4+

 3d5/2 states, 

respectively. This study could be correlated with the literature, where the presence of Zr
4+

 has 

been attributed to the appearance of peaks at 182.9 and 185.3 eV for Zr
4+

 3d5/2 and Zr
4+

 3d3/2 

states, respectively, in ZrO2 phase [21]. The peaks (Fig. 3.8e) at 528.7, 533.1, and 531.4 eV 

may be due to the presence of O
2−

 1s state of lattice oxygen and could also be ascribed to the 

various linkages of oxygen present in the catalyst, viz. Si–O–Si, S–O–Zr, and Zr–O–Si, 

respectively. Similar observations were reported, where the presence of O
2−

 1s in the 

sulphated siliceous zirconia nanoparticles was supported by peaks at 532.4 and 532.5 eV 

corresponding to Si–O–Si or Zr–O–Si and S–O–Zr linkage, respectively [22]. 
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Fig. 3.8. XPS spectra of SSZ-550 catalyst (a) full scan, (b) Si 2p, (c) S 2p, (d) Zr 3p, and (e) 

O 1s. 

3.3.2. Product analysis 

3.3.2.1. FTIR analysis 

Formation of the TA could be supported with the help of the FTIR spectroscopic technique. 

In the FTIR spectra of GL, two bands at 1042 and 3300 cm
−1

 were observed due to the C–O 

and O–H group stretching frequencies, respectively, as shown in Fig. 3.9a. Upon GL 

acetylation, a new band at 1737 cm
−1

 (Fig. 3.9b), due to –C=O group, was observed to 

support the formation of the ester bond. The absence of any band in –OH region further 

supports the acetylation of GL hydroxyl groups. 
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Fig. 3.9. FTIR spectra of (a) glycerol, and (b) triacetin produced during glycerol acetylation. 

3.3.2.2. HPLC analysis 

The primary product, TA, formed during the reaction was confirmed by comparing its 

retention time (6.30 min) with that of the standard TA sample, as shown in the HPLC 

chromatogram in Fig. 3.10. The HPLC chromatogram (Fig. 3.10c) of reaction products show 

no peak corresponding to the GL (8.90 min) to confirm its 100 % conversion into the product 

molecules. The quantitative analysis of the product mixture further supports the TA 

selectivity of 93 % while the remaining 7 % being the DA. 

 

 Fig. 3.10. HPLC chromatogram of (a) pure glycerol (b) pure triacetin and (c) triacetin 

produced during glycerol acetylation. 
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3.3.3. Catalyst screening 

Prior to the catalyst screening, in blank runs, acetylation of GL with AcA was performed in 

absence of catalyst, or in the presence of bare siliceous zirconia matrix. It is evident from Fig. 

3.11 that in absence of catalyst merely 11.5 % GL conversion with negligible TA selectivity 

was obtained, while the bare siliceous zirconia was able to yield 69 % GL conversion with 

1.6 % TA selectivity. Thus, sulphate group anchoring over the matrix is required to generate 

the acidic site which is primarily responsible for catalysing the GL acetylation. Reddy et al. 

also suggested that sulphate impregnated CeO2–ZrO2 and CeO2–Al2O3 catalysts demonstrate 

better TA selectivity (90 %) at 120 °C reaction temperature while carrying out the reaction 

with 6:1 AcA/GL molar ratio and in the presence of 5 wt% of catalyst amount [23,24]. To 

demonstrate the effect of reaction parameters on the catalyst activity, in the present study, the 

reagent ratio, catalyst amount, reaction temperature and reaction time have been sequentially 

varied as discussed in the subsequent section. 

 

Fig. 3.11. Effect of the various catalysts over the acetylation of glycerol. [Reaction 

conditions: AcA/GL = 9:1 molar ratio, reaction time = 40 min, catalyst amount = 3 wt% 

(with respect to GL) and reaction temperature = 80 ºC] 

3.3.3.1. Effect of AcA/GL molar ratio on product selectivity 

Conversion of GL and TA selectivity over SSZ-550 catalyst at 80 °C on 3 wt% of catalyst 

(concerning GL) with varying AcA/GL molar ratio (from 3 to 12) is shown in Fig. 3.12a. 

Theoretically, every molecule of GL required three molecules of AcA to achieve the 100 % 

TA selectivity. However, to push the equilibrium in the forward direction, the reaction is 

usually performed in the presence of an excess amount of AcA. During the present study, the 

use of lower AcA/GL molar ratio (up to 3) was found to yield a mixture of products which 

consists of MA (41 %), DA (34 %), TA (12 %) and unreacted GL. On increasing the molar 
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ratio up to 9, TA yield increased up to 93 % within 40 min of reaction duration. Such a high 

TA selectivity has not been frequently reported during heterogeneous catalyst assisted 

acetylation of GL. In the literature, at 3:1 AcA/GL molar ratio, SO4
2-

/CeO2–ZrO2 catalyst was 

found to demonstrate the poor TA selectivity of 5 % along with MA yield of 25 %. Even on 

increasing the molar ratio up to 6, the TA selectivity was found to increase marginally (from 

5 to 16 %) that too at higher reaction temperature of 120 °C and after a prolonged duration of 

3 h [24]. 

3.3.3.2. Effect of catalyst amount on product selectivity 

In order to optimize the catalyst amount, acetylation of GL was performed employing 9:1 

AcA/GL molar ratio, 1–5 wt% catalyst (concerning GL) at 80 °C for 40 min of reaction 

duration. It can be seen that at a lower catalyst amount (up to 2 wt%), 90 % GL conversion 

was observed but yielding the lower TA selectivity (46 %) along with the formation of some 

MA (14%) and DA (30 %) by-products. Maximum TA selectivity of 93 % was obtained, at 

the cost of MA and DA, when 3 wt% of catalyst was employed, and a further increase in 

catalyst amount (up to 5 wt%) was neither found to improve the selectivity nor able to reduce 

the reaction duration (Fig. 3.12b). The same phenomenon is also reported for the acetylation 

of GL with AcA (7:1 AcA/GL molar ratio) at 100 °C reaction temperature in the presence of 

an acidic catalyst, where an increase in catalyst amount from 2 to 3 wt% was also found to 

improve the TA selectivity from 56.28 to 66.91 % [25]. Additionally, the TOF calculation 

also supports that the presence of 3 wt% of catalyst exhibited a maximum turnover frequency 

(262 h
-1

) as compared to 1 wt% (131 h
-1

) of catalyst. Hence, 3 wt% catalyst was employed for 

optimizing the other reaction parameters to achieve the maximum TA selectivity. 

3.3.3.3. Effect of reaction temperature on product selectivity 

Acetylation of GL in the literature has been reported to follow the endothermic pathway and 

hence, an external source of heat is essential to push the reaction in the forward direction [4]. 

In order to study the effect of temperature on GL conversion as well as product selectivity, a 

series of reactions was performed in the presence of SSZ-550 catalyst by varying the 

temperature in the range of 30 to 100 °C, as shown in Fig. 3.12c. A significant increase in TA 

selectivity from 0 to 93 % was observed when the reaction temperature was raised from 30 to 

80 °C. A further increase in the reaction temperature (up to 100 °C) has not resulted in any 

significant rise in TA selectivity. Hence, SSZ-550 catalyzed reaction should be performed at 

80 °C to achieve the optimum catalyst activity. 
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3.3.3.4. Effect of reaction time on product selectivity  

To establish the reaction duration to achieve the maximum TA selectivity, a series of GL 

acetylation was performed at 80 °C in the presence of 3 wt% catalyst at a constant AcA/GL 

molar ratio of 9:1. It is evident from the plot (Fig. 3.12d) that during first 20 min of reaction 

period DA (25 %) is the leading product and remains predominant till 30 min of reaction 

duration. However, after 40 min, TA became the exclusive product (93 %) to support that GL 

acetylation proceeds in a step wise fashion. Reddy et al. have also studied the extent of GL 

acetylation at various time intervals over SO4
2-

/CeO2–ZrO2 catalyst at 120 °C and observed 

63 % and 11 % selectivity of DA and TA, respectively, within 0.5 h of reaction duration 

[23,24]. Same study reported a maximum TA selectivity of 90 %, nevertheless, after a 

prolonged reaction duration of 4 h. Thus, our research, as well as literature report, supported 

the stepwise acetylation of GL and an increase in TA selectivity on increasing the reaction 

duration. 

  

   
    

 

Fig. 3.12. Influence of various reaction parameters on SSZ-550 assisted glycerol acetylation 

(a) molar ratio of AcA/GL, (b) catalyst amount with respect to GL, (c) reaction temperature 

and (d) reaction time. 
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3.3.4. The reusability and stability 

The reusability of SSZ-550 catalyst was evaluated under the optimized reaction conditions, 

viz., AcA/GL molar ratio of 9:1, 3 wt% of catalyst (concerning GL), 80 °C reaction 

temperature, and 40 min of reaction duration. As shown in Fig. 3.13, the SSZ-550 catalyst 

was employed during six catalytic runs under identical reaction conditions. After every run 

the catalyst was recovered from the mixture through filtration, washed with methanol to 

remove the reactants/products from the catalyst surface, dried at 100 °C for 12 h and finally 

calcined at 550 °C for 4 h. The results revealed that recovered catalyst, during the first 3 

catalytic cycles, was able to yield up to 80 % TA selectivity, which declined gradually to 50 

% in the 6
th

 cycle. 

 

Fig. 3.13. Study of the SSZ-550 reusability during the glycerol acetylation with acetic acid. 

[Reaction conditions: AcA/GL = 9:1 molar ratio, reaction time = 40 min, catalyst amount = 3 

wt% (with respect to GL) and reaction temperature = 80 ºC] 

To establish the reason(s) behind the loss in catalytic activity, NH3-TPD profile of fresh and 

reused catalysts is compared in Fig. 3.14a. The fresh catalyst exhibited the strong acid sites, 

as revealed from the desorption peak at 473 °C, with a total acidity of 4.96 mmol g
-1

 in 

comparison with 1.36 mmol g
-1

 for the spent catalyst at the same desorption temperature. 

Thus, a decrease in catalyst acidity could be attributed to loss of acidic sites which might be 

due to the loss of sulphate species from the catalyst surface. 

In order to evaluate the loss of sulphate ions from the catalyst surface, the FTIR spectra of 

fresh and spent catalyst are compared in Fig. 3.14b. The partial loss of SO4
2-

 moiety from the 

spent catalyst is evident due to the decrease of IR bands intensity positioned at 1028, 1140, 

and 1266 cm
-1

. The absence of any vibrational band associated with the TA or GL in the 
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FTIR of reused catalyst further maintained that organic molecules have not collected over the 

catalyst facade to hinder the active sites. 

 

Fig. 3.14. Comparison of (a) NH3-TPD and (b) FTIR plot of fresh and reused catalyst. 

As evident from the FTIR study, the sulphate group has been detached from the catalyst 

surface during the repeated use. The leached active sites from the matrix may catalyze the 

reaction similar to the homogeneous catalyst. To quantify the homogeneous contribution in 

the catalyst activity, a hot filtration test was performed. During the trial, acetylation of GL 

was performed under optimized reaction parameters for 20 min and after that catalyst was 

separated from the reaction mixture with the help of simple filtration. Now, the reaction 

mixture, without catalyst, was allowed to react for an additional 20 min. As evident from Fig. 

3.15, no significant change in the GL conversion level was observed when the reaction was 

allowed to continue in the absence of catalyst. Thus, it is safe to assume that dissolved 

catalyst contents, if any, were not able to catalyze the reaction to a significant extent, and 

heterogeneous catalyst is primarily responsible for almost the entire catalytic activity. 

 

Fig. 3.15. Study of homogeneous contribution during the acetylation of glycerol with acetic 

acid. 
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3.4. Proposed mechanism for the acetylation of glycerol with acetic acid 

As indicated by the blank experiments (“Catalyst screening” section), in the absence of 

catalyst, merely 11.5 % GL conversion with negligible TA selectivity was obtained. On the 

other hand, bare siliceous zirconia yielded merely 1.6 % TA selectivity with a higher GL 

conversion level of 69 %. These experiments clearly indicate the catalytic role of strong 

Brønsted acidic sites during the synthesis of TA. However, relatively higher GL conversion 

levels were obtained with bare catalyst, due to the presence of surface Brønsted acidic sites 

(O
−
H

+
) as shown in structure I in Scheme 3.2. Nevertheless, these sites are not strong enough 

to yield higher TA selectivity. Sulphate group anchoring over the siliceous zirconia matrix 

imparted the strong Brønsted acidity, and consequently, the SSZ-550 catalyst was able to 

produce 93 % TA selectivity with overall 100 % GL conversion within 40 min of reaction 

duration. Sulphuric acid, as a homogeneous catalyst, has also been reported to catalyze the 

acetylation of mono as well tri-alcohol (GL) and found to follow the (pseudo) first-order 

kinetic model [25,26]. Consequently, in the present study, sulphate groups have been 

proposed as the reaction centres for initiating the TA synthesis.  

As discussed earlier (“Effect of reaction time on product selectivity” section), the MA 

selectivity was found to be maximum at the beginning of the reaction, which gradually got 

converted into the DA and TA to support the stepwise acetylation of the GL. During the 

present study (“Effect of AcA/GL molar ratio on product selectivity” section), when the AcA 

concentration was varied, the rate of TA formation was also found to change. However, the 

same was not found to be affected when GL concentration was varied.  

Thus, a plausible mechanism assumes the sulphate group assisted protonation of the AcA 

carbonyl group during the first step of the reaction to form the carbocation (II) as an 

intermediate as shown in Scheme 3.2 [26-28]. Now the carbocation (II) may react with the –

O–H of GL to form another intermediate (III). A water molecule has been given away by the 

intermediate (III) to generate a new carbocation (IV). Carbocation (IV) ultimately regenerates 

the catalyst and leads to the formation of the MA (V). Now, one of the remaining two –OH 

groups of MA would further react with AcA, following the similar mechanism as described 

above, to form DA. The remaining –OH group of DA may further react with AcA to form the 

TA molecule following the similar mechanism as described for MA synthesis. 
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Scheme 3.2. Proposed mechanism for the glycerol acetylation with acetic acid in presence of 

SSZ-550 catalyst. 

3.5. Conclusions 

Glycerol acetylation with acetic acid was performed in the presence of the SSZ-550 

heterogeneous acid catalyst to yield the 93 % triacetin selectivity during a quick succession of 

40 min. The presence of Brønsted acidic sites, in the form of sulphate group, was found to be 

accountable for the higher catalytic activity. The catalyst was recovered from the reaction 

mixture and reused during 6 catalytic runs albeit, with partial loss in activity owing to the 

fractional loss of sulphate group from the catalyst surface. Presently, efforts are in progress in 

our lab to improve the catalyst stability and reusability. 
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CHAPTER 4 
 

  
 

Development and functionalization of magnetic nanoparticles as 

stable and reusable catalyst for triacetin synthesis 

Overview of the Chapter  

The application of magnetic nanoparticles as an adsorbent and catalyst support in solving the 

environmental issues has recently received significant attention due to their unique physical 

and chemical properties, such as high surface area, ease of anchoring the functional groups, 

lower processing cost, high stability and ease of separation under an external magnetic field. 

A magnetic catalyst was prepared in the present study by embedding magnetite (Fe3O4) 

within the silica shell on which sulphate ions were anchored (Fe3O4@SiO2@SO4
2-

). The 

catalyst was successfully employed for glycerol acetylation with acetic acid to obtain 100 % 

selectivity towards triacetin within 45 min of reaction duration at 80 °C. The catalyst was 

successfully isolated from the reaction medium magnetically and reused for 6 consecutive 

reaction cycles while retaining 90 % glycerol conversion levels and 50 % triacetin selectivity 

in the last reaction cycles.  
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4.1. Introduction 

In the previous Chapter, GL was esterified with AcA in the presence of sulphated siliceous 

zirconia (SSZ) catalyst to produce TA. The heterogeneous catalyst from the reaction mixture was 

removed by filtration or centrifugation which is a time consuming and cumbersome process. The 

separation of the catalyst could be simplified by impregnating the catalytically active species 

over the Fe3O4 MNPs to facilitate the magnetic separation of the catalyst from the reaction 

mixture [1]. Thus incorporation of Brønsted as well as Lewis acid sites over the magnetic 

support may make the heterogeneous catalyst capable of carrying out the acetylation reaction and 

separable from the reaction mixture under the influence of an external magnetic field [2-4]. 

To the best of our knowledge, the synthesis of TA, as an exclusive product employing a 

magnetic catalyst has not been reported. Therefore, in the present study, the Fe3O4@SiO2@SO4
2-

magnetic heterogeneous acidic catalyst has been prepared to obtain TA as an exclusive product 

and to facilitate the magnetic separation of the catalyst from the reaction mixture. The recovered 

catalyst was also reused for 6 successive reaction cycles. 

4.2. Experimental Section 

4.2.1. Preparation of Fe3O4 

The Fe3O4 MNPs were synthesized by the chemical co-precipitation method by following the 

reported method [5]. The solutions of FeSO4.7H2O (0.017 M) and FeCl3.6H2O (0.035 M), to 

maintain Fe
+2

/Fe
+3

 ratio of 1:2, were mixed together under mild stirring at 35 °C in a glass 

beaker. After 10 min, 1.5 M NaOH solution was slowly added into the reaction mixture, until a 

pH 10 was achieved, with constant stirring for 2 h at 80 °C. The black precipitate formed was 

separated by external magnetic force (Fig. 4.1a), repeatedly washed with deionized water until 

the pH 7 of the filtrate was achieved. Finally, dark colored Fe3O4 nanoparticles thus obtained was 

dried at 70 °C for 12 h. The chemical equation involved in the synthesis of Fe3O4 MNPs are 

shown below [6]: 

                             

                             

                              

                               

 



CHAPTER 4 
 

 Page 82 
 

 

Fig. 4.1. Magnetic separation with the external magnet during the preparation of the magnetic 

catalyst. 

4.2.2. Preparation of Fe3O4@SiO2 

Silica coated Fe3O4 MNPs were prepared by the sol-gel method as shown in Scheme 4.1 (step-I) 

[7]. In this method, Fe3O4 (0.5 g) MNPs were dispersed in the ethanol/deionized water (4: 1, v/v) 

mixture in a beaker, and then NH4OH solution was gradually added to maintain the pH 9 of the 

reaction mixture and to this TEOS (0.53 mL) was added under vigorous. After 12 h of stirring, 

the silica coated MNPs (Fe3O4@SiO2) was separated with the help of a magnet (Fig. 4.1b) and 

washed with deionized water until pH 7 of the filtrate was achieved. The recovered Fe3O4@SiO2 

was dried at 70 °C for 12 h. 

4.2.3. Preparation of Fe3O4@SiO2@SO4
2-

 

The sulphate group over Fe3O4@SiO2 particles, was anchored by the wet impregnation method 

as shown in Scheme 4.1 (step-II). The dried Fe3O4@SiO2 (0.25 g) was immersed in 20 mL, 3 M 

H2SO4 solution for 12 h with constant stirring at 35 °C. Finally, the solid material was separated 

by using a permanent magnet (Fig. 4.1c), dried, and calcined at desired temperatures (550 to 650 

°C) for 4 h to obtain magnetic heterogeneous acidic catalyst Fe3O4@SiO2@SO4
2-

. 
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Scheme 4.1. Preparation steps for fabricating sulphate group over Fe3O4@SiO2. 

4.2.4. Acetylation of glycerol with acetic acid 

The acetylation of GL with AcA was performed in a 50 mL two neck round bottom flask 

furnished with a water cooled condenser, hot plate, and magnetic stirrer. 5 g of GL and desired 

amounts of AcA and catalyst were charged into the round bottom flask which was constantly 

stirred at 80 °C for 45 min. After the reaction, the magnetic acidic catalyst was separated from 

the reaction mixture with the help of an external magnet (Fig. 4.2) and then the by-product (H2O) 

was evaporated with the help of a rotary evaporator. The product thus obtained was characterized 

by 
1
H-NMR and FTIR techniques and quantified by the HPLC technique. 

 

Fig. 4.2. Separation of magnetic catalyst from the reaction mixture with the help of external 

magnet. 
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4.3. Results and discussion 

4.3.1. Catalyst Characterization  

4.3.1.1. XRD analysis 

The phase evolution of the prepared magnetic catalysts was studied by powder XRD technique 

and corresponding diffractograms are shown in Fig. 4.3. In case of Fe3O4, the diffraction peaks 

positioned at 30.40
o
, 35.58

o
, 43.37

o
 53.97

o
, 56.80

o
, and 62.92

o 
(Fig. 4.3a) corresponding to the 

(220), (311), (400), (422), (511), and (440) planes, supports the inverse spinel cubic structure of 

Fe3O4. The diffraction patterns also match with the JCPDS card no 00-003-0862 recorded for 

Fe3O4 MNPs [8]. Peak broadening of X-ray diffraction peaks is because of the formation of 

nano-sized particles (16.79 nm). The silica coating of the Fe3O4 MNPs followed by calcination at 

550 °C leads to the formation of Fe3O4@SiO2 core-shell nanoparticles. In the X-ray diffraction 

pattern (Fig. 4.3b) of these nanoparticles, a broad hump centred around 23° is observed. This is a 

typical characteristic of amorphous silica, which further confirms the formation of the 

amorphous silica shell over the magnetic nanoparticles [3]. Silica coating over the magnetic 

nanoparticles was also confirmed by the FTIR study as discussed in the subsequent section. 

Sulphate impregnation over the Fe3O4@SiO2 nanoparticles leads to the formation of 

Fe3O4@SiO2@SO4
2-

, which is supported by the formation of a new rhombohedral phase of 

Fe2(SO4)3 as confirmed by the diffraction peaks positioned at 25.70, 33.23, and 53.97 (Fig. 4.3c) 

corresponding to the (113), (116), and (404) planes, respectively (JCPDS card no. 00-042-0229). 

  

Fig. 4.3. X-ray diffraction patterns of (a) Fe3O4, (b) Fe3O4@SiO2 and (c) Fe3O4@SiO2@SO4
2-

. 
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4.3.1.2. FTIR analysis  

A comparison among the FTIR spectra of Fe3O4, Fe3O4@SiO2, and Fe3O4@SiO2@SO4
2-

 is 

provided in Fig. 4.4. In the FTIR spectra (Fig. 4.4a), the band at ~571 cm
-1

 is due to the 

characteristic vibrations of the Fe–O bond. In the literature, the presence of the Fe–O bond, in 

Fe3O4, has been supported by the presence of a band in the range of 583–591 cm
-1

 [9,10]. Silica 

coating over the magnetic nanoparticles is confirmed by the appearance of a new band at ~1060 

cm
-1

 owing to the Si–O–Si bending vibrations in Fe3O4@SiO2 as well as Fe3O4@SiO2@SO4
2- 

nanoparticles (Fig. 4.4b). Pourjavadi et al. have supported the presence of the Si–O–Si bond due 

to the presence of a band at ~1035 cm
-1

 in case of silica coated Fe3O4 particles [9,11]. The 

functionalization of the Fe3O4@SiO2 nanoparticles with the sulphate group (Fe3O4@SiO2@SO4
2-

) is evidenced by the appearance of band at 1233 cm
-1

 related to the asymmetric stretching 

vibrations of the S=O functional groups (Fig. 4.4c). A similar observation was reported by 

Kumar et al. where the presence of the sulphate group was supported by the presence of bands at 

1139 and 1237 cm
-1

 in the IR spectrum of sulphated TiO2 particles [12]. The band observed at 

1409 cm
-1

 also suggested the existence of SO4
2- 

species over the Fe3O4@SiO2 MNPs. A similar 

observation also reported by Ghoreishi et al. where the attachment of SO4
2- 

group over silica was 

supported by the presence of IR band at 1400 cm
-1

 [13]. 

   

Fig. 4.4. FTIR spectra of (a) Fe3O4, (b) Fe3O4@SiO2, and (c) Fe3O4@SiO2@SO4
2-

. 

 

4.3.1.3. Pyridine adsorption DRIFT study 
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To study the nature of the acidic sites, the samples saturated with pyridine vapours were 

subjected to diffuse reflectance infrared Fourier transform (DRIFT) spectroscopy and the 

corresponding spectra are shown in Fig. 4.5. In the DRIFT spectra of bare Fe3O4 MNPs (Fig. 

4.5a), a peak at 1627 cm
-1

 was observed to indicate the formation of covalent bonds due to the 

donation of electron pairs from pyridine (Lewis base) to Fe3O4 (Lewis acid). Upon silica coating 

over the Fe3O4 MNPs, weak bands at 1546 and 1490 cm
-1

 were observed (Fig. 4.5b) to indicate 

the presence of Brønsted acidic sites due to the presence of –OH groups at the silica surface. 

Sulphate impregnation over silica coated MNPs at 550 °C also demonstrates both Lewis as well 

as Brønsted acidic sites due to the presence of H
+
 ions in the sulphate group, which may react 

with pyridine and leads to the formation of pyridinium ions. 

The interaction between Lewis acid sites and pyridine molecule was supported by the band at 

1614 cm
-1

 in the DRIFT spectra as shown in Fig. 4.5c. It has been reported in the literature that 

the observed at 1640 cm
-1

 and at 1540 and 1445 cm
-1

 could be marked to the pyridine 

coordination with Lewis acidic and/or Brønsted acidic sites [14,15]. The bands corresponding to 

the Brønsted acidity were no longer found in the DRIFT spectra of the catalyst calcined at 650 

°C (Fig. 4.5d) to support the destruction of the Brønsted acidic sites from the catalyst due to 

sulphate group decomposition. According to the literature report, the SO4
2-

 group was found to 

be responsible for generating the strong acidic sites over the ZrO2–SiO2/SO4
2-

 catalyst surface 

which are capable in catalyzing the GL acetylation [14]. 

 

Fig. 4.5. FTIR spectra of pyridine absorbed on (a) Fe3O4, (b) Fe3O4@SiO2 (c) 

Fe3O4@SiO2@SO4
2-

-550 °C and Fe3O4@SiO2@SO4
2-

-650 °C. 
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4.3.1.4. NH3 -Temperature Programmed Desorption study 

The NH3 desorption technique was used to quantify the acidic sites as well as the strength of 

these sites. The NH3 temperature programmed desorption (TPD) curves of magnetic 

nanoparticles (Fe3O4), silica coated magnetic nanoparticles (Fe3O4@SiO2) and sulphate 

impregnated silica coated MNPs (Fe3O4@SiO2@SO4
2-

) are shown in Fig. 4.6a–c, for the sake of 

comparison. It was observed that for all three samples, a broad desorption peak at 180 °C was 

observed reflecting the presence of weak acidic sites over the catalyst surface. A less intense 

desorption peak was found at 451 °C, over the silica coated MNPs to support the presence of 

fewer acidic sites (1.27 mmol g
-1

) over the catalyst surface in the absence of the sulphate group. 

However, the incorporation of the sulphate group over the Fe3O4@SiO2 nanoparticles was found 

to increase the acidic sites (8.63 mmol g
-1

) of the catalyst as supported by the desorbed peak 

intensity. In the literature, the desorption peak in the temperature range of 100 to 290 °C has 

been reported in the case of sulphated silica zirconia and sulphated zirconia owing to the 

presence of weak acidic sites. Another peak in the range of 460- 600 °C has been reported to 

indicate the presence of strong acidic sites over the catalyst surface [16,17]. 

  

Fig. 4.6. NH3-TPD profiles for (a) Fe3O4, (b) Fe3O4@SiO2 and (c) Fe3O4@SiO2@SO4
2-

. 

4.3.1.5. BET analysis 

The nitrogen adsorption-desorption isotherms of Fe3O4 and Fe3O4@SiO2@SO4
2-

 are shown in 

Fig. 4.7a, which reveal the surface porosity and pore size behaviour of these nanoparticles. 

Fe3O4 and Fe3O4@SiO2@SO4
2-

 were found to show type-IV adsorption-desorption isotherms 

having the H1 type hysteresis loops. The Fe3O4 MNPs show the hysteresis loops at p/p0 = 0.8–
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1.0, and a relatively higher pore size of 11 nm as measured by the N2 adsorption-desorption 

isotherm (Fig. 4.7a). Upon silica and sulphate impregnation, the hysteresis loop shifts to 

relatively low pressure of p/p0 = 0.7–0.9 with a pore size of 10 nm, as shown in Fig. 4.7a. The 

quantity of adsorbed nitrogen also decreases upon silica and sulphate impregnation over the 

Fe3O4 MNPs due to the reduction in surface area from 129 m
2 

g
-1

 to 69 m
2 

g
-1

. The decrease in 

the surface area could also be ascribed to the partial blockage of the porous silica upon sulphate 

group anchoring. The total pore volume (from 0.5 to 0.3 cm
3
/g

-1
) as well as the pore diameter 

(from 11 to 10 nm) of the MNPs were observed to decrease due to the particle pore blockage 

upon sulphate group incorporation. Ward et al. reported that the sulphate and zirconia 

impregnation over the silica nanoparticles were also found to reduce the pore volume and the 

pore diameter due to the pore blockage of the particles [18]. 

 

Fig. 4.7. (a) N2 adsorption-desorption isotherms and (b) Pore size distribution. 

4.3.1.6. Magnetization efficiency of the catalyst 

The magnetic property of the catalyst was studied by using a vibrating sample magnetometer 

(VSM). Hysteresis loops (M–H) of Fe3O4, Fe3O4@SiO2 and Fe3O4@SiO2@SO4
2-

 were measured 

at room temperature (Fig. 4.8). A soft ferromagnetic behaviour of Fe3O4, Fe3O4@SiO2 and 

Fe3O4@SiO2@SO4
2-

 nanoparticles can be observed in these M–H loops. Magnetic parameters 

such as coercivity (HC), retentivety (MR) and saturation magnetization (MS) were determined 

from these hysteresis loops. For Fe3O4, HC, MR and MS were found 32 G, 1 emu g
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g
-1

, respectively. Low values of HC and MR indicate the formation of very small size 

nanoparticles close to their super-paramagnetic limit. The MS of Fe3O4@SiO2 and 

Fe3O4@SiO2@SO4
2-

 nanoparticles was 41 emu g
-1

 and 30 emu g
-1

, respectively. This decrease in 

the MS of catalysts (Fe3O4@SiO2 and Fe3O4@SiO2@SO4
2-

) can be attributed to the dilution of 

the magnetically active phases (ferromagnetic contribution) due to silica and sulphate loading. 

As shown in Fig. 4.8, HC and MR values also decrease significantly with the silica and sulphate 

loading over the Fe3O4 nanoparticles [19,20]. This might be because of the decrease in the 

amount of clustering between MNPs. Owing to the strong magnetization of Fe3O4@SiO2 (41 

emu g
-1

) and Fe3O4@SiO2@SO4
2-

 (30 emu g
-1

) nanoparticles, it is possible to separate these 

catalysts from the reaction mixture with the help of an external magnet. The recovered catalysts 

could then be successfully reused multiple times for successive acetylation cycles of GL with 

AcA. 

 

Fig. 4.8. Magnetization curves of (a) Fe3O4, (b) Fe3O4@SiO2 and (c) Fe3O4@SiO2@SO4
2-

. 

4.3.1.7. SEM-EDX and elements mapping analysis 

The morphology and elemental distributions of the magnetic catalysts were examined using the 

SEM-EDX technique and the representative micrograph and elemental mapping are shown in 

Fig. 4.9. The SEM images of the Fe3O4 (Fig. 4.9a) and Fe3O4@SiO2@SO4
2-

 (Fig. 4.10a) show 

the formation of agglomerated nanoparticles in irregular geometries. The partial overlapping of 

dispersion areas corresponding to these elements indicates that Fe, Si, S and O are uniformly 
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distributed over the catalyst surface. The qualitative estimation of all these elements was 

performed by EDX analysis. 

 

Fig. 4.9. (a) SEM image of Fe3O4 and colour mapping of the elements present (b) O and (c) Fe. 

 

Fig. 4.10. (a) SEM image of Fe3O4@SiO2@SO4
2-

, EDX spectra and colour mapping of the 

elements present (b) O, (c) Fe, (d) Si and (e) S. 

4.3.1.8. HR-TEM analysis 

TEM analysis was performed to obtain more information on the morphology and distribution of 

SiO2 over the Fe3O4 particles, as shown in Fig. 4.11a–c. The TEM analysis further revealed that 

the agglomerated magnetic catalyst consists of spherical shaped particles of ~18 nm size, which 

is in the range of the crystallite size (16.8 nm) calculated from XRD data by Scherrer’s formula. 

From the magnified TEM image (Fig. 4.11d and e) of Fe3O4@SiO2@SO4
2-

, it can be clearly 
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seen that SiO2 is homogeneously dispersed over the Fe3O4 MNPs surface, forming a layer of 

~2.6 nm thickness. Fig. 4.11d also shows lattice spacings of 0.25 and 0.29 nm, which could be 

ascribed to the (311) and (220) lattice planes, respectively, confirming the inverse spinel 

structure of Fe3O4 phase. Additionally, the selected area electron diffraction (SAED) pattern 

study (Fig. 4.11f) shows the concentric rings, which consist of an almost continuous series of the 

spots. This type of pattern could be ascribed to the polycrystalline nature of the prepared 

catalysts, and the same is also consistent with the powder XRD data of the catalyst. 

 

Fig. 4.11. TEM imaging of Fe3O4@SiO2@SO4
2- 

catalyst (a-c), lattice spacing (d-e) and SAED 

pattern (f). 

4.3.1.9. XPS analysis 

The X-ray photoelectron spectroscopy (XPS) technique was used for determining the electronic 

state of the elements present in the catalyst (Fe3O4@SiO2@SO4
2-

) as shown in Fig. 4.12. The full 

scan XPS spectrum of the Fe3O4@SiO2@SO4
2-

confirmed the presence of O, Fe, Si, and S 

elements over the catalyst surface as shown in Fig. 4.12a. The two peaks (Fig. 4.12b) at 532.1 

and 533.6 eV indicate the existence of the O
2- 

1s state in Si–O–Si or S–O–Si or Fe–O–Si 
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linkages. The study reveals that the surface of the matrix is covered by the silica and sulphate 

group which is also supported by the FTIR analysis of the sample. Similar observations were 

reported in the literature, where the presence of O
2- 

1s in Si–O–Si, S–O–Si, and Fe–O–Si 

linkages was supported by the presence of peaks at 533 and 532.5 eV for the silica coated 

magnetic nanoparticles [14,21]. Furthermore, the spectrum shows (Fig. 4.12c) peaks at 711.7 and 

720.2 eV corresponding to the Fe
3+

 2p3/2 state and at 713.9 and 726.6 eV concerning the Fe
2+

 

2p1/2 state. This study could be correlated with the literature, where Fe
3+

 2p3/2 and Fe
2+

 2p1/2 states 

were supported by the binding energy peaks at 711.2 and 719.8 eV and 723.8 and 711.4 eV due 

to the formation of Fe3O4 and Fe2(SO4)3 states, respectively [22-24]. The binding energies of Si
4+  

2p state were observed at 100.7 and 103.6 eV, which can be ascribed to the Si–O–Si linkages as 

shown in Fig. 4.12d. The literature is also consistent with the observation where peaks at 100 

and 103.1 eV supported Si
4+ 

2p state of SiO2 material [25, 26]. The presence of the sulphate 

functional group over the silica particles could be supported by the presence of peaks at 168.4 

and 170.1 eV corresponding to the S
6+ 

2p3/2 and S
6+ 

2p1/2 states, respectively (Fig. 4.12e). These 

binding energies are also attributed to the S–O linkage for SO4
2-

 species. The literature reports 

also revealed that binding energies of 168.3 and 171.0 eV could be ascribed to the S
6+ 

2p3/2 and 

S
6+ 

2p1/2 states present in the sulphate group over the surface of silica coated magnetic 

nanoparticles [14,27]. 
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Fig. 4.12. XPS spectra of Fe3O4@SiO2@SO4
2- 

catalyst (a) full scan (b) O 1s, (c) Fe 2p, (d) Si 2p 

and (e) S 2p. 

4.3.2. Product analysis 

4.3.2.1. FTIR analysis 

The formation of the TA has confirmed with the help of FTIR spectroscopic technique. The 

FTIR spectra (Fig. 4.13a) of GL depict two bands at 1042 and 3297 cm
-1

 due to the C—O and 

O—H stretching vibrational frequencies, respectively. Upon GL acetylation, a new band at 1726 

cm
-1

 (Fig. 4.13b), due to —C=O group, was observed to support the formation of ester bond in 

TA. 
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Fig. 4.13. FTIR spectra of (a) glycerol, and (b) triacetin produced during glycerol acetylation.  

4.3.2.2. NMR analysis 

In 
1
H-NMR spectra of GL, peaks observed at 3.32-3.50 (g1) and 3.59 ppm (g2) are due to the 

CH2 and CH protons, respectively, as shown in Fig. 4.14a. Upon acetylation, the formation of 

TA is confirmed by the appearance of two singlets corresponding to methyl (-CH3) protons, at 

1.92 (k1) and 1.94 ppm (k2). The position of the glyceridic protons also shifts at 4.07-4.22 ppm 

due to t1 protons and at 5.13 ppm due to t2 protons as shown in Fig. 4.14b. No additional peaks 

corresponding to the MA or DA molecules were observed in the 
1
H-NMR spectrum to support 

that TA has formed as an exclusive product under optimized conditions during the reaction. 

 

Fig. 4.14. 
1
H NMR spectra of (a) glycerol, and (b) triacetin produced during glycerol acetylation. 
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4.3.3. Catalyst Screening 

In the present study, silica-coated Fe3O4 nanoparticles were employed to anchor the catalytically 

active sulphate ions. In the absence of the catalyst or in the presence of bare magnetic/silica 

coated magnetic nanoparticles, negligible conversion of GL into acetins was observed to support 

the necessity of the sulphate group to achieve the catalytic (Fe3O4@SiO2@SO4
2-

) activity (Fig. 

4.15). These observations were in line with the literature reports, where Ma et al. suggested that 

sulphate impregnation over titanium coated magnetic nanoparticles was found to have more 

Brønsted acidic sites, which in turn were found to enhance the acetylation activity of the catalyst 

[15]. 

In the present study, to establish the optimum reaction conditions for the catalyst activity for TA 

synthesis, the influence of the reaction parameters such as catalyst amount, AcA/GL molar ratio, 

reaction temperature and reaction time was studied. 

 

Fig. 4.15. Effect of the various catalysts over the acetylation of glycerol. [Reaction conditions: 

AcA/GL molar ratio = 6:1, catalyst amount = 5 wt% (with respect to GL), 80°C = reaction 

temperature, and reaction time = 45 min] 

4.3.3.1. Effect of catalyst amount on product selectivity  

To optimize the catalyst amount, acetylation of GL was studied over the Fe3O4@SiO2@SO4
2-

 

catalyst using AcA as the acetylating agent. Upon acetylation of GL with AcA (6:1; mol/mol) in 

the presence of 1–7 wt% catalyst (with respect to GL) at 80 °C, the TA selectivity increases with 
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the catalyst amount. A maximum TA selectivity of 100 % was obtained with 5 wt% of catalyst 

amount. A further increase in the catalyst amount was neither found to improve the yield nor 

able to reduce the reaction duration (Fig. 4.16a). These data correlate with the literature reported 

acetylation of GL with AcA (1:8 molar ratio) at 120 °C reaction temperature in the presence of 

sulphated carbon as a catalyst. The conversion of GL was found to be a function of the catalyst 

concentration and availability of active sites over the catalyst surface; however, the maximum 

GL conversion level was 91 % with a TA selectivity of 34 % only [28]. Additionally, the TOF 

calculation also supports that the presence of 5 wt% of catalyst exhibited a maximum turnover 

frequency (258 h
-1

) as compared to 1 wt% (226 h
-1

) and 3 wt % (252 h
-1

) of catalyst. Hence, 5 

wt% catalyst was employed for optimizing the other reaction parameters to achieve the 

maximum TA selectivity. 

4.3.3.2. Effect of AcA/GL molar ratio on product selectivity 

The AcA/GL ratio was found to affect the TA yield as well as the cost of the process. A 3:1 

stoichiometric molar ratio of AcA/GL is required to convert the GL completely into TA. 

However, GL acetylation being a reversible reaction, usually a higher molar ratio of the AcA is 

engaged to push the reaction into the forward direction. In the present study to establish the 

optimum AcA/GL molar ratio, the reaction was performed in the presence of 5 wt% catalyst 

(Fe3O4@SiO2@SO4
2-

) at 80 °C for 45 min by varying the AcA/GL molar ratio from 1 to 9 as 

shown in Fig. 4.16b. The use of lower AcA concentration (up to 2:1 molar ratio or AcA/GL) 

primarily yielded a mixture of products that is dominated by the MA, DA and unreacted GL. On 

increasing the AcA/GL molar ratio up to 3 and higher, TA was found to be the predominating 

product and 100 % TA selectivity was achieved with a 6:1 AcA/GL molar ratio within 45 min of 

reaction duration. Elsewhere, TPA/Nb2O5 catalysts have been employed for the GL acetylation 

with AcA to obtain TA. The catalyst was found to yield a higher MA selectivity (49 %) when the 

AcA/GL molar ratio was 3. On increasing the AcA content up to a molar ratio of 5, the 

selectivity towards TA was found to increase (from 5 to 20 %) at 120 °C temperature in 4 h of 

reaction duration [26]. 
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4.3.3.3. Effect of reaction temperature on product selectivity 

The reaction temperature was also found to influence the product selectivity, as shown in Fig. 

4.16c. To study the effect of temperature the GL acetylation experiments was performed by 

varying the reaction temperatures but maintaining a fixed AcA molar ratio of 6:1, 5 wt% catalyst 

and reaction duration of 45 min. As observed from 4.16c, at room temperature (30 °C), the main 

product was found to be MA (52 %). TA formation was initiated at 60 °C, although MA and DA 

still dominate the product profile. A further increase in the reaction temperature (80 °C) yielded 

TA as an exclusive product, within 45 min of reaction time. Thus, the prepared catalyst was 

found to be efficient even at a relatively lower reaction temperature of 80 °C, while in the 

literature reports, the optimum temperature was reported in the range of 90 to 110 °C to obtain 

the varying TA yield of 7 to 65 % [12]. Very few reports have been found claiming more than 99 

% TA selectivity [8]. It has been observed that at a high reaction temperature (110 °C) the 

acylium ion formation, from AcA, was facilitated, which ultimately acetylate the GL to form the 

acetins [29]. 

4.3.3.4. Effect of reaction time on product selectivity 

The effect of reaction time on the TA selectivity is shown in Fig. 4.16d while performing the 

reaction at 80 °C, employing 6:1 AcA/GL molar ratio in the presence of 5 wt% catalyst. It is 

evident from the plot that during the first 15 min of reaction period MA (51 %) is the leading 

product along with minor amount of DA (12 %). As the reaction proceeds, MA and DA remain 

the predominant products even after 30 min of the reaction period. However, after 45 min, TA 

became the exclusive product (100 %) to support that GL acetylation took place in a stepwise 

fashion. 
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Fig. 4.16. Influence of various reaction parameters on Fe3O4@SiO2@SO4
2-

 assisted glycerol 

acetylation (a) catalyst amount with respect to GL, (b) AcA/GL molar ratio, (c) reaction 

temperature and (d) reaction time. 

4.3.4. The reusability and stability 

To examine the recovery, reusability and stability of the magnetic catalyst under the optimized 

reaction conditions, it was first recuperated from the reaction mixture under the influence of an 

external magnetic field (Fig. 4.2). To regenerate the recovered catalyst, it was washed with 

ethanol to remove any adsorbed substrate molecules, dried at 70 °C and finally calcined at 550 

°C for 4 h. Catalyst activation via re-calcination is necessary to regain its activity as just washed, 

and dried catalyst was able to yield only 40 % TA selectivity even during the first reusability 

experiment. The regenerated catalyst was subjected to 6 successive catalytic cycles under a 

similar set of recovery and regeneration procedures as shown in Fig. 4.17. The results indicated 

that this catalyst was stable during 3 consecutive cycles as up to 80 % TA selectivity during the 

3
rd

 run was maintained. However, during the 4
th

 and subsequent cycles, less than 59 % of TA 
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selectivity was retained. This loss of activity might be due to either catalyst deactivation or 

leaching of the catalytically active sites in reaction media. 

 

Fig. 4.17. Study of the Fe3O4@SiO2@SO4
2- 

reusability during the glycerol acetylation with 

acetic acid. [Reaction conditions: AcA/GL molar ratio = 6:1, catalyst amount = 5 wt% (with 

respect to GL), 80°C = reaction temperature, and 45 min = reaction time] 

The presence of acidic sites imparts the acetylation activity; thus, it is essential to investigate the 

sulphur content in the regenerated catalyst. The sulphur content in the reused catalyst was found 

to be lower (1.7 wt%) than that in the fresh catalyst (6 wt%). Similarly, the FTIR analysis also 

supports the partial loss of the sulphate group from the regenerated catalyst (Fig. 4.18a). 

Therefore, the leakage of the sulphate group from the catalyst could be the main reason behind 

the loss of catalyst activity. 

The magnetic strength (MS) of the catalyst was also found to decrease upon repeated use as 

supported by the VSM profiles of the regenerated catalysts (Fig. 4.18b). The fresh 

Fe3O4@SiO2@SO4
2-

 catalyst exhibited higher MS (30 emu g
-1

) and MR (0.7 emu g
-1

) values in 

comparison to the used catalyst (MS = 2.0 emu g
-1

 and MR = 0.09 emu g
-1

). The observed 

increase in HC (from 15 to 44 G) can be attributed to the aggregation of catalyst, during its 

regeneration, to cause the increase in particle size [19]. The reduction in MS and MR values may 

be ascribed to the presence of nonmagnetic particles over the surface of the regenerated catalyst 

[30,31]. 
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Fig. 4.18. Comparison of (a) FTIR and (b) VSM spectra of fresh and used magnetic catalyst. 

As supported by the elemental and FTIR analysis, the loss of catalyst activity was linked to the 

loss of sulphate ions from the catalyst surface. In the reaction mixture, the dissolved sulphate 

ions may catalyze the reaction similar to a homogeneous catalyst. Thus it is imperative to 

establish the homogeneous contribution in catalyst activity and to demonstrate the same, a hot 

filtration test was performed. In this test, GL acetylation was performed under optimized reaction 

parameters for 20 min and after that the catalyst was separated from the reaction mixture with the 

help of simple filtration. Now, the reaction mixture without the catalyst was allowed to react for 

an additional 20 min. However, no significant change in the product profile of the reaction 

mixture, without the catalyst, was observed as shown in Fig. 4.19. Thus, it is safe to assume that 

dissolved catalyst contents could not catalyse the reaction. It is the solid catalyst which is 

responsible for almost entire catalytic activity. 
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Fig. 4.19. Study of homogeneous contribution during the acetylation of glycerol with acetic acid 

[Reaction conditions: AcA/GL molar ratio = 6:1, catalyst amount = 5 wt% with respect to GL, 

and 80°C = reaction temperature] 

4.4. Proposed mechanism for the acetylation of glycerol with acetic acid 

Acetylation of the GL in the absence of catalyst resulted in partial conversion levels into acetin 

even after a long-lasting reaction duration of 3 h. However, in the presence of 

Fe3O4@SiO2@SO4
2-

 magnetic catalyst, a reaction time of 45 min is required for the complete 

acetylation of GL. This observation clearly reveals the role of sulphate as catalytic species in the 

GL acetylation. Homogeneous sulphuric acid catalyzed acetylation of mono- as well tri-alcohol 

(GL) has been reported to follow the first-order kinetic model [32,33] In such reactions, the rate 

of the reaction was found to be a function of AcA concentration. During the present study as 

well, when the AcA concentration was varied, the rate of TA formation was also found to 

change. However, the same was not found to be effected when the GL concentration was varied. 

Thus, the plausible mechanism involves the protonation of the AcA in the first step [34] where 

the proton is furnished by the magnetic heterogeneous acid catalyst (I) as shown in Scheme 3.2 

(Chapter 3). Protonation of the AcA eventually leads to the formation of a carbocation (II), 

which reacted with the alcoholic –O– to form intermediate (III) formation. A water molecule has 

been given away by intermediate (III) to generate a new carbocation (IV) which ultimately 

decomposes into the catalyst and MA (V). The remaining two alcoholic groups of the MA would 

react with AcA following a similar mechanism as described above to form a TA molecule. 
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4.5. Conclusions 

The magnetic heterogeneous acid catalyst, Fe3O4@SiO2@SO4
2-+

, was prepared and successfully 

employed to acetylate the glycerol with acetic acid to achieve a triacetin selectivity of 100 % 

within 45 min at 80 °C. The magnetic catalyst with the sulphate group and calcined at 550 °C 

was found to demonstrate a better activity among the prepared catalysts. Under the optimized 

reaction conditions of catalyst amount (5 wt%, concerning glycerol), molar ratio of AcA/GL 

(6:1), and temperature (80 °C), 100 % triacetin selectivity was obtained. The catalyst was reused 

for 6 consecutive reaction cycles; however, ˃80 % triacetin selectivity was observed during the 

first 3 cycles. 
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CHAPTER 5 
 

  
 

Nb modified magnetic nanoparticles (Nb@Fe3O4) as reusable and 

stable catalyst for the acetylation of glycerol with acetic acid 

Overview of the Chapter 

An efficient and reusable heterogeneous catalyst for glycerol acetylation has been prepared 

by incorporating niobium over magnetic Fe3O4 nanoparticles. The XRD analysis suggests the 

existence of mixed phases of FeNb2O6 and FeNbO4 in the catalyst in which niobium is 

present in +5 oxidation state as indicated by XPS analysis. The FTIR study suggests the 

existence of Lewis acidic sites over the catalyst surface, which was found to impart the 

acetylation activity to the catalyst. The prepared catalyst in 7 wt% (concerning glycerol) in 

the reaction mixture of acetic acid to glycerol ratio (9:1 mol/mol), at 90 °C reaction 

temperature, was found to yield 92 % triacetin within 80 min of reaction duration. The 

glycerol acetylation with acetic acid in the prepared catalyst was found to follow the pseudo 

first-order kinetic equation. The thermodynamic parameters viz., enthalpy (ΔH⧧), entropy 

(ΔS⧧), and Gibbs free energy (ΔG⧧) of the reaction were also determined to suggest the 

endothermic and unspontaneous nature of the reaction. Upon completion of the reaction, the 

catalyst was recovered from the reaction mixture under the influence of an external magnetic 

field and reused during seven consecutive reaction cycles.  
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5.1. Introduction 

In the earlier Chapters, sulphated magnetic and non-magnetic catalysts, having Lewis as well as 

Brønsted acidic sites have been employed for the GL acetylation to obtain TA. While reusing 

sulphated catalysts, the catalytically active species (sulphate group) was found to be partially 

soluble in the reaction mixture and hence, catalyst stability remains an issue, as discussed in 

Chapter 1, 3 and 4. On the other hand, Lewis acids as heterogeneous catalysts have been less 

explored for the GL acetylation.  

Thus, to improve the catalyst stability, in the present study, niobium oxide (Lewis acid) has been 

incorporated over the magnetic support of Fe3O4 and the activity of the resulted catalyst has been 

explored for the TA synthesis. The catalyst was found stable during seven catalytic cycles of GL 

acetylation without significant loss in activity.  The various reaction parameters such as catalyst 

amount, reaction duration, AcA/GL molar ratio, and reaction temperature were optimized to set 

the maximum TA selectivity and yield conditions.  

5.2. Experimental Section 

5.2.1. Preparation of Fe3O4 

The Fe3O4 MNPs were synthesized by the chemical co-precipitation method following the same 

procedure as provided in Chapter 3. 

5.2.2. Preparation of Nb@Fe3O4  

The niobium oxide was impregnated over the Fe3O4 MNPs following the modified reported 

procedure [1,2]. In a typical method, 1 g of Fe3O4 MNPs was suspended in 100 mL deionized 

water. To this, desired amount (1-3 wt%) of Nb2O5 was added and resulted mixture was 

sonicated for 30 min at 35 °C. Then, the suspension was allowed to stir with the help of a 

mechanical stirrer at 35 °C for 6 h. The resulting mixture was dried at 100 °C for 4 h and finally 

calcined at the desired temperature (400−700 °C) for 3 h to obtain the Nb@Fe3O4 magnetic 

catalyst. 

Prepared Nb@Fe3O4 magnetic catalysts were named x-@Fe3O4-T, where x, and T represent the 

impregnated niobium content (wt%), and calcination temperature (°C), respectively. 
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5.2.3. Acetylation of glycerol with acetic acid 

The GL acetylation with AcA was performed in a 100 mL double necked-round bottomed flask 

equipped with a magnetic stirrer and temperature controller. The optimum reaction conditions 

for the acetylation of GL were established by varying the molar ratio of AcA/GL (1-12), reaction 

temperature (30-120 °C), reaction time (20-100 min), and catalyst amount (1-9 wt% concerning 

GL). The obtained products (TA, DA, and MA) were quantified by the HPLC technique. 

To evaluate the catalyst reusability, it was recovered from the reaction mixture under the 

influence of external magnetic force (Fig. 5.1) and then washed with ethanol (C2H5OH) and 

finally calcined at 700 °C. The recovered catalyst was reused seven times under similar reaction 

and regeneration conditions. 

 

Fig. 5.1. Separation of the magnetic catalyst from reaction mixture with the help of external 

magnetic force.  

5.3. Results and discussion 

5.3.1. Catalyst Characterization  

5.3.1.1. XRD analysis 

To find out the structural changes upon niobium loading over Fe3O4, a varying amount of former 

(0-5 wt%) was loaded over native Fe3O4 at a fixed calcination temperature of 700 °C and 

corresponding structural changes were studied by powder XRD study as shown in Fig. 5.2a. For 

Fe3O4 particles, diffraction peaks at 2θ = 30.40°, 35.58°, 43.37°, 53.97°, 56.80° and 62.92° 
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support the formation of inverse spinel cubic structure of Fe3O4 (JCPDS card no. 00-003-0862). 

With lower niobium content (up to 1 wt%) over Fe3O4 MNPs tetragonal and monoclinic phases 

corresponding to FeNb2O6  (JCPDS card no. 00-077-1290) and FeNbO4 (JCPDS card no. 01-071-

1850), respectively, were found to form at 700 °C calcination temperature. Increasing the 

niobium content gradually (up to 5 wt%), the formation of FeNbO4 (monoclinic) phase was also 

found to increase.  

To study the effect of calcination temperature on the 3-Nb@Fe3O4 structure, it was calcined in 

the temperatures range of 400−700 °C and corresponding XRD patterns have been compared in 

Fig.5.2b. At 400−500 °C, characteristic reflections corresponding to the FeNbO4 monoclinic 

phase, (JCPDS card no. 01-071-1850) has been observed. On increasing the calcination 

temperature up to 700 °C, a new tetragonal phase of FeNb2O6 (JCPDS card no. 00-077-1290) 

was observed. In addition, the XRD peak width gradually decreases on increasing the calcination 

temperature due to the sintering of the particles. Braga et al, reports the effect of calcination 

temperature on Nb2O5 loaded SiO2-Al2O3 based catalyst and concluded that higher calcination 

temperature (up to 800 °C) made stronger interactions of niobium oxide with the matrix material 

[3]. 

 
 

Fig. 5.2. Comparison of X-ray diffraction patterns of the Nb@Fe3O4 magnetic catalyst prepared 

by (a) varying niobium loadings and (b) varying calcination temperature. [* = Fe3O4 (JCPDS 

card no. 00-026-1136), Δ= FeNb2O6 (JCPDS card no. 01-077-1290), and ♣ = FeNbO4 (JCPDS 

card no. 01-071-1850)]. 
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5.3.1.2. Pyridine adsorption DRIFT study 

During the acetylation of organic acid with alcohol, acidic catalyst sites have been reported to 

play the vital role [4]. In order to establish the nature of the acidic sites present over Nb@Fe3O4, 

FTIR spectra of pyridine adsorbed Fe3O4, 1-Nb@Fe3O4-700, and 3-Nb@Fe3O4-700 catalysts are 

compared in Fig. 5.3a. As could be seen from the FTIR spectra, a broad band at 1630 cm
-1

 

indicates the formation of coordinate bond between pyridine and Lewis acid sites present in 

native Fe3O4 as well as niobium loaded (1-3 wt%) one. The niobium loading (1-3 wt%) over 

Fe3O4 was found to generate new Lewis acidic sites over the catalyst surface, which could be 

characterized by the appearance of a new bands at 1435 cm
-1

. Datka et al. also report similar 

observations for the pyridine adsorbed 5-Nb2O5/Al2O3 and 5-Nb2O5/TiO2 catalysts, where the 

presence of Lewis acidic sites were supported by the IR bands in the range of 1440-1460
 
and 

1600-1635 cm
-1

 [5]. According to the literature, the Nb2O5 was found to be responsible for 

generating the strong acidic sites over the Nb2O5/Al2O3 and 5-Nb2O5/TiO2 catalysts surface [5]. 

5.3.1.3. NH3-Temperature Programmed Desorption study 

The acidic strength of the catalysts (Fe3O4, 1-Nb@Fe3O4-700, and 3-Nb@Fe3O4-700), is 

determined by the temperature programmed NH3 desorption technique (Fig. 5.3b). All samples 

demonstrated, desorption of ammonia from weak acidic sites at around 200 °C. Similarly, 

desorption peaks at 580 °C and 670 °C, reflects the presence of strong acidic sites over the 

catalyst surface with high catalyst acidity (4.1 mmol g
-1

).  

 

Fig. 5.3. (a) FTIR spectra of pyridine adsorption and (b) NH3-TPD profiles for the catalysts. 
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In addition, the amount of desorbed gases was found to increase with the niobium loading (1 to 3 

wt%) to support that formation of acidic sites is directly related to the niobium loading over the 

catalyst (Table 5.1). The amount of ammonia desorbed was found to be maximum (4.1 mmol g
-

1
) in case of 3-Nb@Fe3O4-700. Cheng et al. also reports the desorption peak in the temperature 

range of 100 to 450 °C, in the case of Nb2O5 loaded WO3/ZrO2 catalyst owing to the presence of 

weak/moderate acidic sites and another desorption peak in the range of 450- 600 ºC due to the 

presence of strong acidic sites over the catalyst surface [6]. Thus FTIR and TPD analysis of the 

catalyst indicates the incorporation of the acidic sites over the catalyst due to the niobium 

impregnation.  

Table 5.1. Comparison of the BET specific surface area, pore volume, pore size, and total acidity 

of Fe3O4 and 3-Nb@Fe3O4-700. 

Catalyst BET surface 

area (m
2
g

-1
) 

Pore volume 

(cm
3
/g

-1
) 

Pore size (nm) Total acidity 

(mmol g
-1

) 

Fe3O4 129 0.5 11 0.32 

3-Nb@Fe3O4-700 69 0.23 9 4.1 

5.3.1.4. BET analysis 

The nitrogen adsorption-desorption isotherms of the Fe3O4 and 1-Nb@Fe3O4-700, and 3-

Nb@Fe3O4-700 magnetic catalysts are compared in the Fig. 5.4a, which reveal the surface 

porosity and pore size behaviour of these magnetic catalysts. The Fe3O4, as well as 1-

Nb@Fe3O4-700, and 3-Nb@Fe3O4-700
 
were found to show type- IV adsorption-desorption 

isotherm having the H1 type hysteresis loops. The Fe3O4 MNPs show the hysteresis loops at p/p0 

= 0.8-1.0, and the relatively larger pore size of 11 nm as measured by N2 adsorption-desorption 

isotherm (Fig. 5.4a). Upon niobium impregnation (1-3 wt%), the quantity of adsorbed nitrogen 

gas decreases due to the reduction in of surface area from 129 m
2
g

-1 
to 69 m

2
g

-1 
and the 

hysteresis loop shifts to low pressure (p/p0 = 0.7-0.9), with a pore size of 9 nm as shown in 

Table 5.1. The loss of surface area can be ascribed due to the clustering of particles during 

niobium impregnation over the Fe3O4 MNPs.  

Similarly, Opris et al. observed that cobalt incorporation (1-4 wt%) over the Nb2O5@Fe3O4 

MNPs was found to reduce the surface area from 68 to 30 m
2
g

-1 
[2], Gunathilake and Jaroniec 

also reported the reduction of surface area (from 968 to 261 m
2
 g

-1
) as well as pore size (from 
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0.10 to 0.06 cm
3
g

-1
) upon magnesium incorporation over silica surface, due to the filling of SiO2 

pores by magnesium or clustering of the nanoparticles [7].  

 

Fig. 5.4. (a) N2 adsorption-desorption isotherms and (b) pore size distribution. 

5.3.1.5. Magnetization efficiency of the catalyst 

The magnetic property of the catalysts was studied with the help of a vibrating sample 

magnetometer (VSM). Hysteresis loops (M-H) of Fe3O4, 1-Nb@Fe3O4-700, and 3-Nb@Fe3O4-

700 was measured at room temperature (Fig. 5.5). All of these magnetic material show the 

ferromagnetic behaviour with the saturation magnetization (MS) at 35.38, 34.69 and 27.87 

emu/g
-1

, respectively. The Ms value for Fe3O4 was 35.38 emu/g
-1

 which was higher compared to 

the niobium loaded MNPs (Fe3O4 ˃1-Nb@Fe3O4-700 ˃3-Nb@Fe3O4-700). The reduction in MS 

value is due to the effective increase in the non-magnetic mass (niobium oxide) over the 

magnetic Fe3O4 particles. The coercivity (HC) and remanence (MR) values do not show any 

significant difference between the samples either with or without niobium (1- 3 wt%) loading. 

Low values of Hc (upto 15.17 G) and MR (upto 0.84 emu/g
-1

) indicate the formation of small 

sized MNPs which may be close to their super paramagnetic limit. Thus, separation of all these 

catalysts from the reaction mixture is possible by applying external magnetic force. The results 

were according to the reports by Naeimi and Nazif for the Fe3O4 magnetic catalyst, where MS 

value decreases (from 50.86 to 15 emu/g
-1

) upon sulphonic acid incorporation over the silica 

coated Fe3O4 particles [8].  Goyal et al. also report that saturation magnetization of CoFe2O4 

(19.4 emu/g
-1

) decreases upon the non-magnetic aluminium coating over MNPs (3.7 emu/g
-1

) 

[9].  
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Fig. 5.5. Magnetization curves of Fe3O4, 1-Nb@Fe3O4-700 and 3-Nb@Fe3O4-700. 

5.3.1.6. SEM-EDX analysis 

The surface morphology of the magnetic catalysts (Fe3O4 and 3-Nb@Fe3O4-700) was determined 

by the SEM-EDX technique, as shown in Fig. 5.6. The SEM images of Fe3O4 MNPs show the 

formation of these particles in spherical shape (Fig. 5.6a), which, upon Nb loading, forms the 

agglomerates of 3-Nb@Fe3O4-700 particles (Fig. 5.6b). The EDX analysis was carried out to 

determine the elementals composition of the Fe3O4 MNPs as well as magnetic catalyst (3-

Nb@Fe3O4-700). The EDX data revealed the presence of Fe and O in the Fe3O4 MNPs with a 

mass percentage of 66.76 wt% and 33.24 wt%, respectively. On the other hand, the EDX of the 

niobium loaded sample (3-Nb@Fe3O4-700) show the presence of 2.91 wt% Nb along with the 

presence of Fe and O. 

 

Fig. 5.6. SEM-EDX images of (a) Fe3O4, and (b) 3-Nb@Fe3O4-700. 
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5.3.1.7. TEM analysis 

The TEM images of Fe3O4 and 3-Nb@Fe3O4-700 magnetic catalysts are given in Fig. 5.7. As 

shown in Fig. 5.7a-b, the Fe3O4 MNPs are clusters of spherical or oval-shaped particles with a 

smooth surface and an average particle size of ~127 nm. Moreover, the TEM image of 3-

Nb@Fe3O4-700 shows the formation of an additional rough layer owing to the niobium 

impregnation over the Fe3O4 MNPs (Fig. 5.7c-d). The average size of these particles was found 

to be ~135 nm. The crystallite size, calculated by Scherrer’s formula, of the Fe3O4 (~119 nm) and 

3-Nb@Fe3O4-700 (~131) particles, also matches with the size of these particles calculated from 

TEM imaging. 

 

Fig. 5.7. TEM images of (a-b) Fe3O4, and (c-d) 3-Nb@Fe3O4-700. 

5.3.1.8. XPS analysis 

The X-ray photoelectron spectroscopy (XPS) analysis was used to recognize the electronic state 

of the elements present in the catalyst (3-Nb@Fe3O4-700) as shown in Fig. 5.8. The full scan 

XPS spectrum of the 3-Nb@Fe3O4-700 confirmed the presence of Nb, Fe, and O elements over 

the catalyst surface as shown in Fig. 5.8a.The niobium in the catalyst exists in +5 oxidation state, 
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as indicated by two close peaks at 207 and 209.6 eV (Fig. 5.8b).  This kind of pattern also supports 

the presence of niobium in 3d5/2, and 3d3/2 state present in Nb2O5 and FeNb2O6 or FeNbO4 

molecules, respectively. Opris et al. also reported the presence of Nb
5+ 

in cobalt loaded 

Nb2O5@Fe3O4 owing to the presence of peak doublet centered at 207.4 eV [2]. 

The two peaks centered at 528.17 eV and 530.6 eV (Fig. 5.8c) indicate the presence of O
2- 

1s state, 

which could be ascribed to the Nb–O and Fe–O–Nb linkages, respectively [2, 10]. Thus, XPS and 

TEM study support the Nb2O5 incorporation over the Fe3O4 MNPs surface. In literature, the 

binding energy below 534 eV, for O 1s state, is typically attributed to the metal oxide formation. 

Furthermore, the spectrum revealed (Fig. 5.8d) the peaks at 712.6, 719.3 and 726.2 eV 

corresponding to the Fe
2+ 

2p3/2 state
 
and at 714.7, 721.8, and 729.1 eV corresponding to the Fe

3+
 

2p1/2 state. This study can be associated with Yang et al, where the presence of Fe
2+ 

and Fe
3+ 

states in Fe3O4 were supported by the peaks centered at 712.18 (Fe
2+

 2p3/2) and 725.51 eV (Fe
3+

 

2p1/2), respectively [11].  

 

Fig. 5.8. XPS spectra of 3-Nb@Fe3O4-700 catalyst (a) full scan, (b) Nb 3p, (c) O 1s, and (d) Fe 

2p. 
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5.3.2. Product analysis 

5.3.2.1. FTIR analysis  

The TA formation upon GL acetylation, was supported by the FTIR spectroscopic technique as 

shown in Fig. 5.9. In the FTIR spectra of GL, two bands positioned at 1030 and 3291 cm
-1 

were 

observed due to the C—O and O—H group vibrational frequencies, respectively (Fig 5.9a). 

Upon GL acetylation, a new band at 1722 cm
-1

 was observed due to the carbonyl of the ester 

group to support the ester bond formation in TA molecule (Fig. 5.9b).  

 

Fig. 5.9. FTIR spectra of (a) glycerol and (b) triacetin produced during glycerol acetylation. 

5.3.2.2. NMR analysis 

In 
1
H-NMR spectra of GL, peaks observed at 3.32-3.50 (g1) and 3.59 ppm (g2) are due to the 

CH2 and CH protons, respectively, as shown in Fig. 5.10a. Upon acetylation, the formation of 

TA is confirmed by the appearance of two singlets corresponding to methyl (-CH3) protons, at 

1.92 (k1) and 1.94 ppm (k2). The position of the glyceridic protons also shifts at 4.07- 4.22 ppm 

due to t1 protons and at 5.13 ppm due to t2 protons. Peaks centred at 3.99 ppm also indicate the 

presence of minor amount of DA in the products as shown in Fig. 5.10b. 



CHAPTER 5 
 

 Page 116 
 

 

Fig. 5.10. 
1
H NMR spectra of (a) glycerol and (b) triacetin produced during GL acetylation. 

5.3.2.3. HPLC analysis 

The products formed during 3-Nb@Fe3O4-700 catalyzed reaction were quantified by running the 

normal phase HPLC. In the HPLC plot, the peaks observed at 6.30, 6.76 and 8.17 min were 

assigned to TA, DA and GL, respectively (Fig. 5.11). The area under a specific peak was found 

to be proportional to the amount of the molecule it is associated with. During 3-Nb@Fe3O4-700 

catalyzed GL acetylation, under optimized reaction parameters, a maximum of 92 % TA 

selectivity with 100 % GL conversion was obtained.  

 

Fig. 5.11. HPLC chromatogram of (a) pure glycerol and (b) triacetin produced during glycerol 

acetylation. 
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5.3.3. Catalyst Screening 

The acetylation of GL with AcA required the presence of acidic catalysts. When reaction was 

carried out either in absence of any catalyst or in the presence of bare Fe3O4 magnetic particles, 

almost negligible conversion levels were achieved to maintain that magnetic particles remain 

silent during the reaction. While the application of the niobium incorporated Fe3O4 particles (3-

Nb@Fe3O4-700) was found to catalyze the GL acetylation as indicated in Fig. 5.12, to support 

that Thus, Lewis acidic sites, formed by the niobium oxide impregnation, are responsible for the 

catalyst activity. Moreover, catalyst with 3 wt% of niobium oxide showed a maximum TOF (137 

h
-1

) as compared to the one with 1 wt% (97 h
-1

) of niobium oxide. Thus, in the present study, 

reaction parameters of 3-Nb@Fe3O4-700 catalyzed GL acetylation was examined to obtain the 

maximum TA selectivity. 

 

Fig. 5.12. Effect of the various catalysts over the acetylation of glycerol. 

5.3.3.1. Effect of catalyst amount on product selectivity 

In order to find out the optimum catalyst amount to achieve the maximum TA selectivity, a 

series of GL acetylation reactions was performed by employing AcA/GL molar ratio of 9:1 at 90 

°C reaction temperature for 80 min of reaction duration but varying the catalyst amount (1 to 9 

wt% concerning GL) as indicated in Fig. 5.13a. Upon acetylation, the TA selectivity rises (from 

0-92 %) on increasing the catalyst amount (from 1 to 7 wt%). Maximum TA selectivity (92 %) 

was obtained with 7 wt% of catalyst amount. A further increase in catalyst amount (up to 9 wt%) 

was not found to improve the selectivity or not reduce the reaction duration. 
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This observation could be correlated with the literature reports where employing AcA/GL (4:1 

molar ratio) at 110 °C in the presence of 3%Y/SBA-3 catalyst, the TA selectivity was found to 

increase gradually from 5 to 44 % with the increase in catalyst amount (from 0.05 to 2 wt% 

concerning GL) [12]. Thus, TA selectivity as well yield was found to be a function of the 

available active (acidic) sites, which would depend upon the presence of catalyst contents in the 

reaction mixture. 

5.3.3.2. Effect of AcA/GL molar ratio on the product selectivity 

The variation of AcA/GL molar ratio (1 to 12) to achieve the highest TA selectivity during the 

GL acetylation was evaluated by performing the reaction for 80 min in the presence of 7 wt% 

catalyst at 90 °C reaction temperature as shown in Fig. 5.13b. It can be observed that at lower 

AcA concentration (1 to 3 molar ratios), MA (40 %) was found to be the major product in the 

reaction mixture.  On increasing the AcA/GL molar ratio, up to 9, TA selectivity increases and it 

was observed as the major product (92 %). A further increase in the concentration of AcA was 

not found to make any significant change in the TA selectivity, as shown in Fig 13b. 

In earlier reports Khayoon et al. studied the sulfate functionalized activated carbon (S-AC) to 

study the GL acetylation with AcA [13]. During this study, the catalyst was found to yield higher 

MA selectivity (44 %) while employing AcA/GL molar ratio of 5 at 120 °C within 3 h of 

reaction duration. Furthermore, the TA selectivity increases linearly with the increase in AcA 

concentration and at 8 molar ratio of AcA/GL, maximum TA selectivity (34 %) was obtained.  

5.3.3.3. Effect of reaction temperature on the product selectivity 

In order to study the effect of temperature on product selectivity, a series of reaction was 

performed in the presence of 7 wt% of catalyst (concerning GL) at 90 °C with 9 molar ratio of 

AcA/GL by varying the temperature from 30 to 120 °C as shown in Fig. 5.13c. A significant 

increase in TA selectivity (from 0 to 92%) was observed when the reaction temperature was 

raised from 30 to 90 °C. However, a further increase in the reaction temperature (up to 120 °C) 

was not found to change TA selectivity and yield significantly. 

A similar trend has been reported in the literature, where most of the GL acetylation reactions 

with AcA were performed in the temperature range of 80 to 120 °C to obtain the maximum TA 
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selectivity of 65 % [13-16]. However, very few reports have been found in the literature which 

claimed ˃ 90 % TA selectivity [17]. 

5.3.3.4. Effect of reaction time on the product selectivity 

In order to optimize the effect of reaction time over the GL acetylation, a series of reaction was 

performed in the presence of 7 wt% of catalyst employing AcA/GL molar ratio of 9:1, at 90 
o
C 

reaction temperature while varying the reaction time from 20 to 100 min (Fig. 5.13d). The TA 

selectivity was found to rise from 0 to 92 % with the reaction duration (from 20 to 80 min) at the 

expense of MA and DA selectivity. A further increase in reaction time (up to 100 min) was not 

found to change the TA selectivity to any significant extent. The observation is in line with the 

literature reports where the selectivity of MA and DA was found to be higher during the initial 

phase of the GL acetylation reaction [18]. The study also supported the stepwise acetylation of 

GL alcoholic groups during the reaction.   

 

Fig. 5.13. Influence of various reaction parameters on 3-Nb@Fe3O4-700 assisted glycerol acetylation (a) 

catalyst amount, (b) AcA/GL molar ratio, (c) reaction temperature and (d) reaction time. 

0 1 2 3 4 5 6 7 8 9 10

0

20

40

60

80

100

G
ly

c
e

ro
l 
c

o
n

v
e

rs
io

n
 (

%
)

Catalyst wt%

 Monoacetin

 Diacetin

 Triacetin

    GL conversion    

P
ro

d
u

c
ts

 s
e

le
c

ti
v

it
y

 (
%

)

(a)

1:1 3:1 6:1 9:1 12:1

0

20

40

60

80

100  Monoacetin

 Diacetin

 Triacetin

    GL conversion

G
ly

c
e

ro
l 
c

o
n

v
e

rs
io

n
 (

%
)

P
ro

d
u

c
ts

 s
e

le
c

ti
v

it
y

 (
%

)

(b)

Molar ratio (AcA/GL)

30 60 90 120

0

20

40

60

80

100

 Monoacetin

 Diacetin

 Triacetin

    GL conversion

(c)

P
ro

d
u

c
ts

 s
e

le
c

ti
v

it
y

 (
%

)

Temperature (C)

G
ly

c
e

ro
l 
c

o
n

v
e

rs
io

n
 (

%
)

20 40 60 80 100

0

20

40

60

80

100

G
ly

c
e

ro
l 
c

o
n

v
e

rs
io

n
 (

%
) Monoacetin

 Diacetin

 Triacetin

   GL conversion

P
ro

d
u

c
ts

 s
e

le
c

ti
v

it
y

 (
%

)

Time (min)

(d)



CHAPTER 5 
 

 Page 120 
 

Thus on the basis of described study, the optimized reaction condition to achieve 92 % TA 

selectivity and 99 % GL conversion, during the 3-Nb@Fe3O4-700 catalyzed reaction was 

established as:- AcA/GL molar ratio of 9:1,  90 °C reaction temperature, catalyst amount of 7 

wt% (concerning GL), and 80 min of reaction duration. 

5.3.4. The reusability and stability 

The incorporation of the magnetic core in heterogeneous catalysts allows their magnetic 

separation after the completion of the reaction.  To evaluate the catalyst reusability, GL 

acetylation was performed under the optimized reaction conditions as established during the 

previous section. Upon completion of the reaction, the catalyst was removed from the reaction 

mixture under the influence of an external magnetic field as shown in Fig. 5.1.  The recovered 

catalyst was washed with ethanol multiple times, dried at 100 °C for 4 h and calcined at 700 °C 

for 3 h. The regenerated catalyst was further reused during 6 consecutive reaction cycles under 

the same set of recovery and regeneration procedures (Fig. 5.14). It can be noticed from the 

results that the catalyst was able to yield more than 57 % TA yield while maintaining the overall 

GL conversion of more than 90 % during the fourth run. However, during the 5
th

 run, the catalyst 

activity was found to decline to a significant extent as TA selectivity remained lesser than 40 %. 

 

Fig. 5.14. Study of the 3-Nb@Fe3O4-700 reusability during the glycerol acetylation with acetic 

acid.  

1 2 3 4 5 6 7

0

20

40

60

80

100

P
ro

d
u

c
ts

 s
e

le
c

ti
v

it
y

 (
%

)

Fresh

No. of runs

 Monoacetin

 Diacetin

 Triacetin

GL conversion

G
ly

c
e

ro
l 
c

o
n

v
e

rs
io

n
 (

%
)



CHAPTER 5 
 

 Page 121 
 

In order to study the factors responsible for the loss in catalyst activity, the catalyst stability was 

evaluated by comparing the niobium contents in fresh and reused catalysts based on EDX 

analysis.  The niobium content in the fresh catalyst was higher (2.91 wt%) as compared to reused 

catalyst (1.09 wt%), as shown in Fig. 15a. Similarly, NH3-TPD analysis also supports a decline 

in acidic sites (from 4.1 to 0.83 mmol g
-1

) for the reused catalyst (Fig. 5.15b). Therefore, the 

detachment of niobium (active sites) from the catalyst surface might be the main reason behind 

the loss in catalytic activity. 

 

Fig. 5.15. Comparison of fresh and used catalyst (a) SEM-EDX and (b) NH3–TPD analysis. 

As supported by the SEM-EDX and NH3-TPD analysis, the detachment of the active sites 

(niobium oxide) from the catalyst was found to be responsible for the loss in activity. The 

leached niobium oxide may also catalyze the reaction similar to a homogeneous catalyst. Thus it 

is imperative to establish the homogeneous contribution in catalyst activity which could be 

demonstrated with the help of a hot filtration test. In this test, GL acetylation was performed 

under the optimized reaction conditions but for 40 min. After that catalyst was magnetically 

separated from the reaction mixture, and reaction mixture, without catalyst, was allowed to react 

for additional 40 min. The GL conversion during the reaction was analyzed as indicated in Fig. 

5.16. As evident from the figure, no significant increase in the conversion level was observed 

when reaction was performed in absence of catalyst to indicate that the leached metal oxide has 

not catalyzed the reaction to significant extent.  Thus, it is safe to assume that the heterogeneous 

catalyst is responsible for almost the entire catalytic activity. 
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Fig. 5.16. Study of homogeneous contribution during the acetylation of glycerol with acetic acid 

5.3.5. Kinetic study  

The kinetics of the GL acetylation have been studied under optimized reaction conditions but 

varying the reaction temperature (30 to 90 °C) in the presence of 3-Nb@Fe3O4-700 catalyst. The 

aliquots from the reaction mixture have been withdrawn every 20 min, and GL conversion levels 

were quantified by HPLC technique. 

The appropriate value of the data was fitted in zero-, first- and second-order kinetic models 

(Chapter 2), as shown in Fig 5.17. However, a better fitting with first order equation indicates 

that the reaction has followed the pseudo first-order kinetic model.  
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Fig. 5.17. Plots of fitting in (a) Zero-, (b) first-, and (c) second-order equation for the 3-

Nb@Fe3O4-700
 
catalyzed GL acetylation. 

The rate constant (k) from this plot (Fig. 17b) were found to be 0.057, 0.048, and 0.0083 min
-1

 at 

90, 60, and 30 °C reaction temperature, respectively. 

To determine the activation energy (Ea) for the same reaction, the appropriate values were fitted 

in Arrhenius equation (Chapter 2). From the Arrhenius plot (Fig. 5.18a) the Ea for the GL 

acetylation was found to be 28.21 kJ mol
-1

. Veluturla et al. reported the activation energy, during 

the GL acetylation into acetins using cesium supported heteropoly acid (CsPWA) catalyst, in the 

range of 24.99 – 51.73 kJ mol
-1 

[19-20]. A value of Ea ˃ 24 kJ mol
-1

 specifies that the reaction is 

chemically controlled and not by the mass transfer limitations [20-21]. 

 

Fig. 5.18. (a) Arrhenius and (b) Eyring plot for the glycerol acetylation with acetic acid 

over the 3-Nb@Fe3O4-700 catalyst. 
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The thermodynamic parameters, such as enthalpy (∆H
‡
) and entropy (∆S

‡
) were not frequently 

studied for the GL acetylation reaction in the presence of heterogeneous catalyst. Therefore, in 

the present Chapter these parameters were evaluated following the Eyring-Polanyi equation 

(Chapter 2). The ∆H
‡ 

and ∆S
‡ 

values from the plot, (Fig. 5.18b) were found to be +57.11 kJ mol
-

1
 and -296.8 J mol

-1
 K

-1
, respectively. The positive value of ∆H

‡
 indicates the endothermic nature 

of the reaction, and thus, an external heating source is needed to push the reaction in forward 

direction [22]. On the other hand, the value of ∆S
‡ 

was negative to suggest that the reactant 

species might have combined over the catalyst surface to make a more ordered transition state. 

Gibb’s free energy (ΔG
‡
) of the reaction was +164.6 kJ mol

−1
 as calculated following the 

fundamental thermodynamics equation (Chapter 2). Thus, the positive value of ΔG
‡
 for the GL 

acetylation with AcA indicates the unspontaneous nature of the reaction. 

5.4. Conclusions 

The acetylation of glycerol with acetic acid was performed over 3-Nb@Fe3O4-700 magnetic 

catalyst. The reaction parameters (reactant ratio, catalyst amount, reaction duration and reaction 

temperature) have been optimized to obtain superior glycerol conversion level (99 %) with 

higher TA selectivity of 92 %. The catalyst was recovered from the reaction mixture under the 

influence of external magnetic field and reused during seven catalytic cycles; however, the 

efficacy of the catalyst was found to reduce during the successive runs. In addition, the catalyst 

was partially soluble into the reaction mixture; however, the dissolved catalyst has not catalyzed 

the glycerol conversion into the acetins. 
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CHAPTER 6 
 

  
 

Development of acidic heterogeneous catalyst for diacetin synthesis 

from glycerol 

Overview of the Chapter 

This Chapter reports the preparation and application of Ce/TiZrO4@SO4
2-

 as a heterogeneous 

acid catalyst for the acetylation of glycerol with acetic acid to prepare diacetin molecule as an 

exclusive product. The XRD and FTIR analysis of the catalyst support the impregnation of 

sulphate group over the TiZrO4 matrix. The same was found to impart the acetylation activity 

to the catalyst due to the presence of Lewis as well as Brønsted acidic sites. Total acid sites of 

the catalyst were measured by the NH3 temperature programmed desorption (TPD) study and 

found to be 8.15 mmol g
-1

. The XPS study of the catalyst indicates the presence of Ce, Ti, 

and Zr metal ions in +4 oxidation state. The presence of Ce
4+

 was found to enhance the 

sulphate group impregnation over the matrix. The prepared catalyst, Ce/TiZrO4@SO4
2-

, 

demonstrated almost 96 % diacetin selectivity in 60 min by employing acetic acid to glycerol 

molar ratio of 6:1 at 120 °C reaction temperature. The catalyst was recycled in five 

successive reaction cycles while retaining ~36 % activity during the last cycle.  
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6.1. Introduction 

The GL valorization into value-added products can be regarded as valuable schemes in the 

fine chemical industry [1,2]. Among the various processes designed for GL conversion, 

acetylation of GL is considered as one of the most remarkable reactions [3]. All three main 

products of GL acetylation (MA, DA, and TA) have a host of applications in various 

industries. For example, DA and TA have been used as fuel additives to improve the fuel 

viscosity and could also be used in pharmaceutical, cosmetic and food industry [4,5]. 

Mixtures of MA, DA, and TA have also been used as solvents for printing ink and dye stuffs, 

as plasticizers and as softening agents [6]. Between two acetylating agents, AcA and AcAn, 

used for GL acetylation, AcA is considered as the most desired one because of its lower price 

in comparison to AcAn and ease of viability [7]. However, the use of AcA as an acetylating 

agent decreases the selectivity of reaction toward a specific product (MA or DA or TA) [8].  

A variety of heterogeneous acid catalysts such as SO4
2-

/CeO2–ZrO2, MoO3/TiO2–ZrO2, and 

PW-S were found to yield up to 70 % DA selectivity at 120 
o
C [8-10]. No reported work, so 

far, has claimed more than the 70 % DA selectivity in presence of heterogeneous catalysts. 

Even the commercially available DA (Sigma-Aldrich, CAS no 25395-31-7) was found to 

have a maximum of 50 % DA along with the MA, TA and GL as impurities.  

To develop the reusable heterogeneous catalyst for the GL acetylation with AcA, sulphate 

group has been appended over Ce doped matrix (Ce/TiZrO4) in the present study. Further, the 

reaction conditions have been optimized to achieve the maximum DA selectivity during the 

GL acetylation reaction. The catalyst stability and reusability have been analyzed, and the 

reason for the decline of the catalyst activity has also been investigated. 

6.2. Experimental Section 

6.2.1. Preparation of catalysts 

The mixed oxide of zirconium and titanium (Ti(OH)4-Zr(OH)4) was prepared via co-

precipitation method in a glass beaker equipped with a magnetic stirrer. In a representative 

synthesis, TiCl4 (5.5 mL) and ZrOCl2.8H2O (8.05 g) in 1:1 molar ratios were mixed in 100 ml 

deionized water and stirred vigorously for 5 min at 30 
o
C. The pH of this mixture was 

maintained at 10 by adding an appropriate amount of NH3 solution (25 %, v/v), and the 

resulting mixture was further stirred for 4 h at the same temperature. The precipitate formed 

was filtered out, washed with deionized water until it became free from chloride ions and 

dried at 120 
o
C for 24 h, to obtain a colorless powder of Ti(OH)4-Zr(OH)4.  
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To anchor the SO4
2-

 species group over the matrix, 1 g of Ti(OH)4-Zr(OH)4 was mixed in 20 

mL deionized water along with x mL of 1 M H2SO4 and Ce(NO)3.6H2O (0.067 g) and stirred 

for 24 h at room temperature. The resulting mixture was initially dried at 120 °C for 24 h and 

finally calcined at 600 
o
C for another 4 h to obtain Ce/TiZrO4@SO4

2-
 catalyst. 

6.2.2. Acetylation of glycerol with acetic acid 

Glycerol acetylation was performed in a 50 mL two-neck round bottom flask equipped with 

an oil bath, a magnetic stirrer and a water cooled reflux condenser. To the flask, 10 g of GL, 

desired amount of AcA and catalyst were mixed and stirred at the desired temperature for a 

specific duration. After the completion of the reaction, the reaction mixture was initially 

centrifuged to remove the solid catalyst, and then rotary evaporated to separate the water and 

AcA from the products formed. HPLC of the isolated product was accomplished to quantify 

the DA formed. 

6.3. Results and discussion 

6.3.1. Catalyst Characterization  

6.3.1.1. XRD analysis 

To analyze the phase and crystal structure of the matrix and sulphated catalyst, they were 

subjected to powder XRD analysis. As could be seen from the Fig. 6.1a, a small peak at 2θ ~ 

32° due to the formation of monoclinic H2Ti3O7 (JCPDS card no. 00-049-0467) was observed 

in the XRD patterns of the matrix to maintain its poorly crystalline nature. However, 

impregnation of cerium (4 wt%) and sulphate over the same matrix, followed by calcination 

at 600 
○
C, initiated the formation of new phases of orthorhombic TiOSO4 (JCPDS card no. 

00-049-0467), orthorhombic Zr(SO4)2 (JCPDS card no. 01-072-0608), orthorhombic TiZrO4 

(JCPDS card no. 00-034-0415),  hexagonal TiO2 (JCPDS card no. 00-033-138), 

rhombohedral Ce7O12 (JCPDS card no. 01-089-8433),  and tetragonal Ce10S14O (JCPDS card 

no. 00-043-0339) as shown in Fig. 6.1b. The formation of zirconia and titanium sulphate 

evidently indicates the anchoring of the sulphate group on the matrix. Reddy et al. reported 

SO4
2-

/CeO2–ZrO2 catalyst also exhibited the formation of mixed phases of CeOSO4 and 

Zr(SO4)2 [9]. The average crystallite size of the catalyst particles, based on XRD data, was 

found to be 15 nm. 
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Fig. 6.1. X-ray diffraction patterns of (a) Ti(OH)4-Zr(OH)4, (b) Ce/TiZrO4@SO4
2-

. [H2Ti3O7 

= ∆, TiOSO4 = θ, TiZrO4 = *, Zr(SO4)2 = ♦, TiO2 = ♠, Ce10S14O = ♣, CeO2 = ●] 

6.3.1.2. FE-SEM-EDX and HR-TEM analysis 

The catalyst morphology was analyzed by FE-SEM imaging as demonstrated in Fig. 6.2. The 

FE-SEM image (Fig. 6.2a) shows the formation of agglomerates of ~ 5 µm sized particles of 

Ce/TiZrO4@SO4
2-

 in irregular geometries. The EDX analysis of Ce/TiZrO4@SO4
2-

 indicates 

the presence of Ti/Zr in a ratio of 1.78, along with 5.53 % sulphur and 1.46 % cerium (Table 

6.1) to support sulphate and cerium impregnation over the matrix.  

Table 6.1. Comparison of EDX analysis of Ti(OH)4-Zr(OH)4  and Ce/TiZrO4@SO4
2-

. 

Catalyst O (wt%) Ti (wt%) Zr (wt%) S (wt%) Ce (wt%) 

Ti(OH)4-Zr(OH)4 79.09 13.39 7.52 - - 

Ce/TiZrO4@SO4
2-

 74.28 11.45 7.27 5.53 1.46 

The TEM image of the catalyst (Fig. 6.2b) also indicates the formation of agglomerates 

consisting of spherical or oval shape particles of about 16 nm size.  The particle size 

calculated from TEM imaging is almost similar to the crystallite size (15 nm) calculated from 

XRD data. The SAED pattern demonstrates the well-resolved lattice fringes (Fig. 6.2c), 

which allows an accurate measurement of crystallographic spacing and identification of the 

observed crystalline phase. The measured lattice fringe spacing of 0.19, 0.23, and 0.26 nm 

matches with the (Fig. 6.2d) 800, 120, and 002 planes corresponding to Ce10S14O, TiZrO2, 

and TiO2 phase, respectively. 
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Fig. 6.2. Image of Ce/TiZrO4@SO4
2-

 (a) FF-SEM, (b) TEM image (c) lattice fringes and (d) 

SAED pattern. 

6.3.1.3. BET analysis 

The nitrogen adsorption-desorption isotherms of the matrix Ti(OH)4-Zr(OH)4 and catalyst 

Ce/TiZrO4@SO4
2-

 are presented in Fig. 6.3a. The bare matrix and supported catalyst showed 

H1 and H2 types of hysteresis loops, respectively, with type-IV adsorption-desorption 

isotherm according to the IUPAC nomenclature. The bare support showed the hysteresis loop 

at p/p0 = 0.7-1.0, to indicate the relatively large pore size of 16 nm as measured by the N2 

adsorption-desorption isotherm (Fig. 6.3a). Upon cerium and sulphate impregnation, the 

hysteresis loop shifts to relatively low pressure of p/p0 = 0.5-0.9, with a pore size of 11 nm. 

The broader shape of the catalyst hysteresis loops supports the impregnation of the 

catalytically active species in the pores of the matrix, which allow the slow escape of the 

adsorbed nitrogen molecules. H2 hysteresis loop endorses the formation of ink bottle-shaped 

(narrow necks and wider bodies) particles due to the accumulation of the impregnated 

particles within the matrix pores [11]. 
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Fig. 6.3. (a) N2 adsorption-desorption isotherms and (b) Pore size distribution of Ti(OH)4-

Zr(OH)4 and Ce/TiZrO4@SO4
2-

. 

The quantity of adsorbed nitrogen gas also increases upon sulphate and cerium impregnation 

over the matrix. This may be due to the increase in surface area of the catalyst (82 m
2
g

-1
) with 

respect to the matrix (53 m
2
g

-1
). The rise in surface area may be due to the pore opening upon 

sulphate group and cerium anchoring inside the pores of the matrix. The total pore volume 

and pore diameter of the matrix were found to decrease due to the attachment of the 

catalytically active species inside the matrix pores (Table 6.2). 

Table 6.2. Comparison of the BET specific surface area, pore volume, pore size, and total 

acidity of Ti(OH)4-Zr(OH)4  and Ce/TiZrO4@SO4
2-

. 

Catalyst BET surface 

area (m
2
g

-1
) 

Pore volume 

(cm
3
/g

-1
) 

Pore size (nm) Total acidity 

(mmol g
-1

) 

Ti(OH)4-Zr(OH)4 53 0.26 16 0.36 

Ce/TiZrO4@SO4
2-

 82 0.23 11 8.15 

 6.3.1.4. NH3 -Temperature Programmed Desorption study 

The strength of acidic sites over the catalyst surface and total acidity was calculated with the 

help of ammonia TPD analysis. The TPD profiles of the matrix (Ti(OH)4-Zr(OH)4), sulphated 

matrix without cerium (TiZrO4@SO4
2-

) and with cerium  (Ce/TiZrO4@SO4
2-

) are compared 

in Fig. 6.4a-c. All samples showed a broad desorption peak at 229 
o
C owing to the desorption 

of physisorbed gases from the surface. Another desorption peak observed at 451 
o
C, is 



CHAPTER 6 
 

 Page 132 
 

indicating the presence of strong acidic sites. However, the maximum acidity (8.15 mmol g
-1

) 

was observed when Ce and SO4
2-

 were present together in the catalyst to support the synergy 

between the two species. Chene et al. reported that in the case of sulphated silica-zirconia, 

two desorption peaks during NH3-TPD study, at 257 and 458 
o
C were observed to support the 

presence of weak and strong acidic sites, respectively [12]. The presence of moderate or 

strong acidic sites were found to be essential to carry out the GL acetylation.  

 

Fig. 6.4. NH3-TPD profiles for (a) Ti(OH)4-Zr(OH)4, (b) TiZrO4@SO4
2- 

and (c) 

Ce/TiZrO4@SO4
2- 

. 

6.3.1.5. Pyridine adsorption DRIFT study 

To establish the nature of acidic sites present over the catalyst, diffuse reflectance infrared 

fourier transform (DRIFT) spectra of pyridine saturated sample was studied. In the DRIFT 

spectra of pyridine saturated Ti(OH)4-Zr(OH)4, no peak in the region of 1400 to 1700 cm
-1

, 

(Fig. 6.5a) was observed to rule out the presence of Brønsted acidic site over the matrix. 

Impregnation of the sulphate group over the matrix was found to generate Brønsted acidic 

sites (H
+
), which upon interaction with pyridine generate the pyridinium ion. In the DRIFT 

spectra of Ce/TiZrO4@SO4
2- 

weak bands at ~1638 and 1540 cm
-1

 (fig 6.5d) were observed to 

support the formation of pyridinium ion. Thus sulphate group anchoring has generated the 

Brønsted sites over the catalyst, which facilities the release of H
+
 from the –OH of sulphate 

group [13]. The band corresponding to the covalently bonded pyridine with Lewis acidic cites 

was observed at ~1611 cm
-1

. The presence of the Lewis acid sites in the catalyst could be 

ascribed to the presence of the vacant d-orbital of the matrix metal ions.  The peak observed 

at ~1487 cm
-1

 was due to the presence of Brønsted as well as Lewis acidic sites in the catalyst 
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[14]. Co-immobilization of sulphate and cerium further strengthen the acidic sites as 

supported by the increase in band intensity corresponding to the Lewis and Brønsted sites 

(Fig. 6.5c-d). Thus, the presence of cerium was found to incorporate more number of 

sulphate groups over the matrix. Maximum acidic sites were found in the catalyst prepared by 

incorporating sulphate group in presence of 4 wt% cerium followed by calcination at 600 
o
C. 

The thermal stability of the present catalyst was also found to be higher than the reported 

SO4
2-

/TiO2 catalyst, which decomposed at 600 
o
C [14]. A further increase in calcination 

temperature (700 
o
C) was found to reduce the acidic strength (Fig. 6.5e) of the catalyst due to 

the decomposition of sulphate group, as supported by the DRIFT spectra of the heat treated 

catalyst. 

 

Fig. 6.5. FTIR spectra of pyridine adsorption of (a) Ti(OH)4 -Zr(OH)4, (b) TiZrO4@SO4
2-

-

600 (c) 2-Ce/TiZrO4@SO4
2-

-600 (d) 4-Ce/TiZrO4@SO4
2-

-600, (e) 4-Ce/TiZrO4@SO4
2-

-700 

°C. 

6.3.1.6. XPS analysis 

The X-ray photoelectron spectroscopy (XPS) technique was used to establish the electronic 

state of the metal ions present in the catalyst as shown in Fig. 6.6. The full scan XPS 

spectrum of the Ce/TiZrO4@SO4
2-

 confirmed the presence of S, Zr, Ti, O, and Ce, elements 

over the catalyst surface as shown in Fig. 6.6a. The band observed at 165.6, 168.7 and 171.2 

eV could be attributed to the S
6+

 2p3/2 level, of sulphate group as shown in Fig. 6.6b. 

Observed values are very close to the reported values of 167.4 eV and 170.0 eV for S
6+

 2p in 

case of SO4
2-

/TiO2-ZrO2 and SO4
2-

/TiO2, respectively [15]. The presence of three peaks may 

be ascribed to the linkage of sulphate group with three different metal ions present in the 

matrix. The binding energies corresponding the Zr
4+

 3d5/2 state was observed at 184.4 and 182.2 

eV, while of that Zr
4+

 3d3/2 were observed at 187.1, 184.9 eV (Fig. 6.6c) [16-17]. In case of 
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native ZrO2 the binding energy of the Zr
4+

 3d5/2 state has been reported at 182.5 eV
 
[18].

 
An 

increase in the photoelectron peaks energy as well splitting of the peaks may be due to the 

formation of TiZrO4 compound upon which sulphate groups were anchored during the catalyst 

preparation as supported by the XRD analysis of the sample. Fig. 6.6d depicts the binding 

energies of Ti
4+

 2p1/2 state at 467.1 and 464.6 eV, and Ti
4+

 2p3/2 state at 461.3 and 458.8 eV,
 

which is higher than the Ti 2p3/2 line observed at 458.5 eV, for the native TiO2 [19]. The 

deviation in Ti binding energy again supports the formation of TiSO4 which is also observed 

by the XRD study. The fitting of the O
2- 

1s region with three peaks (Fig. 6.6e) indicates the 

existence of three different types of O
2-

 viz., at 530.4 eV due to the presence of lattice oxygen 

(Ti—O or Zr—O or Ce—O), at 532.7 due to sulphate oxygen and at 534.7 eV due to the 

chemically adsorbed oxygen (M—OH) over the catalyst surfaces of catalyst.  The observed Ce 

3d XPS spectrum (Fig. 6.6f) of the catalyst shows characteristic six peaks due to Ce
4+

 state. The 

higher binding energies observed at 897.5, 902.8, 907.4 eV could be ascribed to the Ce
4+

 3d3/2 

state while the lower binding energy peaks observed at 879.6, 884.6, 886.6 eV, could be 

assigned to Ce
4+

 3d5/2 state. These values were found to be higher side in comparison to the 

values observed for native ceria due to the formation of cerium sulphate phase [17, 20].  
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Fig. 6.6. XPS spectra of Ce/TiZrO4@SO4
2-

 catalyst (a) full scan (b) S 2p, (c) Zr 3d, (d) Ti 2p, 

(e) O 1s and (f) Ce 3d. 

6.3.2. Product analysis 

6.3.2.1. HPLC analysis 

In HPLC chromatogram peak observed at 9.907 minutes was assigned to the GL (Fig. 6.7a). 

Upon GL acetylation, the product shows new peaks, at 6.394 and 6.674 min, corresponding 

to TA and DA, respectively as shown in Fig. 6.7b. The GL peak in the product mixture was 

not observed to confirm its complete conversion into acetins. 

 

Fig. 6.7. HPLC chromatogram of (a) glycerol and (b) products formed during acetylation. 

6.3.3. Catalyst Screening 

In literature, sulphate species anchored over ZrO2 or CeO2 or Al2O3 or mixed metal oxides 

have been studied extensively for acetins synthesis
 
[9]. However, in most of the cases either 

partial conversion levels of GL to DA were achieved or a mixture of product was obtained. In 

the present study TiZrO4 matrix was employed to anchor the sulphate ions in presence of 

524 526 528 530 532 534 536

 

O 1s(e)

534.7

532.7

530.3

c
p

s
 (
´
 1

0
4
)

Binding energy (eV)
875 880 885 890 895 900 905 910 915

875 880 885 890 895 900 905 910 915

Ce (3d)f)

902.8
907.4

886.6

897.4

884.6

879.4

Binding energy (eV)

c
p

s
 (
´
 1

0
4
)

Ce 3d(f)

902.8
907.4

886.6

897.4

884.6

879.4

Binding energy (eV)

c
p

s
 (
´
 1

0
4
)



CHAPTER 6 
 

 Page 136 
 

Ce
4+

 ions. To demonstrate the necessity of each component present in the catalyst, various 

controls experiments have been performed as shown in Fig. 6.8. The matrix (Ti(OH)4 -

Zr(OH)4) demonstrated relatively less activity in comparison to the sulphated matrix 

(TiZrO4@SO4
2-

) while the cerium impregnated sulphated catalyst (Ce-TiZrO4@SO4
2-

) shows 

the highest activity. In absence of Ce
4+

 ions, as shown in Fig 6.8, the activity was found to be 

minimal to underline the role of cerium ions in the catalyst activity. Moreover, the TOF 

calculation, supports that the Ce/TiZrO4@SO4
2- 

catalyst showed a maximum TOF (320 h
-1

) as 

compared to the Ti(OH)-Zr(OH)4 (18 h
-1

), and TiZrO4@SO4
2- 

(22 h
-1

) catalyst as shown in 

Fig. 6.8.  

As discussed by Li et al. sulphate impregnation over TiZrO4 matrix in presence of La
3+

 ions 

was found to impart more Lewis acid sites as well better interaction between the support 

material and sulphate ions [21]. Both the effects were found to enhance the acetylation 

activity as well as stability of the catalyst. In the present study, to further extend the analogy, 

sulphate ions were impregnated over the TiZrO4 matrix in presence of Ce
4+

 and resulted 

catalyst was employed for the acetylation of GL with AcA to obtain the maximum DA yield. 

The yield and selectivity during GL acetylation not only depends on the nature of the catalyst 

but also on the reaction parameters. The influence of different reaction parameters, over DA 

yield, such as catalyst amount, AcA/GL molar ratio, reaction temperature and reaction time 

were studied. 

 

Fig. 6.8. Effect of the various catalysts over the acetylation of glycerol. [Reaction conditions: 

AcA/GLmolar ratio = 6:1, reaction time = 40 min, catalyst amount = 5 wt% (with respect to 

GL), and reaction temperature = 120 ºC] 
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6.3.3.1. Effect of catalyst amount on product selectivity 

Fig. 6.9a shows the effect of catalyst amount (Ce/TiZrO4@SO4
2-

) on the acetylation of GL 

during the DA formation. The reaction was performed at 120 
o
C, employing AcA/GL molar 

ratio of 6:1 for a reaction duration of 60 min while catalyst amount was varied in the range of 

3-7 wt% (with respect to GL). A maximum yield (96 %) of DA was obtained when 5 wt% of 

catalyst was employed. A further increase in the catalyst amount was not found to increase the 

reaction rate or product yield to the significant extent. This could be due to the fact that at a 

higher catalyst amount reaction mixture becomes more viscous which could repel the mass 

transfer in a liquid-liquid-solid system
 
[22]. 

6.3.3.2. Effect of AcA/GL molar ratio on product selectivity
 

The effect of AcA/GL molar ratio is one of the vital factor which would influence the DA 

yield as well as economics of the reaction. To optimize the AcA/GL molar ratio, the reactions 

were carried out with 5 wt% catalyst amount at 120 
o
C for 60 min by altering the AcA/GL 

molar ratios from 2:1 to 6:1 as shown in Fig. 6.9b. The diacetin selectivity was found to 

increase with the amount of AcA, and reached to a maximum level of 96 % when AcA/GL 

molar ratio of 6:1 or higher was employed. 

It literature, SO4
2-

/CeO2–ZrO2 catalyst was found to demonstrate the MA, DA, and TA yield 

of 57 % , 38 %, and 5 %, respectively, while AcA/GL molar ratio being 3:1. On increasing 

the molar ratio upto 6, the selectivity towards diacetin was found to increase (from 38 % to 

58 %) at 120 
o
C in 1 h of reaction duration

 
[9]. 

6.3.3.3. Effect of reaction temperature on product selectivity  

The reaction temperature was found to affect the course of the reaction in terms of product 

yield and reaction duration. In order to optimize the reaction temperature, the acetylation of 

AcA/GL (6:1 molar ratio) was carried out in presence of 5 wt% catalyst amount and by 

varying the temperature 60 to 120 
o
C as shown in Fig. 6.9c. The DA yield was found to 

increase by increasing the reaction temperature (60 to 120 
o
C) and a maximum yield of 96 % 

was achieved at 120 
o
C. GL acetylation in literature has been reported to follow the 

endothermic pathway and hence, an external source of heat is essential to push the reaction in 

a forward direction
 
[23]. A further rise in reaction temperature was not attempted as the 

boiling point of the acetic acid is 118 
o
C. 
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6.3.3.4. Effect of reaction time on product selectivity 

To optimize the reaction duration, GL acetylation was performed with AcA/GL molar ratio of 

6:1, in presence of 5 wt% catalyst, at 120 
o
C and varying the reaction duration from 15 to 60 

min as shown in Fig. 6.9d. The DA yield was found to increase significantly with the 

increase in reaction time and attain a constant value of 96 % after 60 min of reaction duration. 

A further increase in reaction duration was not found to affect the product yield to a 

significant extent. 

Studies have specified that monoacetin yield is higher during the initial phase of the 

acetylation reaction [24]. As the reaction duration increases, the yield of MA decreases 

whereas the, yield of DA and TA increases. Lingaiah et al. also studied the extent of GL 

acetylation at various time intervals employing tungstophosphoric acid as a catalyst at 120 
o
C 

utilizing 5:1 AcA/GL molar ratio. They observed 58 %, 40 % and 3 % selectivity of MA, 

DA, and TA, respectively, within 30 min of reaction duration [23]. However, diacetin 

selectivity of 58 % remains constant even after 2 h of reaction duration. Thus our study as 

well as literature report supported the stepwise GL acetylation and increase in DA and TA 

yield on increasing the reaction duration. 

 

Fig. 6.9. Influence of various reaction parameters on Ce/TiZrO4@SO4
2- 

assisted glycerol acetylation 

(a) catalyst amount, (b) AcA/GL molar ratio, (c) reaction temperature and (d) reaction duration. 
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6.3.4. The reusability and stability 

To test the reusability of Ce/TiZrO4@SO4
2-

catalyst, acetylation of GL was carried out with 

AcA under optimized reaction parameters. After the completion of the reaction, the catalyst 

was recovered from the reaction mixture by centrifugation, which was washed with methanol, 

dried at 120 °C and finally calcined at 600 °C for 4 h. The catalyst hence regenerated was 

engaged during 5 successive catalytic runs under similar experimental and regeneration 

conditions. As shown in Fig. 6.10, the reused catalyst was found to capitulate > 90 % DA 

selectivity during 2
nd

 and 3
rd

 catalytic cycles while in 4
th

 and 5
th

 runs the diacetin selectivity 

was found to decreases up to 36 %. Thus a major loss in the catalyst activity was experienced 

which could be either due to the active sites hindrance because of the substrate adsorption, or 

due to the partial leaching of catalytically active species. 

 

Fig. 6.10. Study of the Ce/TiZrO4@SO4
2- 

reusability during the glycerol acetylation with 

acetic acid. 

To establish the reason(s) for the loss in catalyst efficacy, XRD patterns of the fresh and 

reused catalysts were compared. As revealed in Fig. 6.11a, additional peaks at 22
o 
and 54.8

o 

were observed in the diffraction pattern of the recycled catalyst due to the creation of 

hexagonal phase of TiO2 (JCPDS card no. 00-84-1286). Other peaks at 33
o
, 40.7

o
 and 71.8° 

were also observed due to the formation of an orthorhombic phase of TiZrO4
 
(JCPDS card 
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no. 00-034-0415). Therefore, the XRD study supports the structural changes in the reused 

catalyst which might have caused the loss of catalyst activity.  

An evaluation of the FTIR spectra (Fig. 6.11b) of fresh and recycled catalysts revealed that 

SO4
2-

 moiety has partially detached from the catalyst. The comparison of EDX data of fresh 

and reused catalysts also indicates the decrease in sulphur content in the reused catalyst (2.73 

wt%) against the fresh catalyst (5.54 wt%). No vibration band related to the DA or GL was 

found in the FTIR spectrum of recycled catalyst to maintain that organic molecules have not 

collected over the catalyst surface to obstruct the active sites.  

A comparison of NH3-TPD profiles of fresh and reused catalysts are shown in Fig. 6.11c. The 

fresh catalyst exhibited the strong acid sites at 450 
o
C, with a total acidity value of 8.15 mmol 

g
-1 

and the same was found to reduce to 3.46 mmol g
-1 

in the case of spent catalyst. The 

decrease in acidic sites is a consequence of the loss of sulphate species from the catalyst 

which resulted in the loss of catalytic activity. 

 

Fig. 6.11. Comparison of (a) XRD, (b) FTIR and (c) NH3-TPD of fresh and reused 

catalyst.(♣- TiO2, ●- TiZrO4, ɛ- Zr(SO4)2, χ- TiOSO4, *- Ce7O12, ο- Ce10S14O and ♦- ZrO2) 

The previous study supported the loss of sulphate ions which may remain present in the 

reaction blend and could catalyze the reaction analogous to a homogeneous catalyst. To 

measure the homogeneous contribution, the GL acetylation was performed under optimized 

reaction conditions. After 30 min, the catalyst was removed by filtration and the reaction was 

allowed to continue for an additional 30 min to evaluate the activity of the soluble species. As 

evident from Fig. 6.12, when the reaction was carried out without catalyst the MA and DA 

selectivity has increased to 13 and 19 %, respectively. Thus, a fractional homogeneous 

contribution in the catalyst activity was observed in this case, however, heterogeneous 

catalyst is primarily responsible for the maximum catalytic activity. 
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Fig. 6.12. Study of homogeneous contribution during the acetylation of glycerol with acetic 

acid. 

6.4. Conclusions 

The acetylation of glycerol with acetic acid was performed over Ce/TiZrO4@SO4
2-

 

heterogeneous acid catalyst. The reaction parameters (AcA/GL molar ratio, catalyst amount, 

reaction duration and reaction temperature) have been optimized to obtain the highest 

selectivity towards diacetin. Under the optimized reaction conditions, the catalyst was found 

to give a maximum diacetin selectivity of 96 %. The catalyst was reused during five catalytic 

cycles, however, the efficacy of the catalyst was found to reduce during the successive runs. 

The loss of sulphate species from the matrix, during the reusability experiments, was found to 

be the main reason behind the gradual loss of catalyst activity. 
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CHAPTER 7 
 

  
 

Conclusions and Futuristic aspects 

Overview of the chapter 

The results discussed in Chapters three to six have been concluded, compared and correlated 

in this chapter. The future scope of work with the synthesized catalysts is also discussed. 
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7.1. Conclusions and correlations 

In Chapter 3, sulphate incorporated siliceous zirconia heterogeneous acidic catalyst was 

synthesized and employed as a catalyst for the GL acetylation with acetic acid to yield 93 % 

triacetin within 40 min reaction duration as shown in Table 7.1. The heterogeneous acidic 

catalysts with Brønsted acidic sites was found to enhance the catalytic activity and stability. 

The regenerated catalyst was reused in six successive cycles while retaining 50 % triacetin 

selectivity in the last cycle. 

In Chapter 4, sulphated silica-coated magnetic (Fe3O4@SiO2@SO4
2-

) heterogeneous acidic 

catalyst was successfully synthesized and found to be active for the glycerol acetylation. The 

optimum values of the parameters to achieve 100 % triacetin selectivity with 100 % glycerol 

conversion were: catalyst amount of 5 wt% (concerning glycerol), acetic acid/glycerol molar 

ratio of 9:1 at 80 °C and 45 min reaction duration. The catalyst was reused for six 

consecutive reaction cycles; however, ˃ 80 % TA selectivity was observed during the first 

three cycles. 

In Chapter 5, niobium loaded magnetic (3-Nb@Fe3O4-700) catalyst was synthesized and 

employed for the glycerol acetylation with acetic acid to produce 92 % triacetin with 99 % 

glycerol conversion under optimized reaction parameters as shown in Table 7.1. The same 

catalyst was reused during seven catalytic cycles, with a reduction in the catalyst efficacy 

during the successive runs.  The catalyst was found to be partially soluble in the reaction 

mixture, however, the dissolved catalyst was not found to enhance the conversion levels of 

the glycerol.  

In Chapter 6, glycerol was esterified with acetic acid in the presence of Ce/TiZrO4@SO4
2-

 

heterogeneous acidic catalyst. Under the optimized reaction parameters highest diacetin 

selectivity (96 %) with 99 % of glycerol conversion level was obtained (Table 7.1). The 

same catalyst was reused during five catalytic cycles, however, the efficacy of the catalyst 

was found to reduce during the successive runs. The loss of sulphate species from the matrix 

was found to be the main reason behind the gradual loss of catalyst activity. 
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Table 7.1. The comparison of catalytic activity during glycerol acetylation with acetic acid.  

 

Chapter 

 

Catalyst 

Acidic 

sites 

(mmol g-1) 

TOF 

( h-1) 

 

wt % 

(concerning  

GL) 

AcA/GL 

(mol/mol) 

Temp 

(oC) 

Time 

(h) 

MA 

% 

DA 

% 

TA 

% 

GL 

conversion  

% 

Catalyst 

reusability 

(# of 

cycles) 

3 SSZ 4.96 262 3.0 9:1 80 0.67 - 7.0 93.0 100 6 

4 SO4
2-@SiO2@Fe3O4 8.63 458 5.0 6:1 80 0.6 - - 100 100 6 

5 Nb@Fe3O4 
4.1 137 7.0 9:1 80 1.33 - 7.0 92 99 7 

6 Ce/TiZrO4@SO4
2- 8.15 320 5.0 6:1 120 1.0 - 96 3 99 5 

SSZ = SO4
2-

/SiZrO4 

Based on the comparison provided in Table 7.1, the maximum acidity, 8.63 mmol g
-1

, was 

found for the SO4
2-

@SiO2@Fe3O4 catalyst which could also be correlated with the highest 

catalyst activity based on TOF calculation.  The presence of Brønsted acidic sites was found 

to impart the glycerol acetylation activity to the catalyst. Based on the proposed mechanism, 

stepwise acetylation of the glycerol –OH groups have been considered. The reaction might be 

initiated by the Brønsted acid-mediated acetic acid carbonyl group protonation, which reacts 

with the –OH of GL to form the ester group as discussed in Chapters 3 and 4. The catalyst, 

Ce/TiZrO4@SO4
2-

, was found to demonstrate a maximum diacetin selectivity of 96 %, which 

is even higher than the purity of commercially available diacetin sample (50 %). On the other 

hand, the remaining three catalysts have demonstrated TA selectivity in the range of 92 -100 

%.   

7.2. Futuristic aspects 

The work presented in the thesis demonstrated the development of the catalysts which could 

be utilized to produce the triacetin or diacetin molecules from glycerol in higher selectivity of 

92-100%. However, similar selectivity levels for monoacetin could not be achieved in the 

presence of developed catalysts. Thus one of the futuristic aspects of the present study would 

be to develop a catalyst or establish the reaction parameters that could yield monoacetin 

molecule with higher selectivity (> 90 %) or as an exclusive product.  The reusability study 

of the catalyst suggested the loss in catalyst activity upon its repeated use. Thus enhancement 

in catalyst stability would be another aspect to look for.  The reactions were performed at the 

lab scale (few gram scale) during the present study. To demonstrate the commercial 

application of the developed catalysts, it is essential to scale up the reactions while 

performing the reaction in pilot plant set up. 
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