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CHAPTER 1

INTRODUCTION

The world biodiesel production is increased from 233 million gallons in 2000 to 1,092 

and 6,189 million gallons in 2005 and 2011, respectively, as shown in figure 1. The 

use of renewable and environmental friendly source like biodiesel decreases 

consumption of diesel fuel from the fossil source and then decreasing the air pollution 

especially the carbon dioxide (CO2) emission which is the cause of “global warming” 

crisis.

Figure 1 World biodiesel production 2000-2011

Source U.S. Energy Information Administration, World Biodiesel Production 

[Online], accessed 17 October 2014. Available from http://www.eia.gov/cfapps/ 

ipdbproject/iedindex3.cfm?tid=79&pid=81&aid=1&cid=regions&syid=2000&eyid=2

011&unit=TBPD.

The major by-product of biodiesel production process is crude glycerol. In principal 

glycerol is produced approximately 10 % by weight of biodiesel product. Since in last 

twenty years the dramatically increase of biodiesel production effects to the inevitable 

increase of crude glycerol and results to the oversupply of glycerol followed by the 

continuously decrease of glycerol market price (Quispe et al. 2013). 
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The worldwide glycerol production and market price between 2001 and 2011 is shown in 

figure 2.

Figure 2 World glycerol production and prices 2001-2011.

Source Quispe, Coronado, and Carvalho, “Glycerol: Production, consumption, prices, 

characterization and new trends in combustion.” Renewable and Sustainable Energy 

Reviews, 27 (2013): 475–493.

Crude glycerol has a low value because its purity level is not meets the requirement of 

market and industrial applications. Then the differences of purification method such as 

ion-exchange (using resin), extraction, decantion and crystallization are used to purify 

crude glycerol for more-value grade of glycerol (Tan et al. 2013). The glycerol recovery 

process is one important part of production cost in biodiesel production process, and 

moreover glycerol price is also directly effects to economic viability of biodiesel 

manufacturer. However, if the glycerol market price is in downward trend, the benefit 

from selling glycerol would be decreasing as well (Singhabhandhu et al. 2010).

The prospect way to solve this problem is to expand the glycerol market by 

developing the new application or change it to more value chemical products and 

expanding its market. The physiochemical properties of glycerol make it be the volatile 

feedstock which capable to react in various process i.e. reduction, oxidation, dehydration, 
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esterification, etherification, halogenations, pyrolysis and fermentation (Zheng et al.

2008; Fan  and Burton 2009) (Pachauri and He 2006) (Quispe et al. 2013). Fuel additive 

is a kind of products could be obtained from glycerol and was more attractive from many 

researchers recently shown in literatures (Farinha et al. 2013; Hernández et al. 2012; and 

Rahmat et al. 2010). There are amounts of glycerol derivative compound capable of 

demonstrating tremendous good quality towards engine performance and environmental 

requirement such as glycerol ethers (Klepacova K. et al. 2005; and Kiatkittipong et al.

2011), acetyl glycerol (Goncalves et al. 2008; and Ferreira et al. 2011) and glycerol 

acetal (Umbarkar et al. 2009; Da Silva et al. 2009; Ferreira et al. 2010; and Agirre et al.

2013), etc. 

Solketal is the product of ketalization of glycerol with acetone in the presence of acid 

catalysts. This compound is found capable of diesel additive and received more attention 

from many researchers. Nevertheless, most of literatures in the recent are prospected to 

investigate the characteristic of heterogeneous catalysts or reaction conditions for high 

catalytic activity and product selectivity (Deutsch et al. 2007; Vicente et al.; 2010; 

Ferreira et al. 2010; Reddy et al. 2011; Royon et al. 2011; Da Silva et al. 2011; Nandan 

et al. 2013; Menezes et al. 2013; and Khayoon et al. 2013). However, the 

thermodynamics and kinetics study of this reaction have slightly been reported before 

although this information is advantage for further development of this process for the 

industrial production.

In this work, the thermodynamics and kinetics of ketalization of glycerol with 

acetone for the synthesis of solketal were investigated. Zeolite beta was selected to use as 

a catalyst in this reaction. The group contribution method is used for the estimation of 

thermodynamic properties such as reaction standard Gibbs free energy ( °), standard 

enthalpy ( °) and standard entropy ( °). For reaction kinetics study, the effects of 

various operating condition were investigated. The reaction rate law was evaluated by 

using the power law (PL), Eley-Ridel (ER) and Langmiur-Hinshelwood-Hougen-Watson 

(LHHW) models.
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CHAPTER 2

THEORY

1. Glycerol

Glycerol or glycerin has the IUPAC name as propane-1, 2, 3-triol. Physically, 

glycerol is a clear colorless viscous liquid appearance and odorless compound. It is the 

simplest of the alcohol containing three hydroxyl groups. The extensive intermolecular 

hydrogen bonding is responsible for high viscosity and boiling point of glycerol. 

Glycerol has a sweet tasting and syrupy. Purified glycerol is virtually nontoxic to both 

human and environmental. Then it was used widely in food and beverage manufacturer 

as the sweetener. With three hydrophilic hydroxyl groups, glycerol is infinitely soluble 

in water and alcohol but insoluble in hydrocarbon. And glycerol is also a good solvent 

for many substances in chemical industries such as iodine, bromine and phenol. 

Glycerol has a hygroscopic nature which brings it able to attract and hold the moisture 

in the air. And this property makes it valuable as a moistener in cosmetics (Pachauri and 

He 2006). Moreover, the extensive intermolecular hydrogen bonding is responsible for 

high viscosity and boiling point of glycerol. 

Figure 3 The molecular structure of glycerol.

Source Wikipedia contributors, Glycerol [Online], accessed 17 October 2014. 

Available from https://en.wikipedia.org/wiki/Glycerol
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The new application of glycerol is become attractive in recent year after the 

development of alternative fuel and widely use of biodiesel. Moreover in biodiesel 

production glycerol is traditionally provided from the soap and fatty acid industry. 

Therefore, the capacity of glycerol is directly dependent on these primary products 

demand. While the market of glycerol (exactly referred to refined glycerol) is normally 

small on a worldwide basis and the main consumption of glycerol is in the food 

products, personal care products, and oral care products manufacturing only (U.S. 

Soybean Export Council Inc. 2007).

Figure 4 The end used products of glycerol.

Source ABG Inc., Glycerin Market Analysis for the U.S. Soybean Export Council 

[Online], accessed 17 October 2014. Available from http://www.scribd.com/doc 

/93745860/Glycerin-Market-Analysis-Final#scribd

The oversupply of glycerol plummets its market price and effects to the economic 

viability of traditional glycerol producing plant and biodiesel manufacturer inevitably, 

then the prospect and practical way to solve this problem is to find value-added 

products derived from glycerol (You et al. 2008) (Singhabhandhu and Tezuka 2010)

(Ayoub and Abdullah 2012). This way related to the capability of glycerol which can 

be converted into promising chemicals and materials through selective catalysis 

process, such as selective oxidation, selective hydrogenolysis, catalytic dehydration, 

etc. (Zheng et al. 2008; Fan 
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et al. 2010; Quispe et al. 2013; and Tan et al. 2013). Some of glycerol derivative 

compounds are presented in Table 2.

Table 1 Applications of glycerol.

Selective oxidation of glycerol

Glyceric acid

Glyceric acid is the important 

biochemical intermediate.

Dihydroxyacetone, DHA

DHA is the main active ingredient in all 

sunless tanning skincare preparations and 

might be a building block of new 

degradable polymers if the market price 

is lower

Mesoxalic acid

Hydrogenolysis of glycerol

1,2-Propanediol

or propylene glycol, PG

PG is used for polyester resin, liquid 

detergent, pharmaceuticals, cosmetics, 

fragrances, hygiene products, paint, 

animal feed, anti-freeze, etc.)

1,3- Propanediol

1,3- Propanediol is Used as a monomer in 

the synthesis of several polyesters such 

polytrimethylene terephthalate (PTT) 

and polyethylene terephthalate (PET)

Ethylene glycol, EG

and explosives
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Table 1 Applications of glycerol (cont.)

Dehydration of glycerol

Acrolein

Acrolein is a versatile intermediate 

largely employed by the chemical 

industry for the production of acrylic acid 

esters, super absorbent polymers, and 

detergents

3-hydroxypropionaldehyde

3-hydroxypropionaldehyde is a precursor 

for many modern chemicals including 

acrolein, acrylic acid, and 

1,3-propanediol and is used for polymer 

production

Chloridation of glycerol

Dichloropropanol, DCP

DCP is use as a solvent for hard resins 

and nitrocellulose, manufacture 

photographic and zapon lacquer, cement 

for celluloid, binder for watercolors.

Syngas

Syngas is a fuel gas mixture consisting 

primarily of hydrogen, carbon monoxide, 

and very often some carbon dioxide. It is 

used as an intermediate in producing 

synthetic petroleum for use as a fuel or 

lubricant

Hydrogen Hydrogen is use as fuel and energy 

carrier that could be used in the transport 

sector, power generation, chemical 

industry, photovoltaic cells
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Table 1 Applications of glycerol (cont.)

Selective transest

Monoglycerides, MG food, pharmaceutical, and cosmetic 

industries.

Glycerol carbonate, GC

GC is possible to use as a raw material of 

polymers, electrolyte for secondary 

batteries, reaction intermediate and 

medical solvent.

Polyglycerol esters, PGE

PGE is important non-ionic surfactants 

with various applications in cosmetic, in 

food, pharmaceutical and other 

industries. Their amphiphilic character 

enables their use in the stabilization of 

various suspensions.

Diacetylglycerol, DAG
DAG and TAG is shown to be valuable 

petrol fuel additives leading to either 

enhanced cold and viscosity properties 

when blended with diesel fuel or 

antiknocking properties when added to 

gasoline.

Triacetylglycerol, TAG

tert-butyl ethers of glycerol, 

TBG

TBG exhibit potential for use as fuel 

additives in gasoline.

Polyglycerides Polyglycerides used as biodegradable 

surfactants, lubricants, cosmetics, food 

additives.

R1O O

OR2

n
R3
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Table 1 Applications of glycerol (cont.)

Fermentation of glycerol

Citric acid 

Citric acid and lactic acid shown versatile 

applications in the fields of the industrial, 

food, cosmetic and pharmaceutical 

industries and agriculture.

Lactic acid

Lactic acid is use as a polymer precursor, 

and found in the pharmaceutical, 

cosmetic and food manufacturing.

Succinic acid
Succinic acid is used for the manufacture 

of synthetic resins and biodegradable

Ethanol

EtOH was used as fuel in the space, 

industrial and transportation sector. 

Largely use in alcoholic beverages, 

medical applications and chemical 

feedstock

Butanol

Butanol fuel is considered as the potential 

biofuel and can be use as diesel fuel 

additive. It uses as a solvent in wide 

variety of chemical and textile processes.
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2. Acetone

Acetone is also called 2-propanone or dimethyl ketone. It is a colorless, mobile, 

flammable liquid with a slightly aromatic, sweetish odor and it is the simplest ketone. 

It readily mixes with most organic solvents and mixes completely with water. 

Figure 5 The molecular structure of acetone.

Source Wikipedia contributors, Glycerol [Online], accessed 17 October 2014. 

Available from https://en.wikipedia.org/wiki/Acetone

The most of commercial acetone is produced as the co-product of phenol via the 

cumene process. Approximate 0.62 pound of acetone is produced per pound of 

phenol. Acetone is also prepared by the dehydrogenation of 2-propanol (isopropyl 

alcohol).

Figure 6 Acetone productions, hydrolysis of cumene hydroperoxide (upper) and 

dehydrogenation of isopropyl alcohol (lower).

Source Brown, Acetone (CH3COCH3) Encyclopedia Britannica [Online], accessed 17 

October 2014. Available from http://global.britannica.com/science/aceton e
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Moreover these processes, acetone also be produced from the 

Acetone-Butanol-Ethanol (ABE) process which use bacteria fermentation of 

carbohydrate such as starch and glucose. Although this process was not be viability in 

early 1980s due to high raw material costs and generally non-profitable compared to 

the production of the same three solvents from petroleum then, but today with more 

development process, the replacement of natural oil and gas by the sustainable 

resources such as agriculture plants is the prospect way of these solvents production 

in the future.

Figure 7 Acetone-Butanol-Ethanol (ABE) process.

Source Hasan K. Atiyeh, OSU-Acetone-Butanol-Ethanol (ABE) Process “Drop-in” 

Fuel and Chemicals [Online], accessed 17 October 2014. Available from http://atiyeh 

.okstate.edu/

Acetone is seemly wide used as an organic solvent in industrial but in fact about 75% 

of the available acetone is used to produce other chemicals, 13% is used in other 

commercial application and 12% is used as a solvent (Dow Chemical). Among these 

applications, the two main use of acetone is the manufacture methyl methacrylate 

(MMA) and bisphenol-A (BPA). MMA is used much in all acrylic product 

manufacture include window, skylights, signs, lighting fixtures, automotive parts, 
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medical devices and appliances, etc. while BPA is used as a raw material for the 

production of polycarbonate (PC) resins which found the applications in optical media 

(CDs and DVDs), electrical and electronic (insulators, connectors and housings) and 

automotive sectors (ICIS). 

Global demand for acetone is expected to growth at 3-4% per year, and BPA is found 

the fastest growing rate of 5% per year while MMA and solvents uses are slower 

about 2-3% per year. But in aforementioned nearly all acetone production is via the

cumene process, acetone availability is dependent on market conditions for phenol 

which is estimated to be growing 1-2% per year faster than acetone. And by 2015, 

demand for phenol could create a surplus of some 200,000 tones of acetone (Pandia., 

2009). Some acetone producers attempt to solve this problem by studying the 

alternative use of acetone such as converting to isopropyl alcohol (IPA) or converting 

back to propylene. Other derivative compounds could be promoting the demand of 

acetone and its market price.

3. Solketal

Solketal or 2,2-dimethyl-1,3-dioxolane-4-methanol or 1,2-isopropylidene Glycerol is 

a clear, colourless, practically odourless, mobile liquid. It is a monovalent, primary 

alcohol, which may be formally described as methanol substituted by a cyclic ether 

group. Owing to these two chemical groups of different polarity the molecule shows 

high affinity to polar as well as to less polar or even up to non-polar substances. As an 

outstanding property in this sense the complete miscibility with water may be 

mentioned. At the same time solketal is miscible with nearly all other groups of 

organic substances. For these reasons it is especially qualified for the use as solvent 

for very miscellaneous applications. 

The most important industrial applications will be found in colours and varnishes, 

printing inks, adhesives, pesticides, detergents and cleaning agents or metal cleaners, 

emulsifiers and dispersants or extracting agents. But beside its function as a plain 
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solvent solketal can exhibit discrete lacquer-forming properties like retardation of 

drying or film formation. Its excellent compatibility to humans is being appreciated 

for years by pharmacists and veterinarians particularly as carrier or enhancer for 

active ingredients, as well as by cosmeticians as ingredient in personal care products, 

perfumes and essences. The alcoholic hydroxyl functionality of the molecule allows 

for the participation as building block in many reactions. Within condensation 

reactions causing the release of water solketal is being incorporated into polyesters, 

polyurethanes, polyacrylates, polyethers et cetera, in order to modify their properties. 

The reaction with anhydrides and acids will yield esters.

Figure 8 The molecular structure of acetone.

Source Wikipedia contributors, Solketal [Online], accessed 17 October 2014. 

Available from https://en.wikipedia.org/wiki/Solketal

4. Zeolites

Zeolites are a crystalline aluminosilicates with fully cross-linked open 

framework structures made up of corner-sharing Sio4 and AlO4 tetrahedra. The zeolite 

was discovered firstly in 1756 by Axel Fredrik Cronstedt and co-worker. The general 

empirical formula of zeolite is Mx/n[AlxSiyO2(x + y)]·zH2O, where M is the metal ion 

which balance the negative charges on the aluminosilicate framework, n is the degree 

of oxidation of the metal, x is the number of aluminum atoms, y is the number of 

silicon atoms, and z is the number of water molecules.
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The name of zeolites is from the Greek “zeo (to boil)” and “lithos (stone)” meaning to 

the stone that boils. The natural zeolites are found where volcanic rocks and ash 

layers reacted with alkaline groundwater. The classical definition of a zeolite is a 

crystalline, porous aluminosilicate. However, some relatively recent discoveries of 

materials which identical to the classical zeolite, but consisting of oxide structures 

with elements other than silicon and aluminum have stretched the definition. Then 

now most of researchers include all types of porous oxide structures that have 

well-defined pore structures due to a high degree of crystallinity in the definition of 

zeolite. Zeolites are the microporous solids known as molecular sieve which refers to 

a particular property of the ability to selectively sort molecules based primarily on a 

size exclusion process due to a very regular pore structure of molecular dimensions.

There are about 50 zeolites found in natural, and more than 300 zeolites can be 

synthesized in the laboratory via the hydrothermal crystallization under strict 

experimental conditions including the composition of silicate and aluminum gel, pH, 

temperature and the presence of templates usually quaternary ammonium salts tht 

control the tertiary structure of the solid. Zeolites is an active are of research, the 

number of synthesized aluminosilicates are continuously increased, offering to a new 

possibility in terms of geometries and topologies.

4.1 The structure of zeolites

The framework of zeolites is based on an extensive three-dimension network in which 

the polyhedral sites, usually tetrahedral, are linked by oxygen atoms. The crystalline 

framework contains cages and channels of discrete size of 3-30Å in diameter. The 

primary buiding unit of zeolites is the individual tetrahedral unit. The T atom (silicon 

or aluminum) belonging to a TO4 tetrahedron is located at each corner, but oxygens 

located near the mid-points of the line joining each pair of T atoms. The topology of 

zeolites framework types can be describes in term of a finite number of specific 

combination of tetrahedral called “secondary building unit (SBU’s)” see in Figure.

Description of the framework topology of a zeolite involves “tertiary” building units 

corresponding to different arrangements of the SBU’s in space. Various alternative 

ways have been proposed. The framework may be considered in terms of large 
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polyhedral building blocks forming characteristic cages. For example, zeolite A and 

zeolite Y can all be generate by the truncated octahedron known as the beta-cage. An 

alternative method of describing extened structures uses two-dimension sheet buiding 

units. Sometimes various kinds of chains can be used as the basis for constructing a 

zeolite framework.

Figure 9 Secondary Building Units (SBU's) in zeolites (The corner of the polyhedral 

represent tetrahedral atoms).

Source Imperial College London, Zeolite structures [Online], accessed 1 December 

2014. Available from http://www.ch.ic.ac.uk/vchemlib/course/zeolite/structure.html

Figure 10 The tetrahedral structures of SiO4.
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Source Northern Arizona Meteorite Laboratory, The tetrahedral structures of SiO4 

[Online], accessed 1 December 2014. Available from http://www4.nau.edu/me teori 

te/ Meteorite /Book-GlossaryS.html

4.2 The category of zeolite

There are about 50 zeolites found in natural and more than 300 synthetic 

zeolites have been reported. The number of synthetic zeolites with new structure 

morphologies is continuously increased. Base on the size of their pore opening, 

zeolites can be roughly divided into five major categories, namely 8-, 10-, 12-member 

oxygen ring systems, dual pore system and mesoporous system. Their pore structures 

can be characterization by crystallography, adsorption measurement and through 

diagnostic reactions. One of diagnostic test is the “constraint index” test. The concept 

of constraint was defoned as the ratio of the cracking rate constant of n-hexane to 

3-methylpentane. The constraint index of a typical medium-pore zeolite usually 

ranges from 3 to12 and those of the large pore zeolites are in the range of 1 to3. For

the material with an open porous structure, such as amorphorous silica alumina, their 

constraint indices are normally less than 1. On the contrary, the small-pore zeolites 

noemally have a large constraint index; for example, the constraint index of erionite is 

38.

Zeolites with 10-membered oxygen rings normally posses a high siliceous 

framework structure. They are of special interest in industrial applications. In fact, 

they were the first family of zeolites that were synthesized with organic ammonium 

salts. With pore openings closed to the dimensions of many organic molecules, they 

are particularly useful in shape selective catalysis. The 10-membered oxygen rings 

zeolite also posses other impotant characteristics including high activity, high 

tolerance to coking and high hydrothermal stability. Among the family of 

10-membered oxygen rings zeolites, the MFI-type zeolite (ZSM-5) is probably the 

most useful one. ZSM-5 zeolite have two types of channel system with similar size, 

one with a straight channel of pore opening 5.3×5.6 Å and the other with a tortuous 

channel of pore opening 5.1×5.5 Å. Those intersection channels are prependicalar to 

each other, generating a three-dimentional framework. ZSM-5 zeolites with a wide 
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range of SiO2/Al2O3 ratio can easily be synthesized. High siliceous ZSM-5 zeolite is 

more hydrophobic and hydrothermally stable compared with others. Among various 

zeolite, ZSM-5 has many of industrial applications, covering the petrochemical 

production and reffinary processing for environmental treatment.

Typical 12-membered oxygen rings zeolites such as faujasite-type zeolites, 

normally have a pore opening greater than 5.5 Å. These zeolites are usuful fot the 

catalytic applications with the large molecules which require a zeolite catalyst with 

large pore opening. Faujasite zeolite such as zeolite X or zeolite Y can be synthesized 

using inorganic salts and have been widely used in catalytic cracking process. The 

other well-known of 12-membered oxygen rings zeolites is zeolite beta. Zeolites with 

a dual pore system normally posses interconnecting pore channel with two different 

pore opening sizes. Mordenite is a well-known dual pore zeolite consisting of a 

12-membered oxygen rings with pore opening of 6.5×7.0 Å interconnected to 

8-membered oxygen rings with pore opening 2.6×5.7 Å. Moreover, MCM-22 is one 

of zeolite posses a dual pore system which consisting of 10- and 12- membered 

oxygen rings.

In the past decade, many researches efforts in synthetic chemistry have been 

invested for the discovery of large-pore zeolite with pore diameter greater than 

12-membered oxygen rings and they are discovered the mesoporous materials with 

pore opening from 12 to more than 100 Å such as VPI-5 and MCM-41. Some of the 

framework structures of each category of zeolites are show in Figure 10.

4.3 The uses of zeolites

4.3.1 Zeolites as dehydrating agents

Normal zeolites contain water in some of the cavities. When heated under vacuum, 

this water will be lost, and this often causes the free cations, such as Na+, to move and 

settle on sites with lower coordination numbers. These dehydrated zeolites act as very 

good drying agents, as the adsorption of water means that the cations can return to 

their favored high coordination number sites.



18

                                
                                              

                                                     

Figure 11 Framework structures of some zeolite in each category.

Source Baerlocher Ch., Database of Zeolite Structures [Online], accessed 1 

December 2014. Available from http://izasc-mirror.la.asu.edu/fmi/xsl/IZA-SC/ft.xsl

Zeolite beta (beta polymorph A type)
12-membered rings zeolite

Zeolite X or Y (Faujasite type)
12-membered rings zeolite

Zeolite A (Linde A type)
8-membered rings zeolite

ZSM-5 (MFI type)
10-membered rings zeolite

             
      
           

Mordenite type
12- and 8-membered rings zeolite

VPI-5 (VFI type)
18-membered rings zeolite
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4.3.2 Zeolite as ion exchangers

The Mn+ cations in the zeolite can exchange with the cations in a surrounding 

solution. In hard water, the calcium ions exchange with sodium ions from the zeolite, 

and so the water becomes softer. Flushing the calcinated zeolite with saline solution 

makes the exchange proceed in the opposite direction, and the zeolite can be reused as 

an ion exchanger.

4.3.3 Zeolites as adsorbents

The use of zeolites as drying agents is one application of their use as adsorbents. The 

large number and size of the cavities and channels in the zeolite means that it has a 

very high surface area, and so it can absorb large amounts of substances, and not just 

water. Different zeolites have affinities for different types of molecule. This affinity is 

determined by the size of the cavities, and also the Si:Al ratio. When there is a low 

Si:Al ratio, the number of free cations (Na+) is high, and so the system is hydrophilic. 

As the Si:Al ratio increases, the number of cations able to interact favourably with the 

water decreases, and so the hydrophilicity decreases. Zeolites with a very high Si:Al 

ratio favour the absorption of non-polar molecules such as the hydrocarbons, and so 

are used in processes such as the cracking of petroleum.

The size of the molecules absorbed is determined by the size of the cavities they will

occupy, and also by the size of the pores they must travel through to get into those 

cavities. For example, in the sodalite cage above, the cavity inside the cage is much 

bigger than the 4-ring or 6-ring pore through which the absorbed species must move 

in order to enter the cavity, and it is the pore size which principally determines 

molecules may be absorbed.

4.3.4 Zeolites as catalysts

The zeolites are very commonly used as catalysts for a variety of reasons. The high 

surface area which made absorption facile also means that there are a large number of 

active sites where the catalytic action may occur. The size and shape of the cavities 

and pores means that the zeolites can be used to provide shape-selective catalysis, and 

hence control the product distribution of a reaction. For example, in the cracking of 

petroleum, branched-chain alkenes may be too large to pass through the pores, and so 
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the products will be the straight-chain species which can slip through the holes. They 

may be prepared in a very reproducible fashion, and so their catalytic behavior will 

also be reproducible.

4.4 Zeolite beta

Zeolite beta is a large pore size zeolite presence a three-dimensional 12-memberd ring 

openings. It is a large pore, high silica, crystalline aluminosilicate. The framework 

and the pore structure have several unique features. The pore structure of zeolite beta 

consists of 12-membered rings interconnected by cages formed by the interaction of 

channels. The dimension of pore opening in the linear channel is 5.7×7.5 Å and the 

tortuous channel of 5.6×6.5 Å. Zeolite beta have a total pore volume about 0.2 ml/g. 

Zeolite beta is the attractive catalytic material because of their thermal and 

hydrothermal stability, highly acid strength and hydrophobicity properties. This

zeolite is commonly use as a catalyst in many catalytic reaction such as alkane 

hydroisomerlization, aromatic acylation, methyl tert-butyl ether synthesis, etc.

Not only the properties of acidity, shape selective and stability of zeolite beta are 

important for many catalytic reactions but hydrophobicity of zeolite beta is can be 

improved the catalytic activity in the reaction which occurred the water as product or 

as the impurity in reactant. In some solid acid catalyst, the molecule of water can be 

ruined the active site over the inner pore or inhibited the accessibility of the reactants 

molecule into the active site.

5. Group contribution method

A group contribution method is used to predict properties of pure components and 

mixtures by using group or atom properties. This reduces the number of needed data 

dramatically. Instead of needing to know the properties of thousands or millions of 

compounds, only data for a few dozens or hundreds of groups have to be known. All 

macroscopic properties are related to molecular structure and the bonds between 

atoms, which determine the magnitude and predominant type of the intermolecular 

forces. For example, structure and bonding determine the energy storage capacity of a 

molecule and thus the molecule’s heat capacity.
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5.1 Joback group contribution method 

Joback et al. (1984; 1987) reevaluated Lydersen’s group contribution scheme, added 

several new functional groups, and determined new contribution values. His relations 

for the critical properties are: ( ) = [0.5084 + 0.965{ ( )} { ( )}2] 1 (2.1) ( ) = [0.113 + 0.0032( ) ( )] 2 (2.2) ( ) = 198 ( ) (2.3)°  ( 1) = 53.88 ( ) (2.4)°  ( 1) = 69.29 ( ) (2.5)

where the contributions are indicated as tck, pck and vck. The group identities and 

Joback’s values for contributions to the critical properties are in Appendix C. For Tc a

value of the normal boiling point, Tb, is needed.

5.2 Gani group contribution method

Constantinou and Gani developed an advanced group contribution method 

based on the UNIFAC groups but they allow for more sophisticated functions of the 

desired properties and also for contributions at a “Second Order” level. The functions 

isomers, multiple groups located close together, resonance structures, etc., at the 

“First Order”. The general CG formulation of a function ƒ[F] of a property F is

= ( 1 ) + 2 (2.6)

where ƒ can be a linear or nonlinear function, Nk is the number of first-order groups of 

type k in the molecule; F1k is the contribution for the first-order group labeled 1k to 

F. M j is the number of Second-Order groups of type j in the 

molecule and F2j is the contribution for the second-order group labeled 2j to the 

W is set to zero for first-Order calculations and set 

to unity for second-order calculations. The Constantinou and Gani formulations are
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 ( ) = 204.359 ln ( 1 ) + ( 2 ) (2.7) ( ) = 181.128 ln ( 1 ) + ( 2 ) (2.8) ( ) = ( 1 ) + ( 2 ) + 0.10022 2 + 1.3705 (2.9)°  ( 1) = 14.83 + ( 1 ) + ( 2 ) (2.10)°  ( 1) = 10.835 + ( 1 ) + ( 2 ) (2.11)

5.3 Benson group contribution method

Benson and coworkers have developed extensive techniques for estimating the 

thermodynamic properties. There are several references to Benson’s work such as 

CHETAH program. Benson method is detailed to the contribution from all of the 

bonding arrangements (“type”) that the chosen groups can have with every other type 

of group or atom (except hydrogen). Thus the method involves next-nearest neighbor 

interactions.

The Benson groups can be calculated directly to obtain the standard enthalpy of 

formation ( (298.15 )° ), and the heat capacity ° ( ) values. However, obtaining 

(298.15 )°  also requires taking molecular symmetry into account. Finally, obtaining 

(298.15 )°  requires subtracting the entropy of the elements. The relations are

(298.15 )° = ° (2.12)

(298.15 )° = ° + ° + ° (2.13)

(298.15 )° = ( °) (2.14)

(298.15 )°  = (298.15 )° 298.15 (298.15 )° (298.15 )° (2.15)

The symmetry entropy, ° is independent of T and given by

° = ln( ) ln( ) (2.16)

where is the number of structural isomers of the molecule and is the total 

symmetry number. Normally =1 so it makes no contribution in Eq., but two cases 
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atoms can form mirror image arrangements (optical isomers) so that the atom in the 

plane has asymmetric substitutions. For example, the four atoms (H, F, Cl, I) bonded 

to the carbon bonded in CHFClI can be arranged in two distinct ways, so its =2. 

The second way for to be different from unity is if an otherwise symmetrical 

molecule is frozen by steric effects into an asymmetrical conformation. For example, 

2, 2, 6, 6-tetramethylbiphenyl cannot rotate about the bond between the two benzene 

rings due to its 2, steric effects. Therefore, the plane of the rings can have two distinct 

arrangements ( =2) which must be included in the entropy calculation. If the 

desired species is the racemic mixture (equal amounts of the isomers), each 

asymmetric center contributes two to , but if the species is a pure isomer, =1.

To obtain , one multiplies the two distinct types of indistinguishability can 

occur: “internal,” designated Nis, ‘”external” designated Nes. The value of Nis can be 

found by rotating terminal groups about their bonds to interior groups. An example is 

methyl (-CH3) which has three indistinguishable conformations( = 3) is and 

phenyl which has =2. Finally  is found from

= ( )= (2.17)
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CHAPTER 3

LITERATURE REVIEWS

This chapter contains the research reviews of solketal production and the 

thermodynamics and kinetics study of glycerol ketalization.

1. Solketal production 

Figure 12 Ketalization of glycerol and acetone.

The ketalization of glycerol with acetone is the dehydration reaction which 

formed solketal as the main-product. This kind of process is traditionally carried out 

with acidic homogeneous catalysts such as p-toluenesulfonic acid, sulfuric acid and 

hydrochloric acid, etc. ( et al. 2008; Suriyaprapadilok et al. 2011; and 

Menezes et al. 2013). But these acids have some disadvantages such as the corrosion 

and complicate in process of catalyst separation from product. Hence the using of 

heterogeneous catalyst is the prospect way to solve these problems and develop this 

process to viability both in economic and environment. So in recent year many 

researchers were reported the study of acetalization or ketalization of glycerol by 

using solid acid catalysts i.e. ion exchange resin such as Amberlyst (Deutsch et al.

2007; Agirre et al. 2011; Da Silva et al. 2011; and Nanda et al. 2014) silica supported 

acid catalyst (Ferreira et al. 2010; Vicente et al., 2010; and Umbarkar et al., 2009), 

promoted zirconia (Reddy et al. 2011), etc.
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For the example, among the reports of the traditional homogeneous Bronsted 

acids such as p-toluenesulfonic acid and sulfuric acid, Menezes et al. 2013 reported to 

the using of Tin-chloride a homogeneous Lewis acid as catalyst in the ketalization of 

glycerol with acetone. At room temperature, the tin-chloride catalyzed reaction with 

acetone and glycerol molar ratio of 4:1 enhanced the glycerol conversion and 

selectivity of solketal to the highest value (81% and 98%, respectively). These values 

are higher than the reaction performed with the most used catalysts in the 

homogeneous phase of solketal synthesis, p-toluenesulfonic acid which given the 65% 

of glycerol conversion and 98% of solketal selectivity. This result can be also 

attributed to the higher water tolerance of Tin chloride. While 70.9% of glycerol 

conversion was observed after 10 h reaction time in the study of Suriyaprapadilok et 

al. 2011 by using p-toluenesulfonic acid as catalyst and they also observed the higher 

glycerol conversion when the molar ratio of acetone to glycerol was increased, 56.7%, 

70.9% and 82.7% for 2, 4 and 6 of molar ratio, respectively.

Nanda et al. 2014 applied the macroporous commercial acid resin, 

Amberlyst-35 catalyst in the reaction of glycerol and acetone under mild temperature 

(25-50 °C) and received the highest solketal yield of 74%. They found the reaction is 

exothermic by the lower equilibrium product yield at higher reaction temperatures. The 

rate of the reaction increased with increasing temperature or the catalyst amount and 

acetone-to-glycerol (A/G) molar ratio. In the study of Da Silva et al. 2009, 

Amberlyst-15 catalyst showed high glycerol conversion of 95% while beta zeolite and 

K-10 montmorillonite showed glycerol conversion about 90 %. But in the presence of 

water which formed in this reaction, the catalytic activity was decreased that attribute to 

the water-adsorbed over the acid site inhibits the catalytic reaction and promotes to the 

reversibility of reaction. These observations were reported in the later study of Da Silva 

et al. 2011. They studied the effects of water on the reaction and found that the glycerol 

conversion decreasing from 95% to 39% with the presence of 15 wt% of water (with 

respect to glycerol) in reaction. While zeolite beta which is more resistant to water 

showed the glycerol conversion decreasing from 90% to 65% in the same amount of 

water. This behavior is associated with the hydrophobic nature of the zeolite pore 
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environment, due to the high Si/Al ratio. It is known that silicon-rich zeolites are less 

prone to adsorb water as described in study of Okuhara T. 2002.

Vicente et al. 2010 and Ferreira et al. 2011 supported the important of acid 

strength of catalyst to catalytic activity. Ferreira et al. 2011 reported the ketalization 

of glycerol with acetone using the various heteropolyacids which different in acid 

strength (such as tungstophosphoric acid, tungstosilisic acid, molybdophosphoric acid 

and molybdosilisic acid) immobilized in silica support as catalyst. The catalytic 

activity increase following the acid strength of catalyst. Vicente et al. 2010 reported 

the using of sulfonic acid-functionalized mesostructured silicas (SBA-15) in this 

reaction. The results showed that acid capacity is the significant factor affecting the 

catalytic performance. Moreover, the hydrophobized catalyst was synthesized in order 

to increase the surface hydrophobicity and tested. But the result showed the lower 

glycerol conversion than the parent catalyst. They ascribed to the reducing of the 

surface area of catalyst and the affect of hydrophobicity to the accessibility of the 

highly polar reactants (e.g. glycerol and acetone).

Moreover, this observation was agreed with the Umbarkar et al. 2009 when 

the various amounts of molybdenum oxide were loaded into the silica support by 

sol-gel technique. The catalysts have been tested with the reaction of glycerol with 

aldehydes, the highest molybdenum loading (20% mol) was found to be the most 

acidic and highly active catalyst. The highest glycerol conversion was up to 78 % for 

aliphatic aldehydes (n-Heptaldehyde) while the products were rather selective for 

six-membered acetal than five-membered acetal (62 % and 38% selectivity 

respectively). This result of product selectivity was relevant with the study of Deutsch

et al. 2007 which reported to the high yield of products mixtures. And the selectivity 

of about 60% and 40% for six-membered acetal (1,3-dioxane) and five-membered 

acetal (1,3-dioxolane) respectively were observed in the acetalization of glycerol with 

benzaldehyde catalyzed by Amberlyst-36 in any solvents. While in the acetalization 

of glycerol with acetone gave the product of five-membered acetal without any 

detectable amounts of six-membered acetal.

The hydrophobicity was found a significantly effect to the zeolites catalyst in 

the reaction of acetalization of glycerol and butylaldehyde or butanal according to the 

study of et al. 2011. The results observed that the increasing of framework 
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Si/Al ratio lead to the increase of activity while the acid site decreases, this behavior 

can be explained due to the more hydrophobicity achieve the simultaneous diffusion 

of the reactants within the zeolite pores. But in case of very high Si/Al ratio, the active 

site is too small and leading to the decrease of catalytic activity. While the very high 

amounts of active site catalyst like Dowex resin showed the higher catalytic activity

than the ZSM-5 which has the narrow pore structure. And the zeolite beta and USY 

are the high performance catalyst with their proper in active sites, pore structure and 

hydrophobic/hydrophilic balance.

Zeolite beta shows the high performance of dehydration reaction like this 

reaction (acetalization). With its hydrophobic properties, the water occurred during 

reaction could not ruined the active site over the inner pore and molecule of water 

would not inhibited the accessibility of reactants molecule into the pore which 

promoted to the backward reaction. This behavior was observed in many literatures 

(Deutsch et al. 2007; Da Silva et al. 2009; Da Silva et al. 2011; and et al.

2011). The obviously result indicated to the water-tolerant effective of zeolite Beta 

catalyst was reported by Da Silva et al. 2011; and Mota et al. 2009. The reaction was 

taken place in the presence of water at initial and the zeolite Beta catalyst showed the 

higher catalytic activity than acid resin Amberlyst-15. While Nanda et al. 2014 found 

the decrease of product solketal yield in the reaction of glycerol and acetone with 

solid acid Amberlyst-35 because of the moisture content. However, Faria et al. 2014 

found the different results in their study. When the acetalization of glycerol with 

acetaldehyde were tested over the several commercial heterogeneous acid catalysts 

such as Amberlysts and Nafion acid ion-exchanged resin and zeolites H-BEA 25,

H-MFI 90, H-MOR 20, and Molecular Sieve 3A. Zeolite beta showed a significantly 

lower glycerol conversion and considered as unsuitable catalyst for their experiment. 

This result was supposed by the reasons of the low reaction temperature (293 K) or 

the possible hindrance occurred by water adsorption of zeolite (with high dehydrating 

capacity). 

On the other hand, for the prospect to develop this process with no use of any 

solvents or acid catalysts Royon et al. 2011 attempted to synthesis the solketal under 

the supercritical conditions of acetone, the reaction was performed under conditions 
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of high pressure and temperature making this reaction possible without acid catalyst. 

The solketal yield was depended on the temperature and pressure. They found the

reaction rate rises very fast at the supercritical temperature condition (508-533 K), 

while the higher temperature (540 K) is promoted to the side reactions such as the 

pyrolysis of glycerol and polymerization. The supercritical acetone worked as the 

solvent, catalyst and reactant. However, while the highest glycerol conversion 

obtained is approximately 28% with a large access of acetone reagent. Pawar et al.

2014 studied the microwave assisted acetalization reaction of glycerol with acetals or 

ketals under catalyst and solvent free conditions. The results showed the successfully 

utilization of microwave irradiation provides a clean and green approach towards the 

valorization of glycerol. The highest conversion of benzaldehyde of 95% was 

achieved with 56% and 44% selectivity for five membered 1,3-dioxalane and six 

membered 1,3-dioxane, respectively by used the excess of glycerol. The conditions 

are 1:2 molar ratio of benzaldehyde and glycerol, the reaction temperature 413 K, 600 

W of microwave power and 15 minute of reaction time.

2. Thermodynamics and kinetics study of glycerol ketalization

From the literatures aforementioned, the author found that many researchers 

were focused on the catalyst development for this reaction only, on the other hand, the 

study of thermodynamics and kinetics was reported not much although these 

information are significant for further development of this reaction into the industrial 

process.

The study of Nanda et al. 2014 reported the study of the thermodynamics and 

kinetics of the reaction of ketalization of glycerol with acetone. The thermodynamic 

equilibrium constant was determined from the experimental data and used to estimate 

the parameters such as the standard enthalpy, entropy and Gibb’s free energy at 298 K 

which found to be -30.1 ± 1.6 kJ·mol-1, -0.1 ± 0.01 kJ·mol-1·K-1 and -2.1 ± 0.1 

kJ·mol-1, respectively. While the kinetics of ketalization of glycerol with acetone on 

commercial ion exchanged resin catalyst, Amberlyst-35 and the rate of reaction was 

estimated by using Langmuir-Hinshelwood model, the activation energy of the overall 
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reaction and the enthalpy of water adsorption were determined to be 55.6 kJ·mol-1 and 

-64.7 kJ·mol-1, respectively. While Esteban et al. 2015 reported the study of the same 

reaction by using ion exchange resin GF101 catalyst. Among a series of kinetic 

models e.g. pseudo-homogeneous, Eley-Rideal and Langmiur-Hinshelwood-Hougen-

Watson model, they found the ER model show more plausible to estimate the reaction 

mechanism on the consideration of the reaction is reversible, zero order with respect 

to reactant species and no adsorption terms for any species other than water in the 

dominator. For LHHW model, it is much likely to happen considering to the affinity 

of sulfonic groups in catalyst for glycerol is much lower compared to acetone 

especially in the molar excess of acetone with respect to glycerol. Finally, the 

activation energy of forward and backward reaction were determined to be about 

124.0 and 127.3 kJ·mol-1, respectively while the enthalpy of water adsorption were 

128.0 kJ·mol-1.

Some literatures were found the study of thermodynamics and kinetics for the 

reaction of acetalization of glycerol with aldehydes such as in the study of Faria et al.

2013 which estimated the thermodynamics parameters of the reaction of glycerol and 

acetaldehyde on commercial ion exchanged resin catalyst, Amberlyst-15. By using the 

UNIFAC model to determined the activities of each species, the standard enthalpy 

and Gibbs free energy of reaction were determined to be -1,

respectively. The Langmuir-Hinshelwood-Hougen-Watson (LHHW) reaction rate law 

was accurately described to the surface reaction and the water adsorption over the 

surface of ion-exchange resin catalyst behavior. The reaction activation energy and 

the water equilibrium adsorption constant were determined to 51.7 and -19.6 kJ·mol-1,

respectively. This reaction activation energy is in good agreement with the study 

reported by Agirre et al. 2013 which determined to 55.4±3.2 kJ·mol-1 for the same 

reaction by using the Amberlyst-47 as catalyst but it was estimated by using a 

pseudo-homogeneous model .

Moreover, a pseudo homogenous kinetic model was also used for estimate the 

kinetic parameter of the acetalization of glycerol with formaldehyde by using 

ion-exchange resin, Amberlyst-47 as catalyst by Agirre et al. 2011. The different 

glycerol pseudo-orders were tested and observed the first order for glycerol are 

comparable to the experimental results. The reaction activation energies were found
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59.062 and 49.301 kJ·mol-1 for forward and reverse reaction, respectively. In this 

study, they observed that the reaction temperature have no influent on the equilibrium 

conversion although this reaction is considered to be exothermic. Finally they are

proved that this reaction is carried out in two steps as the intermediate hemiacetal 

formation without catalyst need firstly, and then the acetal isomers were formed with 

required of acid catalyst.

With the lacks of solketal data in any resources (Perry’s chemical engineer’s 

handbook 2007) the theoretical assessment for these parameters was more 

complicated. Then the data investigation was not also reported before. As the 

significant of these parameters, this study would be determine the thermodynamics 

parameters by estimation of the missing data using method of group contribution and 

the kinetics study for this reaction was performed by using the zeolite Beta as catalyst. 

Equilibrium rate of reaction would be considered by three different models: 

Pseudo-homogeneous (PH), Eley-Rideals (ER) and Langmuir-Hinshelwood-Hougen-

Watson (LHHW) model.
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CHAPTER 4

RESEARCH PROCEDURE

1. Theoretical thermodynamic study

The equilibrium reaction of ketalization of glycerol and acetone was considered 

by using Aspen Plus simulator program. Due to the missing of parameters of solketal, 

the group contribution methods i.e. Joback’s, Gani’s and Benson’s method were 

applied to estimate these parameters firstly. The functional groups of each component 

are necessary to defined in this step. The program will be calculated some 

thermodynamic properties i.e. normal boiling temperature (Tb), critical temperature 

(Tc), critical pressure (Pc), and standard heat of formation ( f0) and standard Gibbs free 

energy ( f0) of the other components and compared with database. Then the reaction 

were considered by using RGibbs model, the results were estimated by each model will 

be compared with the results from experimental and the equilibrium constant (Kc) of 

reaction were determined.

2. Experimental study

2.1 Materials

Glycerol and acetone (both 99.5 % v/v of purity) was obtained from Ajax 

Finechem Ltd. Ethanol 99.9% wt of purity was used as the solvent in the reaction 

obtained from the SSCV Corporation Co., Ltd (Thailand). 1, 2-Isopropylideneglycerol 

(or solketal) 98% wt of purity purchased from Sigma Aldrich as a calibration standard 

for gas chromatography analysis. The commercial zeolite beta with Si/Al ratio = 27 

(mean particle size of 3-6 μm) in the form of NH4
+ was purchased from Tosoh 

company, Japan.
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2.2 Catalyst pretreatment

Before use, commercial zeolite beta in NH4
+ form is necessary to calcine 

under air stream at 823 K for 6 h to dissociate the ammonium ion, NH4
+ into 

ammonia, NH3 and protonated zeolite beta. Table 2 provides the physical properties 

of zeolite beta catalyst.

Table 2 Physical properties of zeolite beta catalyst (Tosoh Company, Japan).

Crystal structure

Series

Cation

Grade

SiO2/Al2O3 ratio (mol·mol-1)

BET surface area (m2·g-1)

Crystallite size (μm)

Particle Size (μm)

Pore volume (cm3·g-1)

Mean pore diameter (nm)

BETA

HSZ-900

NH4
+ (template)

930NHA

27

486a

0.04

5

2.9a

24a

a N2 isothermal adsorption at 77 K.

2.3 Batch reactor apparatus and experimental procedure

The ketalization reactions of glycerol and acetone were carried out in a 150 ml 

three-necked glass reactor equipped with condenser and magnetic stirrer, the 

water-bath was used to keep the temperature of the reaction stable. Firstly, glycerol and 

acetone were loaded into the rector with ethanol in the ratio of 1 with respect to glycerol 

to improve the miscibility of reactants. The catalyst was loaded whenever the 

temperature of reaction was stabled. While the reaction was proceeding, a small

amount of samples were periodically withdrawn. The samples were checked for the 

products composition by GC-FID analysis.
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Figure 13 The schematic diagram of batch reactor used in this study.

2.4 Products analysis

The catalysts were separated from the product mixture by using nylon filter 

with pore size of 0.45 μm. A 0.1 μl of sample was injected into the Shimadzu gas 

chromatography GC-14B analyzer (Shimadzu Corp., Japan) equipped with a capillary 

column of ZB-WAX (polyethylene glycol, 30m×0.32mm×0.5μm) using nitrogen as 

the carrier gas. The temperature of injector and detector were kept at 300 °C. While 

the oven temperature was maintained at 40 °C for 3 min and then increased to 240 °C

at a ramp rate of 15 °C/min. The mole of each species was investigated by using 

calibration technique from raw data of chromatograms and the conversion of glycerol 

and solketal yield were calculated.

Condenser

Product sampling port

Water-bath

Cooling water Stirrer and heater

Thermometer



34

CHAPTER 5

RESULTS AND DISCUSSION

The results and discussion are divided into two sections: The equilibrium 

thermodynamic analysis and the kinetic study. Details are as follows.

1. The equilibrium thermodynamic study

This section was dedicated to equilibrium thermodynamic analysis of 

ketalization between glycerol and acetone. Because of missing the thermodynamic 

properties in Aspen plus database, the group contribution methods were applied to 

calculate the thermodynamic properties (critical temperature (Tc), critical pressure 

(Pc), normal boiling point (Tb), standard heat of formation ( f°) and standard Gibbs 

free energy of formation ( f°) of solketal. Three types of group contribution method 

dividing to first and second order were investigated i.e. Joback’s method, Gani’s 

method and Benson’s method. Then the subgroups were added into the Aspen plus 

program to create the thermodynamic data of unavailable component in database.

1.1 Estimation of normal boiling point

The normal boiling point is estimated by the summation of group 

contributions of all structure found in the molecule. In this study, the Joback’s and 

Gani’s group contribution method were applied to estimate the normal boiling point 

of all components. The calculated normal boiling point of glycerol, acetone, ethanol 

and solketal were compared with Aspen plus database as present in Figure 12. The 

result showed that the Joback’s and Gani’s method are in good agreement with the 

Aspen plus database. 



35

1.2 Estimation of critical properties

To estimate the critical temperature and critical pressure of all components in 

this study, Joback’s and Gani’s group contribution method were applied. Figure 14 

and Figure 15 show the critical temperature and critical pressure of each component 

calculated by different method compared with the Aspen plus database, respectively. 

For the product solketal, the critical properties are no available in database. Therefore, 

the other components (paraldehyde and acetal) which related to solketal were selected 

to estimate these properties instead. Paraldehyde has the formula and molecular 

weight equal to solketal while acetal is consist of ketal functional group as same as 

solketal.  The results show that the Joback’s method is slightly accurate than Gani’s 

method. And the percent error of the estimated value from the group contribution 

methods and Aspen plus database (the Thermo Data Engine (TDE) from the National 

Institute of Standards and Technology (NIST)) is summarized in Table 3.

Figure 14 The normal boiling point temperatures of each component.
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Figure 15 The critical temperature of each component.

Figure 16 The critical pressure of each component.

Table 3 The error of the normal boiling point, critical temperature and critical pressure 

estimated by Joback’s and Gani’s method compared with Aspen plus database.
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1.3 Estimation of heat of formation

For estimated the heat of formation of each components in this study, 

Joback’s, Gani’s and Benson’s group contribution method were investigated. 

However, because of no available data of solketal in Aspen plus database to compare 

with the estimated values then the other compounds related with solketal (i.e. 

paraldehyde and acetaldehyde).  The results are compared with the Aspen plus 

database as show in Figure 17.

Figure 17 The heat of formation of each component.

Table 4 The error of heat of formation value estimated by group contribution methods 

compared with Aspen plus database.
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-8.11 5.03 -12.24 -5.51 -23.68 -10.57
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1.4 Estimation of standard Gibbs free energy

For estimated the Gibbs free energy of each component, Joback’s, Gani’s and 

Benson’s group contribution method were investigated. The high order group 

contribution methods are expected to give more precise predictions. The results of 

estimated Gibbs free energy of each component are compared with the Aspen plus 

database as show in Figure 18. The result shows the Gani’s method give small higher 

accuracy compared with other method.

Figure 18 The standard Gibbs free energy of each component.
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Table 5 The standard Gibbs free energy of each components estimated by group 

contribution methods compared with Aspen plus database.

1.5 Equilibrium constant parameters determination

Equilibrium reaction of the ketalization of glycerol and acetone was studied by 

minimizing of Gibbs free energy using RGibbs model in Aspen plus simulator 

program. UNIFAC method was used for mixture property estimation. The effect of 

temperature on ketalization of glycerol and acetone to solketal yield was illustrated in 

Figure 19. The simulation results were compared with the experimental results of 

Nanda et al. 2014 and this study. However, no group contribution method showed a 

good agreement with the experimental results in term of solketal yield. The 

equilibrium reaction determined from Joback’s and Gani’s method yield a very small 

of product solketal while Benson’s method yield a hundred percent of solketal for all 

studied reaction temperature. Therefore the experimental data at the equilibrium state 

is employed to calculate the equilibrium constant of reaction (Keq).

The equilibrium constant (Keq) for different reaction temperature can be 

calculated by using the equation 3 and the results are presented in the Table 6.

eq = S WA G (5.1)

where CS, CW, CA, and CG are the equilibrium molar concentration of solketal, water, 

acetone, and glycerol, respectively. In this study the experiments were kept for 5 

hours to ensure the reaction was reached the equilibrium state.

JOBACK GANI BENSON JOBACK GANI BENSON
-154.54 -154.22 -158.10 -157.2 1.69 1.89 -0.57
-438.52 -453.45 -440.87 -491.44 10.77 7.73 10.29
-170.86 -173.22 -170.38 -179.53 4.83 3.52 5.10
-249.69 -312.09 -368.48 -322.59 22.60 3.25 -14.22
-212.80 -222.20 -258.30 -229.89 7.43 3.35 -12.36
-286.07 -326.25 -377.31 - - - -
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Figure 19 The effect of reaction temperature on equilibrium solketal yield from 

simulation and experiment.

Table 6 The experimental data of the equilibrium concentrations of each component 

and equilibrium constants at different reaction temperature.

From the experimental data, the plot between ln Keq and 1/T is shown in 

Figure 20 and the linear correlation is following to the Van’t Hoff equation:

ln eq = ° ° 1
(5.2)

where  ° is the standard entropy change of reaction (kJ·mol-1·K-1), ° is standard 

enthalpy change of reaction (kJ·mol-1), and R is gas constant (8.314 J·mol-1·K-1).
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Figure 20 The Van’t Hoff plot between ln Keq and 1/T.

The linear fitting in Figure 20 is given the equation of the relative reaction 

equilibrium constant with temperature as:

ln Keq = 3003/T - 10.793 (5.3)

From the Eq.4, the value of  ° and ° can be calculated to -0.09

kJ·mol-1·K-1 and -24.97 kJ·mol-1, respectively. Moreover, we can be calculated the 

value of standard Gibbs free energy change of reaction ( °) following this equation:° = ° ° (5.4)

Then °is found to be 1.78 kJ·mol-1, this result is indicated to the non-

spontaneous behavior of this reaction at room temperature (298 K) and the 

equilibrium rate constant can be expressed by:

Keq = exp (3003/T - 10.793) (5.5)

It is worth to note that the reaction is also performed without catalyst, the reaction 

cannot be occurred to obtain solketal.
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2. Kinetic study

2.1 The effect of external mass transfer

The effect of external mass transfer of zeolite beta catalyst was studied by 

varying stirrer speeds. Figure 21 shows the relationship between the solketal yield at 5 

h of reaction time and the stirrer speed between 500 and 1100 rpm. It was found that 

the solketal yield increased with increasing stirrer speed that indicated to the effect of 

mass transfer resistance at low speed level which notably decreases when the stirrer 

speed was changed from 500 to 900 rpm. The glycerol conversion slightly increased 

with stirrer speed of 900 to 1100 rpm.To eliminate this effect, all further experiments 

were carried out at the maximum speed of stirrer (1100 rpm) for definitely neglected 

the external mass transfer diffusion in the rate limiting.

Figure 21 The effect of stirrer speed on solketal yield.

(Catalyst weight = 1%, molar ratio of A/G= 2, T = 303 K, reaction time = 5 h)

2.2 Development of mathematical models

From the literature (Khayoon and Hameed 2013; Nanda et al. 2014; and 
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Figure 22.
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1) The reaction between adsorbed acetone and glycerol forms the intermediate called 

hemiacetal.

2)  The dehydration of hemiacetal yields the tertiary carbonium ion.

3)  The cycliczation by the attack the lone pair of electron present on the secondary 

hydroxyl group to the tertiary carbon atom leading to the formation of solketal.

Figure 22 The schematic of the plausible mechanism of ketalization of glycerol with 

acetone.

Source Manjunathan et al. “Room temperature synthesis of solketal from 

acetalization of glycerol with acetone: Effect of crystallite size and the role of acidity 

of beta zeolite.” Journal of Molecular Catalysis A: Chemical, 396 (2015): 47–54.

The results from experimental were fitting with three kinetic models; Power 

law (PL), Eley-Rideal (ER) and Langmuir-Hinshelwood-Hougen-Watson (LHHW) 

model. The PL model is pseudohomogeneous model that would virtually no 

adsorption of any molecules on active site of solid catalyst. The ER model is based on 

the assumption that only one of the molecule adsorbed on the active site of solid 

catalyst, while the other reacts with it directly from the fluid phase without adsorbing. 

On the other hand, the LHHW model is base on the two molecules adsorb and react 

on the active site of solid catalyst.
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The rate of reaction for each kinetic model could be written as:

PL model: )(
eq

WS
GAf K

CCCCkr (5.6)

ER model:
WW

eq

WS
GA

f 1 CK
K
CCCC

kr (5.7)

LHHW model: 2
WW

eq

WS
GA

f 1 CK
K
CCCC

kr (5.8)

where kf, Keq, and KW are the forward reaction rate constant, the equilibrium constant 

of reaction, and the equilibrium constant of water adsorption on the catalyst surface, 

respectively. 

In the ER and LHHW model, only the adsorption of water on the catalyst 

surface is included in the dominator of each model to reduce the number of 

optimization parameters. The neglecting of adsorption terms of the other components 

in this reaction also has previously reported (Nanda et al. 2014; and Esteban et al.

2015). The adsorption constant for water on zeolite beta is considered very high 

compared to that of other components (Assabumrumgrat et al. 2002).

By performing a material balance for a batch reactor, the following 

expressions are obtained:

rw
dt

dm
dt

dm
dt
dm

dt
dm

cat
WSGA (5.9)

where mi and wcat are the number of mole of component i and the catalyst weight, 

respectively.

The minimizing root mean square deviation (RMSD) method was used to 

estimate the kinetic parameter (k and KW) can be expressed by:

2

1t texp,i,

texp,i,tsim,i,
i

1RMSD
M

x
xx

M
(5.10)

where i and M are the component and the number of experimental data point.
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2.3 Kinetic parameter determination

A set of experiments was carried out at three reaction temperature levels to 

investigate the kinetic parameters. Figure 23, 24, and 25 shows the mole of each 

component changes with time base on PL model at 303, 313, and 323 K, respectively. 

The symbols are stand for the experimental data and the lines are stand for the 

simulation results base on PL model.

Figure 23 Mole change with time at 303 K, simulation results base on PL model.

Figure 24 Mole change with time at 313 K, simulation results base on PL model.
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Figure 25 Mole change with time at 323 K, simulation results base on PL model.

Figure 26, 27, and 28 shows the mole of each component changes with time 

and the simulation results base on ER model at 303, 313, and 323 K, respectively.

Figure 26 Mole change with time at 303 K, simulation results base on ER model.
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Figure 27 Mole change with time at 313 K, simulation results base on ER model.

Figure 28 Mole change with time at 323 K, simulation results base on ER model.

Figure 29, 30, and 31 shows the mole of each component changes with time 

and the simulation results base on LHHW model at 303, 313, and 323 K, respectively.
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Figure 29 Mole change with time at 303 K, simulation results base on LHHW model.

Figure 30 Mole change with time at 313 K, simulation results base on LHHW model.
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Figure 31 Mole change with time at 323 K, simulation results base on LHHW model.

Figure 33 summarizing the average RMSD values with different models. It 

was found that the simulation results of ER and LHHW model are agree well with the 

experimental results and ER model is slightly better as lower RMSD. This result is 

agreed with the study of Esteban J. et al. (2015) whi

catalyst active site for alcohols or glycerol would be lower due to the structure of the 

molecule compared to acetone, especially in the reaction with excess of acetone. Then 

the ER model is selected to be the best model to explain the kinetics of this reaction.

Figure 32 The average RMSD value of PL, ER, and LHHW at various reaction 

temperatures.
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The temperature-dependent rate constants and the sorption equilibrium 

constants of water can be given by Arrhenius and Van’t Hoff equation, respectively.

RT
Ek aexpA0

(5.11)

RT
H

R
S

RT
GK w

W expexp (5.12)

where A0 is the pre-exponential factor of the kinetic constant, Ea is the activation 

energy, S and wH are the adsorption entropy and enthalpy of water on catalyst 

surface, respectively, and R is the gas constant.

Figure 33, 34, and 35 shows the plot of ln k vs. 1/T for PL, ER, and LHHW 

model, respectively. From this plot, the activation energy can be obtained from the 

slope of linear correlation. The sorption equilibrium constant of water as a function of 

temperature shows in Figure 33 and 34. The sorption equilibrium constant of water is 

found to decrease with the increase of temperature as regular observed in most

adsorption process. The adsorption entropy and enthalpy of water on catalyst surface 

can be obtained from the intercept and slope, respectively. The reaction rate constant, 

the activation energy, and the enthalpy of water adsorption are summarized in Table 

7.

Figure 33 The Arrhenius plot for PL model.
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Figure 34 The Arrhenius and Van’t Hoff plot for ER model.

Figure 35 The Arrhenius and Van’t Hoff plot for LHHW model.
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Table 7 The kinetic rate constant, activation energy and enthalpy of water adsorption 

for each kinetic model.

The activation energy of the reaction obtained in this study is in the same 

range with Nanda et al. 2014 which reported the activation energy of this reaction 

catalyzed by Amberlyst 35 of 55.6 kJ mol-1 and in the study of Agirre et al. 2013 

which reported the activation energy of reaction of acetalization of glycerol with 

acetaldehyde and formaldehyde catalyzed by Amberlyst 47 of 55.4 and 59.06, 

respectively.

2.4 The effect of catalyst loading

In typically, the acetone and glycerol in molar ratio of 2 was loaded in reactor 

and kept in temperature of 303K.  Figure 36 shows the relationship between the 

solketal yield at 5 h of reaction time and the catalyst loading of 0, 0.5, and 1 % with 

respect to the weight of glycerol in the reactor. The experiment data (symbols) were 

compared with the data from ER kinetic model fitting, (dash line). This result can be 

indicated that the catalyst weight is significantly effect to the rate of reaction, for 

1%wt of catalyst the reaction was reached the equilibrium state in about 90 min of 

reaction time while for 0.5%wt of catalyst it must be took more than 600 min of 

reaction time. As shown in the figure, good agreement between experimental and 

simulation results can be obtained.

PL k = exp(25.046-7632/T) 63.45 -
ER k = exp(26.975-8113/T) 67.46 24.91
LHHW k = exp(24.176-7153/T) 59.47 13.32

Rate constant
Activation energy, Ea

(kJ mol-1)
Enthalpy of water adsorption, Hw

(kJ mol-1)
Model
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Figure 36 The effect of catalyst loading on solketal yield.

(Stirrer speed= 1100 rpm, molar ratio of A/G= 2, T = 303 K, reaction time = 5 h, dash 

line = simulation results, and symbols = experimental results)

2.5 The effect of molar ratio of reactants

The effect of molar ratio of reactants was studied by varying the initial mole of 

acetone and glycerol loading in reactor. Figure 37 shows the relationship between the 

solketal yield at 5 h of reaction time and molar ratio of acetone to glycerol of 1, 2, and 

6. It was found that the solketal yield increased with increasing the molar ratio of 

reactants. This result is indicated to the significant effect of the molar excess of 

acetone on the equilibrium yield. Our calculation results shows good agreement with 

the experimental results for all feed molar ratio.
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Figure 37 The effect of molar ratio of reactants on solketal yield.

(Stirrer speed= 1100 rpm, Catalyst weight = 1%, T = 303 K, reaction time = 5 h, dash 

line = simulation results, and symbols = experimental results)

0

20

40

60

80

100

0 50 100 150 200 250 300

SO
L

K
E

TA
L 

Y
IE

L
D

 (%
)

TIME (MINUTE)

2 1 6



55

CHAPTER 6

CONCLUSION AND RECOMMENDATION

1. Thermodynamic study

The boiling temperature, critical temperature, and critical pressure estimated 

from Joback’s method are more accuracy than Gani’s method. From the estimation of 

standard Gibbs free energy of each related compounds in this study compared with 

available database, the Gani’s group contribution method show more accuracy than 

other method.  Nevertheless, the equilibrium reaction determined by each group 

contribution method not agree with the experimental result received in this study and 

from other literature. From the experimental, the equilibrium constants were received 

from reaction at temperature of 303, 313, and 323 K. This reaction is exothermic and 

the standard enthalpy, entropy, and Gibbs free energy at 298 K were found to be 

-24.97 kJ·mol-1, -0.09 kJ·mol-1·K-1 and 1.78 kJ·mol-1, respectively.

2. Kinetic study

The simulated data from the kinetic model of Eley-Rideal and 

Langmuir-Hinshelwood-Hougen-Watson agree well with the experimental data. 

Moreover, Eley-Rideal model also agree well with the experimental data received 

from the study of catalyst weight and feed molar ratio effect. It can be concluded that 

this reaction is plausible to perform according to Eley-Rideal mechanism. The 

activation energy of reaction is about 60 kJ mol-1 which in the same range of the other 

literature.
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3. Recommendations

In order to confirm the reaction mechanism is follow Eley-Rideal model, more 

experiment is suggested to be performed. The model fitting with other assumption is 

recommended. Moreover, the adsorption study of each reactant on the catalyst would 

support the investigation of the mechanism of the reaction.
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NOMENCLATURE

Ci Concentration of species i [mol·L-1]

Ea Activation energy [J·mol-1]

G Standard Gibbs free energy change of 

reaction [kJ·mol-1]

H Standard enthalpy change of reaction [kJ·mol-1]

kj Forward rate constant of reaction j [mol·min-1·kg-1]

k-j Backward rate constant of reaction j [mol·min-1·kg-1]

Keq Chemical equilibrium constant [-]

Ki Sorption equilibrium constant of species i [-]

M Number of data point [-]

Mi Molecular weight of species i [g·mol-1]

ni Number of mole of species i [mol]

rj Reaction rate of reaction j [mol·kg-1]

R Gas constant [J·mol-1·K-1]

S Standard entropy change of reaction [J·mol-1·K-1]

t Reaction time [min]

T Temperature [K]

wcat Catalyst weight [kg]

Subscripts

exp result from experiment

i species i

j reaction j

sim result from simulation

z order of reaction

Abbreviations

A Acetone

ER Eley-Ridels model

G Glycerol

LHHW Langmuir-Hinshelwood-Hougen-Watsons model

PH Pseudo-Homogeneous model
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S Solketal

W Water
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PHYSIOCHEMICAL PROPERTIES OF RELATED CHEMICALS

Table 8 Physiochemical properties of related chemicals.

Properties Glycerola Acetonea Solketalb Watera Ethanola

Molecular formula C3H8O3 C3H6O C6H12O3 H2O C2H6O

Molar mass, g/mol 92.09 58.08 132.16 18.01 46.06

Relative density, g/cm3 1.26 0.79 1.07 1 0.79

Viscosity, cP 954 0.32 11 0.89 1.07

Melting point, °C 18 -95 - 26 0 -114

Boiling point, °C 290 56 189 100 78

Flash point , °C 177 -18 90 - 13

Heat of Combustion, 

kJ/mol

-1661.7 -1787.5 - - 1336.8

Heat of vaporization, 

kJ/mol

61.68 29.67 - 40.64 42.32

Heat of formation, kJ/mol 667.8 250.03 - - -

Surface tension, mN/m 63.4 23.7 32.10 71.97 21.97

pH (solution) 7 - 7.2 - -

Auto Ignition, °C

Vapor pressure, mmHg

393

0.003

465

180

-

< 0.187

-

-

363

44
aNational Center for Biotechnology Information. PubChem Compound Database 
bGLACONCHEMIE GmbH
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JOBACK’S GROUP CONTRIBUTION METHOD

The functional groups of each component are listed below with the number of 

subgroup. Joback’s group contribution method is used to estimate the critical 

temperature, critical pressure, normal boiling point, heat of formation and standard 

Gibbs free energy in this study.

Table 9 Joback’s subgroup of each component.

The equation using to estimated properties by Joback’s group contribution method. ( ) = [0.5084 + 0.965{ ( )} { ( )}2] 1 ( ) = [0.113 + 0.0032( ) ( )] 2 ( ) = 198 ( )° ( 1) = 53.88 ( )° ( 1) = 69.29 ( )

Components Subgroup Group number Number of occurrences
CH3 100 2
>CH2 101 1

>CH2(ring) 110 1
>CH-(ring) 111 1
>C<(ring) 112 1

-OH 119 1
-O- (ring) 122 2

CH3 100 2
>C=O 123 1
>CH2 101 2
>CH- 102 1
-OH 119 3
CH3 100 1
>CH2 101 1
-OH 119 1
CH3 100 3
>CH- 111 3

-O- (ring) 122 3
CH3 100 3
>CH2 101 2
>CH- 102 1
-O- 121 2

ACETAL

SOLKETAL

ACETONE

GLYCEROL

ETHANOL

PARALDEHYDE
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Table 10 Joback’s group contribution constant for various 
properties.
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GANI’S GROUP CONTRIBUTION METHOD

The Gani method uses contributions from both first-order and second-order 

groups. The second order groups account for the effect of neighboring atoms. Use of 

second order groups results in higher accuracy. The functional groups of each 

component are listed below with the number of subgroup. Gani’s group contribution 

method is used to estimate the critical temperature, critical pressure, normal boiling 

point, heat of formation and standard Gibbs free energy in this study.

Table 11 Gani’s subgroup of each component.

*The bold letter refers to the second order subgroup.

Components Subgroup Group number Number of occurrences
-CH3 1015 2
>CH2 1010 1
>C< 1000 1
-OH 1200 1

-CH2-O 1600 1
>CH-O 1605 1

5-Member 5035 1
CH3COCH2 5065 1

CCHO 5060 1
CH3 1015 1

CH3-CO-(C) 1405 1
CH3COC 5075 1

>CH- 1005 1
>CH2 1010 2
-OH 1200 3

CHOH 5325 1
CH2(OH)C(OH) 5345 2

CH3 100 1
>CH2 101 1
-OH 119 1
CH3 100 3
>CH- 111 3

-O- (ring) 122 3
6-Member 5040 1
CH3COCH 5070 3

CH3 100 3
>CH2 101 2
>CH- 102 1

-O- 121 2
CH3COCH 5070 2

CH3COCH2 5065 1

PARALDEHYDE

ACETAL

GLYCEROL

ACETONE

ETHANOL

SOLKETAL
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The equation using to estimated properties by Gani’s group contribution method. ( ) = 204.359 ln ( 1 ) + ( 2 ) ( ) = 181.128 ln ( 1 ) + ( 2 ) ( ) = ( 1 ) + ( 2 ) + 0.10022 2 + 1.3705° ( 1) = 14.83 + ( 1 ) + ( 2 )° ( 1) = 10.835 + ( 1 ) + ( 2 )
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Table 12 First-order Gani’s group contribution constant for various 
properties.
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Table 12 First-order Gani’s group contribution constant for various properties. 
(continued)
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Bruce E. Poling, John M. Prausnitz, and John P. O’Connell, The properties of 
gases and liquids, 5th ed., (New York: McGraw-Hill, 2001), C.2

Table 12 First-order Gani’s group contribution constant for various properties. 
(continued)
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Table 13 Second-order Gani’s group contribution constant for various properties.
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Bruce E. Poling, John M. Prausnitz, and John P. O’Connell, The properties of 
gases and liquids, 5th ed., (New York: McGraw-Hill, 2001), C.2

Table 13 Second-order Gani’s group contribution constant for various properties.
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BENSON’S GROUP CONTRIBUTION METHOD

The functional groups of each component are listed below with the number of 

subgroup. Benson’s group contribution method is used to estimate the heat of 

formation and standard Gibbs free energy in this study.

Table 14 Benson’s subgroup of each component.

The equation using to estimated properties by Gani’s group contribution method.

(298.15 )° = °
(298.15 )° = ° + ° + °
(298.15 )° = ( °)

(298.15 )°  = (298.15 )° 298.15 (298.15 )° (298.15 )°
The symmetry entropy, ° is independent of T and given by° = ln( ) ln( )

Components Subgroup Group number Number of occurrences
C-(C)(H)3 100 2

O-(C)2 188 2
O-(C)(H) 189 1

C-(O)2(C)2 203 1
C-(O)(C)2(H) 210 1
C-(O)(C)(H)2 211 2
C-(CO)(H)3 202 2

CO-(C)2 171 1
CH2-(C,O) 200 2
CH-(2C,O) 210 1

OH-(C) 189 3
C-(C)(H)3 100 1

C-(O)(C)(H)2 211 1
O-(C)(H) 189 1
C-(C)(H)3 100 3

C-(O)2(C)(H) 204 3
C-(C)(H)3 100 3

C-(O)2(C)(H) 204 1
C-(O)(C)(H)2 211 2

SOLKETAL

ACETONE

GLYCEROL

ETHANOL

ACETAL

PARALDEHYDE
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Table 15 Benson’s group contribution constant for various 

properties. 
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Table 15 Benson’s group contribution constant for various properties. 

(continued) 



83

Table 15 Benson’s group contribution constant for various properties. 

(continued) 
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Table 15 Benson’s group contribution constant for various properties. 

(continued) 
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Table 15 Benson’s group contribution constant for various properties. 

(continued) 

Bruce E. Poling, John M. Prausnitz, and John P. O’Connell, The 
properties of gases and liquids, 5th ed., (New York: McGraw-Hill,
2001), P.3.15-3.39.
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INTERNATIONAL PROCEEDING

Arnupap Meelom, Worapon Kiatkittipong, Kunlanan Kiatkittipong, Suwimol 

Wongsakulphasatch, Navadol Laosiripojana, Suttichai Assabumrungrat, 

“Solketal Fuel Additive Production via Ketalization of Glycerol with Acetone 

Catalyzed by Zeolite Beta”, The 4th Thai Institute of Chemical Engineering 

and Applied Chemistry (TIChE) International Conference 2014, Chiang Mai, 

Thailand, December 18-19, 2014 (oral presentation).
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