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ABSTRACT (ENGLISH) 
# # 6270296321 : MAJOR CHEMICAL ENGINEERING 
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PROMOTER 
 Suthicha Mukjinda : Esterification of ethanol and lactic acid with WO3 on 

montmorillonite catalysts for ethyl lactate production. Advisor: Prof. BUNJERD 
JONGSOMJIT, Ph.D. 

  
This research aims to study the characteristics, catalytic properties and stability of 

tungsten oxide (13.5 wt%) supported on montmorillonite (W/MMT) catalysts prepared by using 
three different calcination temperatures including 375 (W/MMT375), 475 (W/MMT475) and 575 
(W/MMT 575) °C. All catalysts were examined in esterification of ethanol and lactic acid at 80 °C. 
Characterization studies showed that the W/MMT475 catalyst exhibited the highest acidity, 
followed by W/MMT375 and W/MMT575, respectively. However, from the surface area result, 
W/MMT375 exhibited the highest surface area, followed by W/MMT475 and W/MMT575, 
respectively. When all catalysts were tested in esterification of ethanol and lactic acid, it revealed 
that the W/MMT375 catalyst was found to have the highest yield of ethyl lactate around 43.2 
%. Then, the suitable catalyst (W/MMT375) was further improved by adding two different 
promoters such as zirconium (W-Zr/MMT375) and platinum (W-Pt/MMT375). Based on NH3 
temperature-programmed desorption, it indicated that the W-Pt/MMT375 catalyst had the 
highest acidity. When two catalysts were tested in esterification of ethanol and lactic acid, the 
result showed that the W-Pt/MMT 375 catalyst exhibited higher yield of ethyl lactate (ca.48 %) 
than W-Zr/MMT 375. Finally, the catalytic stability of the catalysts including W/MMT 375 and W-
Pt/MMT 375 was performed around 3 cycles in esterification of ethanol and lactic acid. It was 
found that the yield of ethyl lactate for each reuse was decreased. The characteristics of the 
spent W/MMT 375 and W-Pt/MMT 375 catalysts after each cycle up on the catalyst external 
structure, which is perhaps related to textural properties of catalyst did not affect by the reaction 
test within 3 cycles of reuse. However, the decrease of moderate to strong acid site related with 
the catalytic activity was significant. 
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CHAPTER 1 
INTRODUCTION 

1.1 Introduction 
At present, Ethanol product from biomass is material generally used as feedstocks 

in Thailand, which is sugarcane, molasses (by-product from cane sugar processing), and 
cassava roots by fermentation process. Fermentation is the most common method for 
producing fuel ethanol [1]. And most of the ethanol in the country is converted and 
mixed with fuel oil for gasohol use in vehicles including fuel types such as E10, E20 
and E85.  Currently, the demand of ethanol as energy and substance use in various 
industries is highly increasing.  However, in the near future the increase in ethanol 
production will exceed in the demand, which leads to the decline in ethanol prices. 
Therefore, it is interesting to convert ethanol into higher value chemicals.  Thus, 
converting ethanol into a higher value product can significantly help moderate this 
problem [2]. 

Ethyl lactate is interesting because it is an important organic ester that is efficient 

and environmental freindly, non-volatile biodegradable, non-carcinogenic and non-

ozone depleting also it found that has been applied to many industries such as food, 

additive, fragrance flavoring chemicals and solvents.  Ethyl lactate is a product from 

esterification reaction of ethanol with lactic acid using homogenous catalyst such as 

sulfuric acid (H2SO4) for this reaction. Furthermore, popular commercial heterogeneous 

catalyst such as Amberlyst-15, which is the mostly used catalyst in this process due to 

its high selectivity for esterification reaction.  However, it still has high price and also 

reusability problem for this catalyst (low efficiency of regenerate).  Therefore, it is 

tended to synthesize the other catalysts to replace Amberlyst-15 for lower price and 

better reusability (high efficiency of regenerate) [3].  It is known that montmorillonite 

clay is one of the most interesting acid catalysts because it has moderate surface area 

and high acidity [4]. Moreover, the montmorillonite clay can be found in nature 

especially in the northern part of Thailand (it was found around 2 million tons base 

on 2020 year), thus it is low price and also environmentally friendly catalyst.  
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Accordingly, this research targets to investigate the montmorillonite clay as catalyst 
for mesopore catalyst agent. On the other hand, the catalyst is still needed to improve 
for better acidity for the esterification in order to have higher catalytic activity, which 
is favored for this reaction. Mostly, the catalyst is loaded with metal oxide to improve 
catalytic properties of acidity such as tungsten trioxide (WO3), zirconium dioxide (ZrO2), 
and titanium dioxide (TiO2)  [5, 6]. Furthermore, it is ravishing to deposit the metal 
promoter onto catalyst to increase catalytic activity in order to have higher acidity of 
catalyst, which is essential for esterification reaction [7].  

In present study, the effects of tungsten loading over montmorillonite catalyst 

were investigated. In addition, different calcination temperatures for prepared catalysts 

and choose the best temperature for loading metal promoters improvement were also 

investigated in order to evaluate the catalytic activity and perhaps textural and 

chemical changes in the final catalyst.  The catalysts were characterized using various 

characterization techniques.  After selecting the optimal calcination temperature, the 

catalyst was loaded with different promoters such as Zr and Pt. Then, selection of the 

best promoter loaded on catalyst was studied in esterification of ethanol with lactic 

acid in a batch reactor at 80 ˚C, pressure 1 atm, the molar ratio of reactants 

(ethanol/lactic acid at 3:1) and reaction time for 4 h. Finally, comparative deactivation 

test of catalyst with and without promoter was also investigated for stability test and 

reusable of catalysts. 

1.2 Objective 
To investigate the effect of calcination temperature for synthesis of tungsten (VI) 

oxide loading on montmorillonite clay catalysts and metal promoters to compare the 

catalytic activity (yield of ethyl lactate) in esterification of ethanol with lactic acid to 

ethyl lactate. 

1.3 Research scopes 
1. Preparation of tungsten (VI)  oxide loading on montmorillonite clay catalyst 

(W/MMT) by incipient wetness impregnation method. 
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2. Characterization of W/MMT catalyst with powder X-ray diffraction (XRD), N2 

physisorption (BET), Fourier-transform infrared spectroscopy (FTIR), 

temperature-programmed desorption of ammonia (NH3-TPD), scanning electron 

microscope (SEM) and energy dispersive X-ray spectroscopy (EDX), X-ray 

photoelectron spectroscopy (XPS) and X-ray fluorescence (XRF). 

3. To examine of the catalytic activity of synthesis catalyst (W/MMT) and compare 
with commercial catalyst as Amberlyst-15 in esterification of ethanol with lactic 
acid at 80˚C under pressure 1 atm, molar ratio of reactants (ethanol/lactic acid 
at 3:1) for 4 h with stirring speed of 700 rpm. 

4. To investigate the effect of calcination temperature at 375, 475 and 575˚C for 

synthesis of W/MMT catalyst and compare the catalytic activity in esterification 

of ethanol with lactic acid at 80˚C under pressure 1 atm, the molar ratio of 

reactants (ethanol/lactic acid at 3”1) for 4 h with stirring speed of 700 rpm.  

5. Choose the best calcination temperature for improvement catalyst via loading 

metal promoters between Zr and Pt and also compare of catalytic activity in 

esterification of ethanol with lactic acid at 80˚C under pressure 1 atm, molar 

ratio of reactants (ethanol/lactic acid at 3:1) for 4 h with speed 700 rpm.  

6. To study deactivation of catalyst between catalyst without promoter and 

catalyst with the best promoter via stability test. 
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1.4 Research methodology 
Part I: The optimal calcination temperature selection 

Synthesis of tungsten supported on montmorillonite clay and vary calcination 

temperatures. In addition, catalytic activity is also performed with esterification. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Synthesis Tungsten supported on montmorillonite clay (W/MMT) 

(before calcination) 

- XRD  

- FTIR 

- BET 

- SEM-EDX 

- NH3-TPD 

- XPS 

Characterization of catalyst 

Catalytic activity via esterification of 

ethanol with lactic acid 

Temperature at 80 ˚C for 4 h with 

pressure 1 atm 

Analysis and discussion 

375 ˚C 475 ˚C 

Vary temperatures 

575 ˚C 
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Part II: The suitable promoter selection 

Synthesis of tungsten supported on montmorillonite clay with the best calcination 

temperature and vary the metal promoters. In addition, catalytic activity is also 

performed with esterification. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Synthesis Tungsten supported on montmorillonite clay (W/MMT) 

with the best temperature calcination from part I 

Zr 

Promoters loading 

Pt 

- XRD  

- FTIR 

- BET 

- SEM-EDX 

- NH3-TPD 

Characterization of catalysts 

Catalytic activity via esterification of 

ethanol with lactic acid 

Temperature at 80 ˚C for 4 h with 

pressure 1 atm 

Analysis and discussion 
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Part III: The study of stability of catalysts 

Synthesis of tungsten supported on montmorillonite clay with the best calcination 

temperature compared with the best calcination temperature and promoter.  In 

addition, catalytic activity is also performed with esterification. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

W/MMT catalyst 

(from part I) 

W/MMT catalyst with the best 

promoter (from part II)  

Catalytic activity via esterification of 

ethanol with lactic acid 

Temperature at 80 ˚C for 4 h with 

pressure 1 atm 

Reused 1st  

Reaction test cycle 

Reused 2nd  Reused 3rd  

- NH3-TPD Characterization of catalysts 

Comparation of catalytic activity between catalyst from part II and part III 

Analysis and discussion 

Fresh SEM-EDX 
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1.5 Research plan 
 

Activity 
2020 2021 

6 7 8 9 10 11 12 1 2 3 4 5 6 
1. Literature reviews              

2. Synthesis of Tungsten 
supported on montmorillonite 
clay 

             

3. Testing catalytic activity of 
catalyst via esterification by 
ethanol with lactic acid 

             

4. Testing different temperature 
calcination for preparation of 
catalyst 

             

5. Characterization of catalysts 
from item 4 

             

6. Testing catalytic activity and 
stability of catalyst, which gives 
the highest lactic acid 
conversion via esterification 

             

7. Testing different promoter 
loading on catalyst from item 4 

             

8. Characterization of catalysts 
from item 7 

             

9. Testing stability of catalysts 
compare between catalyst with 
and without promoter (the best 
promoter) 

             

10. Result analysis, discussion 
and conclusion 
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CHAPTER 2 
THEORY AND LITERATURE REVIEWS 

2.1 Ethyl lactate  
Ethyl lactate or lactic acid ethyl ester is one of the organic compounds.  The 

chemical formula of ethyl lactate that its molecular structure presents in Figure 1.  It 

appears as colorless to light transparent liquid with rum. It is simply soluble in ethanol 

and other organic solvents.  Ethyl lactate is the interesting green solvent from 

fermentation process of corn or carbohydrate.  The special properties of ethyl lactate 

is a biodegradable, non-carcinogenic, an efficient and environmentally friendly solvent, 

non-volatile and non-ozone depleting. Ethyl lactate is manufactured from acid catalyst 

esterification reaction between lactic acid and ethanol [3, 8]. Ethyl lactate is mostly 

used for the coatings industry as a result of its has the properties are high boiling point, 

high solvency, low vapor pressure, low surface tension and a specifically devoted 

solvent. In addition, ethyl lactate is a common solvent in industries including cosmetic, 

medicinal, food, coatings, paint and perfume production [9]. The ethyl lactate 

properties are show in Table 1. 

 

 

 
 
 
 
 
 

Figure 1 Chemical formula of ethyl lactate [10] 
 
 
 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  9 

Table 1 Properties of ethyl lactate 

Properties Description 
IUPAC name Ethyl 2-hydroxypropanoate 
Chemical formula CH3CH(OH)CO2CH2CH3 
Molecular weight 118.13 g/mole 
Density 1.03 g/cm3 
Boiling point 154 °C 
Melting point -25 °C 
Appearance Colorless to light transparent liquid 
Solubility Miscible with water (with partial decomposition), ethanol 

(95%), ether, esters, and hydrocarbons. 
NFPA 704 

 
  

2.2 Lactic acid 
Lactic acid is an important organic acid used in the industries including 

pharmaceutical, cosmetic, food and textile.  The C3H6O3 or C2H4OHCOOH is chemical 
formula.  Lactic acid is commercially manufacturing by fermentation process from 
sugars such as glucose derived from starch. It is used as a food acidifier to produce a 
sour taste and used as preservatives to prevent deterioration of food.  In the 
petrochemical industry, refined lactic acid is often used a raw material for the 
production of biodegradable plastic, that is Polylactic acid, PLA [11-13]. There are two 
types of isomer such as D-isomer type and L-isomer type are shown in Figure 2. There 
are enantiomer and different of optical active, which has same chemical formula but 
different of 3 dimensions geometry [13] The lactic acid properties are present in Table 
2. 
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Figure 2 Structures of lactic acid [10] 

 

Table 2 Properties of lactic acid 

Properties Description 
IUPAC name 2-hydroxypropanoic acid 
Chemical formula C2H4OHCOOH 
Molecular weight 90.08 g/mole 
Density 1.206 g/cm3 
Boiling point 122 °C 
Melting point 18 °C 
Appearance Colorless to light yellow transparent liquid 
Solubility Miscible with water  
NFPA 704 

 
 
2.3 Esterification of ethyl lactate 

Esterification is the mechanism reaction in which two reactants include of 
alcohol and carboxylic acid form an ester as the reaction product.  The catalytic 
esterification of ethanol and lactic acid using acid catalyst to perform ethyl lactate 
which is the important product for the chemical industry.  The ethyl lactate 
esterification reaction that occurs is a reversible reaction.  Ethyl lactate is the main 
product and water is the side product, which is the byproduct for this reaction (eq.1). 
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This includes adverse reactions to oligomers, esterification, and transesterification of 
oligomers (eq.2-eq.7) [3, 10] 

The production of ethyl lactate has traditionally been based on the 
esterification of ethanol and lactic acid, according to the reactions as followed 
equation (1-7) [3]. 

Note: Ethanol (EtOH) / Lactic acid (Ln) / Ethyl Lactate (ELn) / Water (H2O)  
Main reaction 

L1 + EtOH ⇌ EL1 + H2O  (1) 

Side reaction 

L1 + L1 ⇌ L2 + H2O   (2) (Lactic acid dimer formation) 

L1 + L2 ⇌ L3 + H2O   (3) (Lactic acid trimer formation) 

L1 + Ln-1 ⇌ Ln + H2O   (4) (Lactic acid oligomer formation) 
with n≥2 

L2 + EtOH ⇌ EL2 + H2O  (5) (Ethyl lactate dimer formation) 

L3 + EtOH ⇌ EL3 + H2O  (6) (Ethyl lactate trimer formation)  

Ln + EtOH ⇌ ELn + H2O  (7) (Ethyl lactate oligomer formation) 
Where: 
 
 

 
  

  

 

 

 
Figure 3 Chemical formula of substance in system a) Lactic acid (L1), b) Lactic acid 

oligomers (Ln+1), c) Ethyl lactate (EL1), d) Ethyl lactate oligomers (ELn+1) [3, 10] 
 

a) Lactic acid 

(L1) 

b) Lactic acid oligomers 

(Ln+1) 

c) Ethyl lactate d) Ethyl lactate oligomers (ELn+1) 
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2.4 Amberlyst-15 
Amberlyst-15 is heterogeneous catalyst, it is a good and selective acid catalyst 

for esterification reactions. The current noticeable in synthetic applications of 

Amberlyst-15 catalyst [14]. Amberberlyst-15 is getting more attention because of its 

very beneficial acidic properties. It is also environmentally friendly. It is easy to buy as 

it is commercially available.[15]. For the structure of Amberlyst-15 is shown in Figure 

4. The Amberlyst-15 properties are present in Table 3. 

 

 

 

 

 

Figure  4 Structures of Amberlyst-15 [14] 

Table  3 Properties of Amberlyst-15 

Properties Description 

IUPAC name 1,2-bis(ethynyl) benzene; 2-ethenylbenzenesulfonic acid 
Type 
Structure 
Functional group 

Strong acid 
Macro reticular 
Sulfonic (SO3H) 

Chemical formula C18H18O3S (isomer) 
Molecular weight 314.40 g/mole 
Bulk density 
Polymer density 

0.600 g/cm3 

1.410 g/cm3 

Internal porosity 
Cross-linking degree 

0.36 
20 % 

Particle size 
Average pore diameter 

0.35 to 1.2 mm 
300 Å 

Total pore volume 0.40 mL/g 
Boiling point 516.7 °C at 760 mmHg 
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Properties Description 

Appearance Brown-grey solid 
Solubility Insoluble in water  

 

2.5 Montmorillonite clay (MMT catalyst) 
Montmorillonite clay (MMT) is consist of stacked layers are two O-Si-O 

tetrahedral sheets sandwiching and connect with O-Al(Mg)-O octahedral sheet. It is a 

phyllosilicate mineral with nanolayered structure. Due to the isomorphous 

superseding, the layer is positively charged and then cations are subsist in the 

interlayered space of Mt. Neighboring layers. In addition, they are also held together 

primarily by van der Waals force and electrostatic force to form the primary particles 

of Mt. The particles then collect to form secondary micrometer-scale to millimeter-

scale particles [16 , 17]and the structure of montmorillonite clay as present in Figure 

5. 

 

 

 

 

 

 

 

Figure  5 The structure of montmorillonite clay (A) Side view and (B) Top view of 
MMT [16] 

2.6 Ammonium metatungstate (AMT) 
Ammonium metatungstate (AMT) has the formula is (NH4)6[H2W12O40]*nH2O is a 

polycondensation product of ammonium tungstate solutions.  At temperature found 
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that It has a very high solubility.  The metatungstate ion or [ H2W12O40] 6-  is a 

polyoxmetalate ion that forms in solution of monotungstate on pH adjustment.  It is 

also known as dodecatungstate, which is Keggin- type polyoxometalate of the isopoly 

category; they are also known as heteropoly compounds, and in older literature as m-

WO3, hence naming metatungstate.  The metatungsate ion has been popularly used 

commercially for 40 years [18].The interesting redox properties of metatungstate have 

present feasible further applications in catalysis. The metatungstate ion and its especial 

solution properties are also a key to the technology of refining of tungsten from 

primary and secondary sources.  For the catalyst application is extremely advertent, 

since structure properties are a key to understand the efficiency and stability of a 

catalyst [18, 19]. The ammonium metatungstate properties are present in Table 4. 

Table  4 Properties of ammonium metatungstate 

Properties Description 

Formula (NH4)6H2W12O40 • xH2O 
Compound formula H26N6O40W12 
Molecular weight 2956.3 g/mole 
Melting point 100 °C 
Appearance Beige powder 
Solubility Miscible with water  

 

2.7 Tungsten trioxide  
Tungsten trioxide or WO3 is a chemical compound including the transition 

metal tungsten and oxygen. It is received as an moderate in the recovery of tungsten 

from its minerals. Tungsten ores are treated with alkalis to produce WO3. Further 

reaction with carbon or hydrogen gas reduces tungsten trioxide to the tungsten metal. 

The tungsten trioxide properties are presented in Table 5. 
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Table 5  Properties of tungsten trioxide 

Properties Description 
IUPAC name Tungsten trioxide 
Chemical formula WO3 
Molecular weight 231.84 g/mole 
Density 7.16 g/cm3 
Boiling point 1,700 °C approximation 
Melting point 1,473 °C 
Appearance Canary yellow powder 
Solubility Slightly soluble in HF, insoluble in water  

 

2.8 Promoter 
Promoter, substance added to a solid catalyst to improve its efficiency in a 

chemical reaction. Some promoters interact with active components of catalysts and 

thereby alter their chemical effect on the catalyzed substance. The interaction may 

cause changes in the electronic or crystal structures of the active solid component. A 

promoter is added in a few quantities to increase or maintain textures or increase a 

catalytic activity. 

Chemical promoters improve the effectiveness of the catalyst often by 

permutation the electron distribution at the surface. Structural promoters help protect 

sintering and improve the mechanical properties. It is also possible that the catalyst 

and the promoter form a loose type of compound and this compound proffers a better 

chemisorption site for the reacting molecules. This may roughly describe the selectivity 

of the promoter action. It may also be possible that the catalyst-promoter pair offers 

competitive sites for adsorption to the molecules and the different atoms of the 

reacting molecules are chemisorbed on both the surfaces leaving the adsorbed 

molecules in a highly strained active form, thus supporting the reaction rate. 
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     2.8.1 Zirconium (IV) oxynitrate hydrate 
  The chemical and physical properties of zirconia based catalysts make them 

attractive catalysts which can compete with zeolites, clays and oxides in industry [20]. 

The zirconium (IV) oxynitrate hydrate properties are presented in Table 6. 

Table  6  Properties of Zirconium (IV) oxynitrate hydrate 
Properties Description 

IUPAC name Oxozirconium (2+); dinitrate; hydrate 
Chemical name Zirconyl nitrate hydrate 
Molecular formula ZrO(NO3)2 . xH2O 
Molecular weight 231.23 g/mole 
Appearance White powder 
Solubility Soluble in alcohol 

 

     2.8.2 Platinum (II) acetylacetonate  
Supported platinum-based catalysts are popularly used in chemical industries. 

Platinum is an effective catalyst in the dehydrogenation of alkanes when dispersed on 

high-surface area supports [21]. The platinum (II) acetylacetonate properties are 

presented in Table 7. 

Table  7 Properties of Platinum (II) acetylacetonate  

Properties Description 

IUPAC name (Z)-4-hydroxypent-3-en-2-one; platinum 
Chemical name 2,4-Pentanedione platinum (II) derivative 
Chemical formula C10H14O4Pt 
Molecular weight 393.29 g/mole 
Density 2.362 g/cm3 
Melting point 239.4 °C 
Appearance Yellow solid 
Solubility Insoluble in water 
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2.9 Literature reviews  
This chapter was reviewed for investigation of the study on the W/MMT catalyst 

for the esterification of ethanol with lactic acid, which were appropriate in the 

temperature calcination, promoters for synthesis catalyst. In addition, it had been 

investigated for deactivation of catalysts montmorillonite clay for esterification 

reaction. 

W. Yu et al. (2017) [22] who studied quantity of WOx-loaded montmorillonite 
catalysts and acid-activated catalyst and their catalytic behaviors in glycerol 
dehydration. The acid activation of WOx loaded on MMT influenced the strength and 
number of acid site arising from acid exchange. For the result found that the highest 
catalytic activity of reaction is 13.5% W/MMT catalyst. Thus, W/MMT is one of the 
candidate acid catalysts owing to be good at higher acidity, which might appropriate 
for esterification. 

J. Ma et al. (2009) [23] investigated the effect of membrane casting solution 

recipe, reaction temperature, initial molar ratio of ethanol to lactic acid and catalyst 

loading amount on the process for pervaporation-assisted esterification of lactic acid 

with ethanol, catalyzed by Amberlyst-15 ion-exchange resin. It was found that the 

catalyst loading with the difference percent weight from 0.5 to 3 wt% which exhibited 

the reaction rate increases with the higher percentage weight of Amberlyst-15 with 

value of 2 wt%. The result found that the initial molar ratio of ethanol/lactic acid 

(reactant) is 3:1 and the temperature 80 °C were the best condition occur to high 

catalytic activity. 

C. S. M. Pereira et al. (2008) [24] who examined the effect of Amberlyst-15 in 
esterification of ethanol with lactic acid (88 wt%) varies the initial molar ratio of 
reactants of 1.1-2.8,catalyst loading 1.2-3.9 wt%,  and temperature from 50 to 90 °C. 
For the reaction use the methodology based on the UNIQUAC model was improved 
to assign the thermodynamic equilibrium constant since in the literature there is 
disapprobation concerning the temperature complementing of the thermodynamic 
equilibrium constant. A simplified Langmuir-Hinshelwood kinetic model was used to 
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predict the experimental data. The proposed the kinetic parameters are the 
preexponential factor, kc,0 ) 2.70 × 107 mol‚g-1 ‚min-1 , rate law is r ) kc(aEthaLa - 
aELaW/ K)/(1 + KEthaEth + KWaW)2 and the activation energy, Ea ) 49.98 kJ/mol. The 
equilibrium reaction constant is K ) 19.35 exp(-515.13/T (K)) with reaction enthalpy 4.28 
kJ/mol. 

D. E. Lopez et al. (2007) [25] who studied the esterification of acetic acid and 

methanol about the effect of calcination temperature (400-900 °C) for  at reaction time 

60 °C for liquid phase, 120 °C for gas phase, and the liquid-phase transesterification of 

triacetin with methanol on the tungstated zirconia in order to examine the catalytic 

properties. In this work, the result showed that the catalyst that presented the 

optimum catalytic activity at 800 °C of calcination, for selectivity poisoning of the 

potential catalytic centers represent that BrØnsted sies played the important role in 

carrying out these reactions. 

S.  Ramu et al.  (2004)  [6] who examined the effect of method of the catalyst 
preparation from both co-precipitation and impregnation method, inclusding the 
tungsten loading. Moreover, the calcination temperature from 400 to 900 °C were 
varied for the esterification in methanol and palmitic acid was investigated on zirconia 
supported tungsten oxide. In this work, the result showed the 400-500 °C (low) of 
temperature calcined catalysts exhibited the respectability of tetragonal phase of 
ZrO2, further increase in calcination temperature, which lead to increase formation of 
the stable monoclinic phase from the tetragonal phase. 

According to J.  Yu et al.  ( 2008)  [26] who studied effect of calcination 
temperatures on microstructures and photocatalytic activity of tungsten trioxide 
hollow microspheres. For the calcination temperature at 300, 400, 500, 600 and 700 
°C. The evidence suggested that the increasing calcination temperatures, the average 
pore size and average crystallite size increased. In the other hand, BET specific surface 
areas decreased. For the result the highest photocatalytic activity is the un-calcined 
and at 300 °C calcined. The reduce of specific surface areas at 400 °C affect to 
photocatalytic activity decreased. The photocatalytic activity of the catalyst sample 
remarkably increased again owing to the junction effect of two phases at 500 °C.  
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H.  Gao et al.  (2014)  [27] who reported the  catalytic wet peroxide oxidation 
degradation of orange acid occur from the calcination temperature of 300, 400, 500, 
600 and 700 °C. It might maintain a adapted montmorillonite clay and retain FeOOH 
as active sites in the clay. However, at above temperature 500 °C (high temperature) 
heating process might obstruct the interlayer structure. However, the heating at 500 °C 
with the molar ratio 4:6 of Fe/Ni and 6% loading of active metal presented better 
stronger stability among and catalytic behavior and all the prepared materials. 

B. Jiang et al. (2016) [28] who investigated the effect of calcination temperature 

(varies temperature 600, 700 and 800 °C) and Ni loading for glycerol steam reforming. 

The results found that the best activity occur from the calcination temperature at 700 

°C , which would increase the metal dispersion and reducibility due to favor the 

formation of Ni-Al alloy and conserve the lamellar structure. 

F.J.P. Schott et al. (2009) [29] who studied the promoters loading of Pt and 

ZrO2 on WO3 support catalyst are developed and characterized by temperature-

programmed desorption of H2 (H2-TPD), N2-physisorption (BET) and power X-ray 

diffraction (PXRD). For the result high catalytic activity in reduction of NOx by H2 

reaction occur from most active catalyst is a Pt load of 0.3 wt% (vary loading 0.1-0.5 

wt%). 

M.L. Hernandez-Pichardo et al. (2012) [30] who reported the catalyst for he 

hydroisomerization n-hexane of  reaction. For the systensis catalyst as Pt supported 

on tungstate zirconia (Pt/WZ). The characterization results found that advise that the 

presence of iron modifies the nanostructure of the WOx species on the zirconia surface 

which in turn produces the generation of active Brønsted acid sites thus increasing the 

efficiency of the tungsten content to the highest catalytic activity. 

From all the above literature review, it shows condition for operated 

esterification of ethanol with lactic acid. The W/MMT could be one of the candidate 

catalysts owing to its high acidity, which was needed for esterification reaction of 

ethanol and lactic acid to ethyl lactate. To the best of our knowledge, no work in the 
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literature has been yet reported on the use of W/MMT for esterification reaction with 

ethanol and lactic acid to ethyl lactate with batch reactor at 80°C for 4 h. Furthermore, 

the temperature of calcination for synthesis W/MMT possibly affects to either physical 

or chemical properties. Thus, this research will investigate this effect on W/MMT in 

order to optimize the catalytic activity with calcined temperature of 375, 475, and 575 

°C. Consequently, the improvement of catalyst may be needed for higher catalytic 

activity, which reviewed with above literatures such as Zr and Pt (0.3 wt% both). This 

promoter can provide the higher acidity, which can facilitate the active site for more 

active in order to higher catalytic activity. 
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CHAPTER 3 
EXPERIMENTAL 

This chapter describes the detail of an experimental research including of 

synthesis of montmorillonite clay catalyst with tungsten loading by wetness 

impregnation method. And the remain part synthesis of montmorillonite clay catalyst 

with tungsten loading and addition metal promoter by sequential impregnation 

method. The catalyst characterization techniques such as powder X-ray diffraction 

(XRD), Fourier-transform infrared spectroscopy (FTIR), N2 physisorption (BET), scanning 

electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDX), 

temperature-programmed desorption of ammonia (NH3-TPD), X-ray photoelectron 

spectroscopy (XPS) and X-ray fluorescence (XRF) are explained. The catalyst screening 

up on esterification of ethanol and lactic acid is also given. 

3.1 Materials 
The detail of chemicals used in the catalyst preparation are represented as 

below in Table 8.  

Table  8 The chemicals used in the catalyst preparation 

Chemicals Formula Supplier 

Montmorillonite clay (MMT) (Na,Ca)0.33(Al,Mg)2(Si4O10)(OH)2•nH2O Sigma-Aldrich 
Ammonium metatungstate 
hydrate (99.99%metals) 

(NH4)6H2W12O40•xH2O Sigma-Aldrich 

Zirconium (IV) oxynitrate 
hydrate 99% 

ZrO(NO3)2 . xH2O Sigma-Aldrich 

Platinum (II) acetylacetonate 
97% 

Pt(C5H7O2)2 Sigma-Aldrich 

Amberlyst-15 C18H18O3S Sigma-Aldrich 
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3.2 Catalyst preparation  
The synthetic process of tungsten supported on montmorillonite catalyst is 

described by J.  liewchalermwong [31] as follows.  First, WO3 ( 13. 5 wt% )  on 

montmorillonite catalyst was prepared by the incipient wetness impregnation method. 

Ammonium metatungstate hydrate was used of 0. 00941 g and dissolved in 10 ml of 

de- ionized water.  Next, the prepared solution was gradually dropped into 0. 45 g of 

montmorillonite clay.  After that, the prepared catalyst sample was dried for 12 h at 

110 ˚C in oven and was calcined at 375, 475 and 575˚C with the heating rate of 10˚C 

per minute for 4 hours under nitrogen gas. Then, choose the best result of calcination 

temperature and load each promoters (0.3 wt% as Zr, Pt) by the incipient wetness 

impregnation after W finished. Zirconium (IV) oxynitrate hydrate was used of 0.038 g 

and dissolved in 10 ml of de- ionized water. Platinum (II) acetylacetonate was used of 

0.0302 g and dissolved in 10 ml of de-ionized water. Next, the prepared catalyst sample 

was dried for 12 h at 110 ˚C in oven and was calcined at 375, 475 and 575˚C with the 

heating rate of 10˚C per minute for 4 hours under nitrogen gas.  Finally, the catalyst 

was ready to use in the reaction test. 

3.3 Catalyst characterization 
      3.3.1 Powder X-ray diffraction (XRD) 

The SIEMENS D-5000 X-ray diffractometer was being utilized to measure the 

crystalline phase structure of supports and catalysts by use CuKα radiation ( = 

1.54439 Å). The XRD patterns of catalysts were examined at the rate of 2.4 min-1 in the 

range 2θ from 20 to 80 degrees with resolution of 0.02 degrees. 

       3.3.2 Fourier-transform infrared spectroscopy (FTIR) 
  Fourier-transform infrared spectroscopy (FTIR) using Vertex 70, Bruker, 

equipped with a mercury-cadmium-telluride (MCT) detector. It was used to examine 

specific structural characteristics of the chemical functional group. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  23 

       3.3.3 N2 physisorption (BET) 
N2 physisorption technique using a Micromeritics ASPS 2020 at liquid nitrogen 

temperature (−196°C). It was applied to measure specific surface area (calculated by 

the BET method), pore size distribution, pore diameter, average pore volume, (using 

the BJH desorption analysis) and adsorption/desorption isotherm. 

3.3.4 Scanning electron microscope (SEM) and energy dispersive X-ray 
spectroscopy (EDX) 

Scanning electron microscope (SEM) using a model of JEOL mode JSM-6400 

and EDX using Link Isis series 300 program. And energy dispersive X-ray spectroscopy 

(EDX) were employed to assign the morphology and examined the elemental 

distribution of catalysts. 

3.3.5 Temperature-programmed desorption of ammonia (NH3-TPD) 
Temperature-programmed desorption of ammonia (NH3-TPD) was used for 

analyzed the total amount of acid sites of all the catalysts using a Micromeritics 

Chemisorb 2750. Firstly, 0.03 g of quartz wool and 0.05-0.1 g of catalyst were packed 

in a glass tube and then pretreated with helium flow of 25 mL/min at 200°C for 1 h. 

After that, the catalyst sample was adsorbed 15% of NH3/He at room temperature for 

1 h. Finally, the chemisorbed NH3 was desorbed under a He flow from 30 to 500 °C.  

Moreover, it was held at 500 °C for 1 h. The amount of ammonia in effluent was 

determined by the thermal conductivity detector (TCD).  

3.3.6 X-ray photoelectron spectroscopy (XPS)  

X-ray photoelectron spectroscopy (XPS) using MgKα X-ray radiation (1253.6 eV) 

and AlKα X-ray radiation (1486.6 eV) at voltage 15 kV and current of 12 mA. It was 

applied to determine the binding energy of each axis atomic orbital in the catalysts. 

And the catalyst was pretreated in the oven at 110°C overnight before the analysis 

process. 
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3.3.7 X-ray fluorescence (XRF) 
X-ray fluorescence (XRF) was a technique for analyzing the type of element 

and the trace elements in a sample. Based on the principle that electrons in atomic 

orbits change a high-energy class to a lower-energy class and emit energy in the form 

of X-rays of a specific energy (characteristic X-ray) of each element. 

3.4 Catalytic activities and stabilities 
     3.4.1 Calibration of reactants, products  

The detail of chemicals used in the preparation is represented in Table 9.  

Table  9 The chemicals used in the calibration of reactants and product 

Chemicals Formula Supplier 

>98 wt% Ethyl lactate C5H10O3 TCI 
99 wt% Ethanol C2H5OH Merch 
90 wt% Lactic acid CH3CHOHCOOH KOSDAQ 

      

     3.4.2 Esterification reaction of ethanol with lactic acid 
          The esterification reaction of ethanol with lactic acid was operated in batch 

reactor (a 3-neck round bottomed flask soaking in a silicone oil bath). The molar ratio 

of reactants are ethanol/lactic acid at 3:1 was added into the flask, followed by adding 

of catalyst (at 2 wt% of lactic acid) into the reactant mixture while stirring at 700 rpm. 

Next, the mixture was heated to 80°C and kept it at this temperature for 4 h. After that, 

cooling down to room temperature, the products and the catalyst were separated by 

filtration. For the catalyst after filtration take it to dry by oven 110 C for 4 h. 

      The catalytic stability was investigated by reusing the chosen catalysts in 

the identical reaction test as mentioned above for 3 times (cycles).  In each cycle, 

the spent catalyst was filtered and dried at 110 ˚C in oven for 4 hours prior to start 

the next cycle of reaction test. 

      Shimadzu gas chromatography was used to analyze product distribution 

with flame ionization detector (GC-FID) using capillary column (DB-5) at 150°C. The 
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operating condition of GC is present in Table 10 and flow chart of esterification 

reaction of ethanol with lactic acid is shown in Figure 6.   

Table  10  The operating condition of gas chromatography (GC) 
Gas chromatograph Shimadzu GC 14-A 

Detector FID 
Capillary column DB-5 
Carrier gas Hydrogen gas, Nitrogen gas 
Column temperature Initial 40 °C 

Final 40 °C 
Injector temperature 150 °C 
Detector temperature 150 °C 
Time analysis 8 min 

 
 
 

 
 
 
 
 
 
 
 

Figure  6 Flow chart of esterification reaction of ethanol with lactic acid 
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     3.4.3 Analysis and calculation 
The catalytic activities in esterification of ethanol and lactic acid can be 

measured from lactic acid conversion, product selectivity and ethyl lactate 

yield with equations as follows; 

Conversion (%) = Lactic acid in−Lactic acid out

Lactic acid in
× 100 

Selectivity (%) = Ethyl lactate

All product
× 100 

Ester yield (%) = molar ester produced

molar acid added
× 100  or  Conversion ×Selectivity 

100
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CHAPTER 4 
 RESULT AND DISCUSSION  
 This chapter was to describe the results and discussion on the characteristic 

properties, catalytic activities and stability of different catalysts in esterification of ethyl 

lactate via ethanol and lactic acid. It was divided into three parts. The first part and 

second parts explained characteristic properties and catalytic activities in esterification 

of W supported on montmorillonite (MMT) with various calcination temperatures (375, 

475, 575 °C) and the selection the best calcination temperature for the suitable 

promoter selection (Zr, Pt) was chosen. The final part focused on the comparison of 

result from the first and second parts to study of stability of catalysts between the 

best result in each part with the commercial Amberlyst-15 catalyst on esterification via 

ethanol and lactic acid using synthesized catalysts, which gave the highest lactic acid 

conversion or ethyl lactate yield. 

4.1 The optimal calcination temperature selection 
  4.1.1 Catalyst characterization 

     4.1.1.1 X-ray Powder Diffraction (XRD) 
The X-ray diffraction (XRD) patterns of MMT and W/MMT calcined at 375, 475 

and 575 °C catalysts are shown in Figure 7. As seen, both MMT and W/MMT presented 

the diffraction peaks located at 2Ɵ degrees of 21° 28° and 35° representing  the 

characteristic peaks of montmorillonite clay [32]. For all W/MMT catalysts, they 

exhibited main peaks located at 2Ɵ degrees of 26.6°, 36.8°, 50° and 60° showing the 

characteristic peaks of hexagonal-WO3 [33].  

In addition, it was found that W/MMT 375 exhibited the XRD peaks located at 

2Ɵ degrees of 43.2° and 46.3°.  These peaks revealed the presence of monoclinic-WO3, 

whereas, W/MMT 475 exhibited the XRD peaks located at 2Ɵ degrees of 23.9°, 43.2°. 

For W/MMT 575, it was found only one peak located at 2Ɵ degrees of 23.9° indicating 

the characteristic peak of monoclinic-WO3 [33, 34].  
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Figure  7 X-ray powder diffraction patterns of various MMT and W/MMT catalysts 
calcined at different temperatures 

 

4.1.1.2 Fourier-transform infrared spectroscopy (FTIR) 
The Fourier-transform infrared spectroscopy (FTIR) spectra at wavenumber 

range of 500 nm-1 to 400 nm-1of all MMT catalysts and W/MMT catalysts are presented 
in Figure 8 and the according band assignments are concluded in Table 11. It revealed 
that all catalysts indicated the absorption bands at 585.1, 577.8, 568.3, 586.4, 584.4 
and 574.1 cm-1, which were assigned to the Al-O-Si bending vibration [35]. The peak at 
798.7, 799.8, 798.8, 796.0, 798.3 and 797.0 cm-1 were assigned to Al-Mg-OH [36]. In 
addition, the peak at 1622.3, 1619.4 and 1616.3 cm-1 were found only in the W/MMT 
catalyst corresponding to W-OH planes [37]. The characteristic IR bands of MMT 575 
and W/MMT 375 catalysts particularly occurred at 1738.6 and 1739.7 cm-1 

corresponding to H-O-H bending [36]. Consequently, the W/MMT catalyst was found 
to have the functional groups of W (W-OH) corresponding with the XRD result. 
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Figure  8 FTIR spectra of MMT and W/MMT catalysts 
 

Table  11 FTIR assignments according to wavenumber (cm-1) of MMT and W/MMT 
catalysts 

MMT 375 MMT 475 MMT 575 
W/MMT 

375 
W/MMT 

475 
W/MMT 

575 
Assignments 

585.1 577.8 568.3 586.4 584.4 574.1 Al-O-Si 
798.7 799.8 798.8 796.0 798.3 797.0 Al-Mg-OH 
1026.0 1021.7 1025.5 1022.3 1024.8 1030.2 Si-O 

   1206.3   Si-O 
   1367.7   Si-O 
   1622.3 1619.4 1616.3 W-OH 
  1738.6 1739.7   H-O-H 

  2964.3 2969.0 2960.9 2961.0 
-OH 

stretching 

3387.6 3391.5 3396.0 3391.4 3382.8 3385.1 
-OH 

stretching 
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4.1.1.3 N2 physisorption (BET) 
                 The BET surface area, pore volume, pore diameter and adsorption/desorption 

isotherm of MMT and W/MMT catalysts were determined by N2-physisorption, and the 

results are presented in Table 12. It was found that the BET surface area and pore 

volume decreased after W loading on MMT and W/MMT 575 (the highest calcination 

temperature) exhibited the lowest BET surface area among other catalysts. However, 

after W loading on MMT, all catalysts showed the decrease in  surface area and pore 

volume due to some pore blockage caused by W loading [38].  

Table  12  Properties of MMT and W/MMT catalysts 

Catalyst 
BET surface areaa Pore volumeb Pore diameterb 

(m2/g) (cm3/g) (nm) 

MMT 375 183 0.30 4.5 
MMT 475 185 0.33 4.6 
MMT 575 200 0.32 4.6 

W/MMT 375 114 0.19 4.7 
W/MMT 475 110 0.20 5.4 
W/MMT 575 95 0.18 5.3 

a Determined from BET method     b Determined from BJH desorption method  

The adsorption/desorption isotherms indicating the pore structure of MMT 375, 

MMT 475, MMT 575, W/MMT 375, W/MMT 475 and W/MMT 575, which were analyzed 

by the N2 adsorption-desorption isotherms are presented in Figure 9 to Figure 14, 

respectively. For the MMT catalysts and W/MMT catalysts, they exhibited the type IV 

isotherm indicating the mesoporous structure with type H3 hysteresis loop according 

to IUPAC classification (International Union of Pure and Applied Chemistry) [39] , and 

capillary condensation in the pores at relative pressure (P/P0) approach 0.40. In 

addition, type IV isotherms are given by mesoporous adsorbents. 
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Figure  9 N2 adsorption-desorption isotherm of MMT 375 
 

 

Figure  10 N2 adsorption-desorption isotherm of MMT 475 
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Figure  11 N2 adsorption-desorption isotherm of MMT 575 
 

 

Figure  12 N2 adsorption-desorption isotherm of W/MMT 375 
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Figure  13 N2 adsorption-desorption isotherm of W/MMT 475 

 

 

Figure  14 N2 adsorption-desorption isotherm of W/MMT 575 
 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  34 

    4.1.1.4 Scanning electron microscope (SEM) and Energy dispersive 
X-ray spectroscopy (EDX) 

 The morphologies of all catalysts were analyzed by scanning electron 

microscope (SEM) as shown in Figure 15. For the Figure 15(a), Figure 15(b) and Figure 

15(c), they are presented morphologies of MMT external surface indicating the irregular 

shapes and porous particles. However, after making the W supported on MMT catalysts 

calcined at different temperatures, their morphologies are shown in Figure 15(d), 

Figure 15(e) and Figure 15(f). It was found particles cover on surface area which are 

predicted to be W particles replaced the surface area and were distributed in the pores 

of MMT. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure  15 The morphologies of montmorillonite clays all temperature (MMT 375, 

MMT 475 and MMT 575) and tungsten supported on montmorillonite clays all 

temperature (W/MMT 375, W/MMT 475 and W/MMT 575) measured by SEM at mag. 

X2,000 

(a) MMT 375 

(b) MMT 475 

(c) MMT 575 

(d) W/MMT 375 

(e) W/MMT 475 

(f) W/MMT 575 
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The elemental distribution of all catalysts can be quantitatively analyzed by 

energy dispersive X-ray spectroscopy (EDX) as shown in Table 13. It was found that % 

weight of elemental distribution for O as the major element can be observed along 

with other elements including N, Na, Si, Al and Ca for the MMT catalysts. For the 

W/MMT catalysts, the addition element distribution of W was found. The W/MMT 375 

catalyst had the highest % weight of W (ca. 70%) distributed on the external surface. 

Table  13 Elemental distribution of montmorillonite clays (MMT 375, MMT 475 and 
MMT 575) and W/MMT catalysts obtained by EDX 

Catalyst 
% Weight 

N O Na Si Al Ca W 

MMT 375 7.72 69.17 0.89 3.32 17.35 1.54 - 
MMT 475 7.52 68.69 0.35 2.90 19.16 1.39 - 
MMT 575 9.64 67.95 1 2.10 18.48 0.83 - 

W/MMT 375 2.90 23.43 0.21 0.35 3.81 0.44 69.67 
W/MMT 475 2.62 25.53 0.1 0.42 3.40 0.43 67.50 
W/MMT 575 2.58 26.83 0.21 0.44 3.36 0.44 66.14 

 

   4.1.1.5 Temperature-programmed desorption of ammonia (NH3-TPD) 
Temperature-programmed desorption of ammonia was used to define the 

strength of acid site of all W/MMT catalysts measured by the desorption temperature 

of ammonia. For the results, the acid sites can be  classified into two main groups 

including weak acid sites indicating the peak at temperature below 250 °C, and the 

peak observed at 250-400 °C relates to the moderate acid sites and more than 400 °C 

is assigned to the strong acid sites [40]. In addition, NH3-TPD was examined to measure 

the surface acidity of all catalysts. The amount of acidity of all catalysts can be 

determined by integration of desorption peak area of ammonia according to the Gauss 

curve fitting method and presented in Table 14. It was found that W/MMT 475 catalyst 

exhibited the highest amount of moderate to strong acid sites and total acid sites 

among other catalysts. It revealed that W/MMT 575 catalyst exhibited the lowest 
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amount of moderate to strong acid sites and total acid sites. However, the commercial 

catalyst i.e. Amberlyst-15 was found to have the highest amount of acidity than all 

synthesized catalysts. The higher desorption temperature associated to the strong acid 

sites is commonly referred to the ammonia desorption from the Brønsted acid sites 

[41]. 

Table 14 The amount of acidity of tungsten supported on montmorillonite clays 

(W/MMT 375, W/MMT 475 and W/MMT 575) by NH3-TPD compared with Amberlyst-15 

a V.L.C. Gonc¸alves et al. (2008) who reported acidity of Amberlyst-15 [42]. 

    4.1.1.6 X-ray photoelectron spectroscopy (XPS) 
 X-ray photoelectron spectroscopy was used to determine the surface 

properties of all catalysts. The Na 1s, O 1s, N 1s, Ca 2p, C 1s, Si 2p and Al 2p peak for 

the MMT catalysts and additional peak of W 4f1 and W 4f2 for the W/MMT catalysts 

are presented in Table 15. The Na 1s signal exhibited the highest binding energy 

around 1070 eV indicating Na+ ions in MMT [43]. The second one is the O 1s signal 

around 532.7-534.5 eV that can be assigned to lattice oxygen species [44]. Furthermore, 

the W/MMT catalyst revealed the W 4f1 and W 4f2 at 38 and 27 eV, respectively 

represented the WO3 state (W6+) [45]. 

 

 

Catalyst 
Acidity (µmol NH3/g) 

Weak Moderate to strong Total acid site 
W/MMT 375 392.1 905.5 1297.6 
W/MMT 475 319.6 1279.2 1598.8 
W/MMT 575 153.4 689.4 842.8 

Amberlyst-15a 551.5 3648.5 4200.0 
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Table  15 XPS signals distribution of montmorillonite clays all temperature (MMT 375, 
MMT 475 and MMT 575) and tungsten supported on montmorillonite clays all 
temperature (W/MMT 375, W/MMT 475 and W/MMT 575) 

Catalyst 
Binding energy (eV) 

Na O N Ca C Si Al W W 

1s 1s 1s 2p 1s 2p 2p 4f1 4f2 
MMT 375 1070.2 534.0 395.5 347.5 285.0 103.3 76.4 - - 
MMT 475 1070.1 534.5 408.0 346.1 285.0 103.5 76.9 - - 
MMT 575 1073.5 534.2 405.4 352.4 285.0 103.9 76.7 - - 

W/MMT 375 1068.0 534.1 397.8 352.7 285.0 103.3 76.9 38.2 27.4 
W/MMT 475 1080.9 534.1 397.2 347.5 285.0 102.8 77.0 38.7 26.9 
W/MMT 575 1082.4 533.9 397.3 348.9 285.0 102.66 76.5 38.4 26.3 

 

The surface compositions of all catalysts are presented in Table 16. It was 

found that the mass concentration (%) of the O 1s signal was the highest around 48-

68 % among other elements.  The W 4f1 and 4f2 signal had the mass concentration 

around 3-6 % on the catalyst surface. 

Table  16 Surface compositions of montmorillonite clays all temperature (MMT 375, 
MMT 475 and MMT 575) and tungsten supported on montmorillonite clays all 
temperature (W/MMT 375, W/MMT 475 and W/MMT 575) by XPS 

Catalyst 

% Mass conc 

Na O N Ca C Si Al W W 
1s 1s 1s 2p 1s 2p 2p 4f1 4f2 

MMT 375 1.88 67.82 1.44 1.01 13.25 6.82 6.84 - - 
MMT 475 2.99 68.15 1.25 0.87 11.65 6.61 6.56 - - 
MMT 575 1.98 65.71 1.89 0.93 13.25 7.91 7.90 - - 

W/MMT 375 2.58 56.43 1.77 1.55 15.46 4.64 4.60 4.59 4.02 
W/MMT 475 3.35 48.76 1.49 1.03 18.97 5.19 5.23 3.95 3.66 
W/MMT 575 1.94 52.97 1.37 1.47 15.92 5.69 5.73 6.31 4.38 
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      4.1.1.7 X-ray fluorescence (XRF) 
X-ray fluorescence method was used to identify the major minerals and 

chemical compounds of the W/MMT catalysts as presented in Table 17. It was found 

that the element of W had the highest of concentration around 50-56% (according 

with EDX result) and the element of Si was around 29-33% in descending order. 

However, The SiO2 had the highest concentration of the compound as 45-50% and 

WO3 had the concentration around 33-39%. Therefore, the catalysts mainly consist of 

the SiO2 and WO3 compounds including the main concentrations of SiO2 and WO3, 

respectively. 

Table  17 XRF analysis result of W/MMT catalysts 

Analytical 
Element 

Concentration (%) 
Analytical 
Compound 

Concentration (%) 

W/MMT 
375 

W/MMT 
475 

W/MMT 
575 

W/MMT 
375 

W/MMT 
475 

W/MMT 
575 

Na 0.204 0.195 0.213 Na2O 0.233 0.226 0.246 
Al 6.539 5.442 5.901 Al2O3 9.343 7.948 8.601 
Si 33.147 29.373 29.362 SiO2 49.711 45.291 45.181 
K 2.818 2.486 2.806 K2O 1.958 1.807 2.032 
Ca 0.423 0.435 0.425 CaO 0.338 0.365 0.355 
Ti 0.805 0.757 0.762 TiO2 0.761 0.751 0.753 
Fe 5.813 5.406 5.318 Fe2O3 4.587 4.494 4.401 
W 50.25 55.904 55.214 WO3 33.069 39.118 38.432 

 

4.1.2 Catalytic activities 
 The catalytic activities of the synthesized catalyst (W/MMT) were tested in 

esterification of ethanol and lactic acid and compared the result to the commercial 

catalyst Amberlyst-15. The yield of ethyl lactate for all catalysts is listed in Figure 16. 

It can be regard that the highest yield of ethyl lactate of 43.2% was obtained from 

W/MMT 375 catalyst, whereas the W/MMT 475 and W/MMT 575 catalysts exhibited the 

ethyl lactate yields of 37.3 and 33.3%, respectively. However, the highest yield of ethyl 
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lactate was found at 57.8%, which was obtained from the commercial catalyst 

Amberlyst-15. Based on NH3 temperature-programmed desorption, it indicated that the 

Amberlyst-15 catalyst had the highest acidity, which is related to the highest 

conversion as well. 

 

Figure  16 comparison of ethyl lactate conversion between Amberlyst-15 with 
W/MMT catalysts calcined at different temperatures (375, 475 and 575 °C) 

 

  4.1.3 Summary 
After the reaction test of tungsten supported on montmorillonite clay (W/MMT) 

catalysts calcined at different temperatures including 375, 475 and 575 °C, the catalyst 

that provided the highest ethyl lactate yield was chosen for further study. Based on 

the characterization studies, it revealed that the W/MMT475 catalyst exhibited the 

highest acidity, followed by W/MMT375 and W/MMT575, respectively. However, from 

the surface area result, W/MMT375 exhibited the highest surface area, followed by 

W/MMT475 and W/MMT575, respectively. When all catalysts were tested in 

esterification of ethanol and lactic acid, it revealed that the W/MMT375 catalyst was 
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found to have the highest yield of ethyl lactate around 43.2 %. Therefore, for the 

conclusion of this part the W/MMT catalyst calcined at 375 °C (W/MMT 375 catalyst) 

was chosen for further study of effect of promoters.  

 

4.2 The suitable promoter selection 
  4.2.1 Catalyst characterization 

       4.2.1.1 X-ray Powder Diffraction (XRD) 
 The X-ray diffraction (XRD) patterns of W-Zr/MMT and W/MMT calcined 

at 375°C denoted as W-Zr/MMT 375 and W-Pt/MMT 375 catalysts are shown in Figure 

17. For the W-Zr/MMT 375 catalyst, it presented the diffraction peaks located at 2Ɵ 

degrees of 28.3°, 31.5°, 35.5° and 40.9° indicating the characteristic peak of monoclinic-

ZrO2, and at 2Ɵ degrees of 36.1° and 50° showing the characteristic peak of tetragonal-

WO3 [46]. It was found that the characteristic peak of monoclinic-WO3 was stronger 

than hexagonal-WO3, which is different from the W-Pt/MMT 375 showing that the 

characteristic peaks of hexagonal-WO3 was stronger. The  W-Pt/MMT 375 exhibited XRD 

peaks located at 2Ɵ degrees of 39°, 46°and 68° indicating the characteristic peaks of Pt 

[47]. 
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Figure  17 XRD patterns of the W-Zr/MMT 375 and W-Pt/MMT 375 catalysts 
 

       4.2.1.2 Fourier-transform infrared spectroscopy (FTIR) 
The Fourier-transform infrared spectroscopy (FTIR) spectra at wavenumber 

range of 500 cm-1 to 400 cm-1 of W-Zr/MMT 375 and W-Pt/MMT 375 catalysts are shown 
in Figure 18 and the according band assignments are concluded in Table 18. It was 
found that of the W-Pt/MMT 375 catalyst revealed the absorption band at 2035.6 cm-

1, which was assigned to the Pt-Pt bond stretching [48]. For the W-Zr/MMT 375 catalyst, 
it exhibited the peak at 2880.4 cm-1, which was assigned to Zr-O-W [49]. Consequently, 
the W-Zr/MMT 375 and W-Pt/MMT 375 catalysts was found to have the functional 
groups of Zr (Zr-O-W) and Pt (Pt-Pt stretching) corresponding with the XRD result. 
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Figure 18  FTIR spectra of W/MMT 375, W-Zr/MMT 375 and W-Pt/MMT 375 catalysts 
 

Table  18 FTIR assignments of W/MMT 375, W-Zr/MMT 375 and W-Pt/MMT 375 
W/MMT 375 W-Zr/MMT 375 W-Pt/MMT 375 Assignments 

586.4   Al-O-Si 
796.0 797.2 797.3 Al-Mg-OH 
1024.8 1022.3 1017.4 Si-O 
1691.4 1645.3 1643.3 W-OH 

  2035.6 Pt-Pt stretching 
 2880.4  Zr-O-W 

2960.9   -OH stretching 
3382.8 3420.8 3421.5 -OH stretching 

 

       4.2.1.3 N2 physisorption (BET) 
 The BET surface area, pore volume, pore diameter and adsorption/desorption 

isotherm of the W-Zr/MMT 375 and W-Pt/MMT 375 catalysts were determined by N2-
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physisorption, and the results of both promoted catalysts compared with the W/MMT 

375 catalyst are presented in Table 19.  It was found that the BET surface area and 

pore volume of W-Zr/MMT 375 catalyst decreased and exhibited the lowest BET 

surface area after Zr loading on W/MMT 375.  This is because of  the blockage of pore 

caused by Zr promoter [38]. However, the W-Pt/MMT 375 exhibited increased BET 

surface area and pore volume perhaps due to the increase dispersion of W by Pt 

promoter. 

Table  19 Properties of W-Zr/MMT 375 and W-Pt/MMT 375 catalysts compared with 

W/MMT 375 catalyst 

Catalyst 
BET surface areaa Pore volumeb Pore diameterb 

(m2/g) (cm3/g) (nm) 

W/MMT 375 113.6 0.185 4.7 
W-Zr/MMT 375 88.9 0.173 5.3 
W-Pt/MMT 375 136.5 0.216 4.5 

a Determined from BET method     b Determined from BJH desorption method  

The adsorption/desorption isotherms related to the pore structure of W-

Zr/MMT 375 and W-Pt/MMT 375, which were analyzed by the N2 adsorption-desorption 

isotherms are shown in Figure 19 and Figure 20, respectively. For the catalysts of both 

promoters, they exhibited the type IV isotherm with type H3 hysteresis loop according 

to IUPAC classification (International Union of Pure and Applied Chemistry) [39] , and 

capillary condensation in the pores at relative pressure (P/P0) approach 0.40. Type IV 

isotherms are given by mesoporous adsorbents. 
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Figure  19 N2 adsorption-desorption isotherm of W-Zr/MMT 375 
 

 

Figure  20 N2 adsorption-desorption isotherm of W-Pt/MMT 375 
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 4.2.1.4 Scanning electron microscope (SEM) and Energy dispersive X-ray 
spectroscopy (EDX) 
 The morphologies of the W-Zr/MMT 375 and W-Pt/MMT 375 catalysts were 

analyzed by scanning electron microscope (SEM) as shown in Figure 21. For the Figure 

21(a) and Figure 21(b), they were presented morphologies of W-Zr/MMT 375 catalyst 

at mag. X6,000 and X2,000, respectively. It was found that the particle of Zr (predict) 

sticked to the catalyst surface in a partially dense bonding manner. The morphologies 

of W-Pt/MMT 375 catalyst are shown in Figure 21(c) and Figure 21(d) at mag. X6,000 

and X2,000, respectively. It was found that the particle of Pt (predict) replaced the 

surface area and distributed in the pores. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure  21 The morphologies of various promoter Zr and Pt for synthesized catalyst 
tungsten supported on montmorillonite (W-Zr/MMT, W-Pt/MMT) calcined at 

temperature 375 °C measured by SEM at mag. X6,000 (top and bottom left) and at 
mag. X2,000 (top and bottom right) 

 

(a) W-Zr/MMT 

375 

(c) W-Pt/MMT 

375 

(b) W-Zr/MMT 

375 

(d) W-Pt/MMT 

375 
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The elemental distribution of all catalysts can be quantitatively analyzed by 

energy dispersive X-ray spectroscopy (EDX) as shown in Table 20. The % weight of 

elemental distribution of the W-Zr/MMT 375 catalyst consisted of W (45.48), O (23.57) 

and Zr (23.34),  while the W-Pt/MMT 375 catalyst exhibited the highest % weight of W 

(56.18) and O (29.63). However, it showed the Pt wt% was approximately 0.36. 

Table  20 Element distribution of W-Zr/MMT 375 and W-Pt/MMT 375 catalysts 

Catalyst 
% Weight 

N O Na Mg Al Ca W C Zr Pt 

W-Zr/MMT 375 3.64 23.57 0.18 0.27 3.01 0.51 45.48 - 23.34 - 
W-Pt/MMT 375 0.75 29.63 0.37 0.71 11.08 0.19 56.18 0.75 - 0.36 

 

    4.2.1.5 Temperature-programmed desorption of ammonia (NH3-TPD) 
The amount of acidity of all catalysts can be determined by integration of 

desorption area of ammonia according to the Gauss curve fitting method and it is 

presented in Table 21. It was found that W-Pt/MMT 375 catalyst exhibited the highest 

amount of moderate to strong acid site and total acid site than W-Zr/MMT 375.  

Table  21 The amount of acidity of W-Zr/MMT 375 and W-Pt/MMT catalysts by NH3-
TPD 

Catalyst 
Acidity (µmol NH3/g) 

Weak Moderate to strong Total acid site 

W-Zr/MMT 423.0 2431.8 2854.8 
W-Pt/MMT 645.5 2775.2 3420.7 

 

4.2.1.6 X-ray photoelectron spectroscopy (XPS)  
The X-ray photoelectron result of the W-Zr/MMT 375 catalyst is presented in 

Table 22. The Zr 3d signal around 178 eV was added from original (Table 15 of W/MMT 

catalysts) and it was assigned to Zr4+ ions species in ZrO2 [46]. The result of W-Pt/MMT 

375 catalyst is shown in Table 23. The Pt 4d and Pt 4f signals was observed at 328.4 
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and 78.5 eV respectively, which were added from original (Table 15 of W/MMT 

catalysts) and can be assigned to Pt2+ ions [50]. 

Table  22 XPS signals distribution of W-Zr/MMT 375 
Binding energy (eV) 

Na O N Ca C Zr Al W W Mg 
1s 1s 1s 2p 1s 3d 2p 4f1 4f2 2s 

1082 533.8 401.3 351.7 285 178 76.5 39 27.5 96.4 

 
Table  23 XPS signals distribution of W-Pt/MMT 375 

Binding energy (eV) 
Na O N Ag Ca Pt C Mg Al Pt W W 
1s 1s 1s 3d 2p 4d 1s 2p 2p 4f 4f1 4f2 

1083.9 535.1 399.4 368.2 348.6 328.4 286.1 96.0 77.5 78.5 39.6 28.7 

 

The surface compositions of the W-Zr/MMT 375 and W-Pt/MMT catalysts are 

presented in Table 24 to Table 25. For the W-Zr/MMT 375 catalyst, it showed the 

mass concentration (%) of the O 1s signal, which was the highest around 50.52 % 

among all compositions and the Zr 3d signal was around 1.22% as the result of the W-

Pt/MMT 375 showing the O 1s signal of 40.23 % that was the highest among others. 

The Pt 4d and 4f signals were found which the mass concentration around 6.46, 1.78 

%, respectively. For both promoters loaded not affecting to state of W due to found 

range of binding energy of W is nearly same with before promoter loaded.   

Table  24 Surface composition of W-Zr/MMT 375 

% Mass conc 
Na O N Ca C Zr Al W W Mg 
1s 1s 1s 2p 1s 3d 2p 4f1 4f2 2s 

1.54 50.52 2.47 1.03 22.09 1.22 5.15 5.23 3.91 6.84 
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Table  25 Surface composition of W-Pt/MMT 375 

% Mass conc 
Na O N Ag Ca Pt C Mg Al Pt W W 
1s 1s 1s 3d 2p 4d 1s 2p 2p 4f 4f1 4f2 

1.49 40.23 1.49 1.66 0.81 6.46 27.85 9.13 4.19 1.78 2.22 2.69 
    

 

 4.2.2 Catalytic activities 
The catalytic activities of the W-Zr/MMT 375 and W-Pt/MMT 375 catalysts were 

measured in esterification of ethanol and lactic acid and compared those with the 

commercial catalyst Amberlyst-15 and W/MMT 375 catalyst (from previous part). The 

result showed that the W-Pt/MMT 375 catalyst exhibited higher yield of ethyl lactate 

(ca.48 %) and the W-Zr/MMT 375 catalyst (ca.44 %) as seen in Figure 22. Although W-

Pt/MMT 375 had the high yield of ethyl lactate, its activity was still lower than 

Amberlyst-15 (ca.57.8%). Thus, in this part, it can be summarized that the W-Pt/MMT 

375 catalyst is the best synthesized catalyst in this study. 
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Figure  22 The comparison of yield of ethyl lactate between Amberlyst-15 with 
W/MMT 375, W-Zr/MMT 375 and W-Pt/MMT 375 

 

  4.2.3 Summary 
 After the reaction test of tungsten supported on montmorillonite clay 

(W/MMT) catalyst including W-Zr/MMT 375 and W-Pt/MMT 375, the different ethyl 

lactate yield was observed. It was found from the characterization studies that the W-

Pt/MMT 375 catalyst exhibited higher acidity and surface area than the W-Zr/MMT 375 

catalyst.  As well as, the reaction test results, it revealed higher ethyl lactate yield 

(48%) obtained from W-Pt/MMT 375 than that of W-Zr/MMT 375.  On the other hand, 

the increase of the yield with Pt promoter was around 11.1% compared with W/MMT 

375.  However, the W-Zr/MMT375 catalyst was found to give the yield of ethyl lactate 

around 44.4%, increase only 3% based on W/MMT 375). Consequently, it concluded 

that the W-Pt/MMT 375 catalyst is the best catalyst for ethyl lactate production based 

on all synthesized catalysts in this study. 
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4.3 The study of stability of catalysts 
  4.3.1 Catalytic stability  

     The catalytic activity of catalysts such as W/MMT 375 (the best result in part 

4.1) and W-Pt/MMT (the best result in part 4.2) was compared with the commercial 

catalyst Amberlyst-15 from esterification of ethanol and lactic acid. All catalysts were 

reused for 3 times in the reaction test and the results are presented in Figure 23. 

Considering Amberlyst-15, it exhibited the highest yield of ethyl lactate of 57.8% for 

the first use and after 3rd reuse the yield of ethyl lactate was dropped to 10.2%. For 

the W/MMT 375, the ethyl lactate yield of 43.2% was observed at the first use, but 

after 3 times of reuse, it decreased to 17.9%. In addition, W-Pt/MMT had the yield of 

ethyl lactate of 48% and it decreased to 14.8% after it was tested for 3 times. 

Therefore, the reusability of W/MMT 375 and W-Pt/MMT was better than Amberlyst-15 

as shown in Figure 24. It should be noted that after 3 time-reuse in the reaction test, 

the ethyl lactate yield was decreased by 82% for Amberlyst-15, whereas they were 

decreased by 59 and 69% for W/MMT 375 and W-Pt/MMT 375 catalysts, respectively. 
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Figure  23 The comparison of yield of ethyl lactate between Amberlyst-15 with 
W/MMT 375 and W-Pt/MMT 375 from the fresh, 1st reuse, 2nd reuse and 3rd reuse 

catalyst in esterification 

 

Figure  24 The comparison of an efficiency of catalyst reusability in ethyl lactate 
production between Amberlyst-15 with W/MMT 375 and W-Pt/MMT 375 from the 

fresh, 1st reuse, 2nd reuse and 3rd reuse in esterification 
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4.3.2 Catalyst characterizations 
4.3.2.1 Scanning electron microscope (SEM) 

The morphologies of all catalysts including W/MMT 375 and W-Pt/MMT 375 

compared to the commercial Amberlyst-15 catalyst, which were tested in the reaction 

for 3 cycles in esterification of ethanol and lactic acid at 80 °C for 4 hours were 

analyzed by scanning electron microscope (SEM) as shown in Figure 25. For Amberlyst-

15 catalyst, the results are shown in Figure 25 revealing the morphologies of 

Amberlyst-15a and Figure 25 Amberlyst-15b of fresh and first time reuse, respectively. 

It indicated that at mag. X100 the preliminary particle is spherical having diameter of 

approximately 0.5 mm. After reaction test in each time, the surface of catalyst was 

broken, which was occurred from the effect of swelling properties. In addition, the 

swelling properties occur from the cross-linked of Amberlyst-15 was damage [15]. 

Amberlyst-15 after the reaction test for 2 times, it was found to change from spherical 

particle at first time to the irregular shape as shown in Figure 25 for Amberlyst-15c and 

Figure 25 for Amberlyst-15d, which are assigned after test of reaction for 2 times and 

3 times, respectively. For all synthesized catalysts including W/MMT 375 and W-

Pt/MMT 375, the fresh catalysts were powder. After tested in the reaction, the 

morphologies of all catalysts did not change from the fresh ones. Therefore, the reuse 

of W/MMT 375 and W-Pt/MMT 375 catalysts by esterification of ethanol and lactic acid 

did not affect to the morphologies of catalysts. 
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a represent the fresh catalyst  b represent the 1st reuse catalyst 

c represent the 2nd reuse catalyst  d represent the 3rd reuse catalyst 

Figure  25 The morphologies of all catalysts after tested in the reaction around 3 
cycles measured by SEM at mag. X100 (For both of Amberlyst-15a and Amberlyst-15b) 

and at mag. X2,000 
 

4.3.2.2 Temperature-programmed desorption of ammonia (NH3-TPD) 
 The temperature-programmed desorption of ammonia of W/MMT 375 

and W-Pt/MMT 375 catalysts after tested in the reaction in each reuse is summarized 

as shown in Table 26. All catalysts after tested in the reaction in each reuse had loss 

their weak and strong acid sites. Thus, the decrease in catalytic activity from the 

catalysts in each recycle was because the weak and strong acid site were decreased. 

 
 
 
 

Amberlyst-15b Amberlyst-15a Amberlyst-15c 

W/MMT 375c W/MMT 375d 

W-Pt/MMT 375b W-Pt/MMT 375c W-Pt/MMT 375d W-Pt/MMT 375a 

W/MMT 375a W/MMT 375b 

Amberlyst-15d 
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Table  26 The amount of acidity of all catalysts for 3 cycles of reuse as W-Zr/MMT 
375 and W-Pt/MMT catalysts obtained by NH3-TPD 
 

Catalyst 
Acidity (µmol NH3/g) 

Weak Moderate to strong Total acid site 

W/MMT 375 1st reuse 186.8 870.4 1057.2 
W/MMT 375 2nd reuse 133.1 564.2 697.3 
W/MMT 375 3rd reuse 98.3 289.1 387.4 
W-Pt/MMT 375 1st reuse 442.8 2091.2 2534.0 
W-Pt/MMT 375 2nd reuse 176.6 1923.7 2100.3 
W-Pt/MMT 375 3rd reuse 121.1 1035.9 1157.0 

 

  4.3.3 Summary 
Based on the comparison of the stability for catalysts, it was found that the 

yields of ethyl lactate after 3 cycle-reaction test 3 times of all catalysts were 

decreased. For Amberlyst-15, the reusability was decreased by 82% after the 3 cycles, 

whereas the reusability of W/MMT 375 (decreased by 58%) and W-Pt/MMT 375 

(decreased by 69.2%) was observed. The morphologies of Amberlyst-15 apparently 

changed from spherical particle to powder after reuse. On contrary, the morphologies 

of W/MMT 375 and W-Pt/MMT 375 did not change after reuse. Based on the results 

from NH3-TPD, it revealed that the decreased activity for all catalyst was mainly due 

to the loss in acidity. The acidity of all catalysts was decreased mainly due to leaching. 
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 CHAPTER 5 
CONCLUSION AND RECOMMENTATION  

 In this research, characteristics, catalytic properties and stability of tungsten 

oxide (13.5 wt%) supported on montmorillonite (W/MMT) catalysts calcined at 

different temperatures with the presence of Zr and Pr promoters in esterification of 

ethanol and lactic acid were examined. Consequently, this chapter is summarized all 

the results in section 5.1 and recommendations about this research in section 5.2. 

 

5.1 Conclusions 
5.1.1 For the optimal calcination temperatures selection, the results received 

from characterization, The surface area of catalyst significantly decreased with 

increased calcination temperature resulting in low distribution. For catalytic activity, 

the yield of ethyl lactate is significantly influenced by the high acidity and high surface 

area of catalyst. For catalyst W/MMT 375, W/MMT 475 and W/MMT 575, ethyl lactate 

yields are 43.2, 37.3, 33.3% respectively. Therefore, W/MMT 375 was selected to load 

promoters. 

5.1.2 For the suitable promoter selection, the results received from 

characterization studies showed that the W-Pt/MMT 375 catalyst exhibited the highest 

acidity and surface area than W-Zr/MMT 375 as well as the reaction test result, which 

revealed that W-Pt/MMT 375 provided the highest yield of ethyl lactate around 48% 

(increase by 11.1% compared with W/MMT 375). However, the W-Zr/MMT375 catalyst 

exhibited the yield of ethyl lactate around 44.4% (increase by 3% compared with 

W/MMT 375). Consequently, the W-Pt/MMT 375 was selected for the suitable promoter 

selection. 

5.1.3 The catalytic stability was performed around 3 cycles in esterification of 

ethanol and lactic acid at 80 °C. It was found that W/MMT 375 catalyst had the highest 

efficiency of decreasing of the yield of ethyl lactate around 58.6%, in descending order 
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was the W-Pt/MMT 375 catalyst was decreased the efficiency of the yield of ethyl 

lactate around 69.2%. For Amberlyst-15, it showed the lowest efficiency of decreasing 

of the yield of ethyl lactate around 82.3% which was corresponding to the result of 

SEM. The morphology of Amberlyst-15 was damaged and change from original one. 

Nevertheless, the morphologies of W/MMT 375 and W-Pt/MMT 375 catalysts did not 

change. Finally, the amount of acidity of catalysts were decreased mainly due to 

leaching when performed around 3 cycles in esterification of ethanol and lactic acid. 

 

5.2 Recommendations 
5.2.1 The pyridine-adsorbed IR spectra should be used to examine types of 

acidity in catalysts including Lewis acid site and Brønsted acid site. 

5.2.2 To examine another promoter for improvement activity and consider 

comparison about cost. 

5.2.3 To apply the catalyst for esterification of ethanol and another carboxylic 

acid such as propionic acid. 
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APPENDIX A 
CALCULATION OF ACID SITE CATALYST 

Calculation of acidity  

The acidity was determined by NH3 -TPD, it can be calculated from NH3-TPD 

profile as follow.  

Acidity of catalysts =  mol of NH3 desorption per gCat   (A.1)  

Upon,  gCat was weight of dry catalyst  

To calculate mole of NH3 desorption from the calibration curve of NH3 as follow:  

mol of NH3 desorption per gCat 2.628 x 10-5x A    (A.2)  

Where, A was area under peak per weight of dry catalyst of the NH3 -TPD profile. 

Then combine equation (A.1) and (A.2). So, the equation (A.1) can be take place as 

equation (A.3)  

Acidity of catalysts = 2.628 x 10-5 x A     (A.3) 

Example of curve fitting by Fityk program : 

 

Figure A.1 TCD-time curve fitting of W/MMT 375 catalyst by Gaussian curve in Fityk 

program 
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APPENDIX B 
CALIBRATION CURVE OF REACTANT AND PRODUCT 

 Calibration curves were used calculation mole of ethanol, lactic acid and ethyl 

lactate were presented in Figure B.1-B.3. The concentration of there were measured 

by Shimadzu gas chromatography with flame ionization detector (GC-FID) using 

capillary column (DB-5) at 150 °C. In addition, the reaction retention time of each 

composition is indicated in Table B.1. 

 

Table B.1 The retention times analysis of each component in GC-FID 

Reactant / Product Retention time (min) 
Ethanol 2.6 

Lactic acid 7.0 
Ethyl lactate 7.4 

 

 

 

Figure B.1 The calibration curve of Ethanol 
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Figure B.2 The calibration curve of Lactic acid 

 

 

 

 

Figure B.3 The calibration curve of Ethyl lactate 
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From calibration curve ; 

µmole of Ethanol  = (8 x 10-6) x Area 

µmole of Lactic acid  = (2 x 10-4) x Area 

µmole of Ethyl lactate = (5 x 10-6) x Area 

 

 

 

 

 

 

 
 
 
 
 
 

 
Figure B.4 The GC result 

Example ; 
 

From Figure B.4, the area of reactant and product can be detected by gas 
chromatography (GC-FID). The peak at 2.677 min represents area of ethanol, while peak 
at 7.002 and 7.496 min shown area of lactic acid and ethyl lactate, respectively. 

 
Thus, mole of ethyl lactate =  (5 x 10-6) x 69925 
 
           =    0.35    µmole 
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APPENDIX C 
CALCULATION OF REACTANT AND CATALYST 

 
Molar ration of ethanol and lactic acid at 3: 1 
 

- Density of ethanol   = 0.789  g/mL 
 

- Density of lactic acid    = 1.209  g/mL 
 

- Molecular weight of ethanol   =  46.07 g/mol 
 

- Molecular weight of lactic acid = 90.08 g/mol 
 
Calculations ;  

mol of ethanol

mol of lactic acid
=

3

1
 

 

1 (
ρEVE

MWE
) = 3 (

ρLVL

MWL
) 

 

1 (
0.789 x VE

46.07
) = 3 (

1.209 x VL

90.08
) 

 

0.0171VE =  0.0403VL 
 

0.424VE =  VL 

For experiment ;  
VE =  35 mL 

 

VL =  0.424 x 35 ≈ 15 mL 
 

The catalyst loading is 2%wt of lactic acid  
 Mass of lactic acid = 15 mL x 1.209 g

mL
= 18.14 g 

 Amount of catalyst = 18.14 x 0.02 = 0.36 g 
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APPENDIX D 
THE DATA INFORMATION OF CHARACTERIZATION EQUIPMENT 

 
Table E.1 The characterization data equipment of this research 

Technique Characterization Contact 
XRD 

 
 

The structure, crystallinity, and 
physical properties of sample 

Center of Excellence on 
Catalysis and Catalytic 
Reaction Engineering 

FTIR 
 
 

The functional group of catalysts SCG-CHULA ENGINEERING 
Research Center 

BET 
 
 

The BET surface area, pore 
volume, pore diameter, and 
adsorption/desorption isotherm 

Center of Excellence on 
Catalysis and Catalytic 
Reaction Engineering 

SEM-EDX 
 
 

SEM ; Morphology of catalysts  
EDX ; Element of catalysts 

Center of Excellence on 
Catalysis and Catalytic 
Reaction Engineering 

 
NH3-TPD 

 

The acid strength of sample 
(weak, medium, and strong acid 
sites) 

SCG-CHULA ENGINEERING 
Research Center 

 
XPS 

 

The surface element of catalysts Center of Excellence on 
Catalysis and Catalytic 
Reaction Engineering 

 
XRF 

 

Metal composition in sample Scientific and 
Technological Research 
Equipment Center 
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