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Solid acids in liquid phase esterification 
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Catalytic activity of different protonated zeolites such as HY, H~, HZSM5 and sulfated oxides such as SO/IAl10 3, 

SOlISi02, SO/lZrOl in the esterification of propionic acid with various alcohols (C1-Cs) over solid acids as catalysts has 
been investigated. The catalysts have been characterized for their total surface acidity, BET surface area and sulfur content 
in sulfated catalysts. Catalytic activity studies have been conducted in liquid phase under refluxing conditions. A systematic 
study has been made to find out the effects of nature of alcohols, amount of the catalyst and the duration of reaction in the 
synthesis of propionate esters. Product analysis has been done quantitatively by gas chromatography and qualitatively by 
GC-MS. All the catalysts have been found to be active towards the formation of propionate esters as the major reaction 
product. A good correlation between the concentration of acid sites and the catalytic activity of the catalysts has been 
observed. 
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Organic esters are a very important class of 
compounds having applications in a number of areas 
such as perfumery, artificial flavors, essences, 
pharmaceuticals, plasticizers etc I ,2. Different 
approaches have been employed on both laboratory 
and commercial scales to prepare esters, and the 
traditional homogenous catalyzed reactions which 
require acids such as sulfuric acid, hydrochloric acid, 
phosphoric acid etc.3.4 being less favored due to (i) 
several side reactions leading to the formation of toxic 
by-products and decrease the yield of ester (ii) 
corrosion of the equipment used and (iii) tedious 
procedure in separation of the catalyst and its 
reusabilit/. 

Considering the impact of these chemicals on the 
environment, it is very essential to introduce new 
efficient catalysts for the production of esters. The use 
of solid acids such as metal oxides, zeolites, 
heteropoly acids, aluminophosphates and their 
modified forms in organic transformations in place of 
traditional catalysts is on the rise. These catalysts 
have been extensively used in many industrially 
important reactions such as alkylation, hydrogenation, 
dehydration, rearrangement, condensation, 
esterification and trans-esterification6

•
12

. The main 
advantages of using solid acids are that they are 
environmentally benign, cheaper, selective, easily 
separable from the products and reusable. In contrast 
to liquid acids, which possess well-defined acidic 
properties, solid acids may contain a variety of acid 

sites. Generally they are categorized by their Brbnsted 
and/or Lewis acidity, the strength and number of these 
acid sites and the textural properties of the support 
(surface area and porosity). 

We have earlier reported the use of solid acids in 
alkylation and esterification reactions9.lo.'2. 
Esterification being an acid catalyzed reaction 
requires efficient acid catalysts to get good yield of 
ester with better selectivity. Protonated zeolites and 
sulfated oxides, being strong solid acids, can be used 
in esterification reaction. In our earlier 
investigationss.12 we have used protonated zeolites 
(HY, HI3, HZSM5) and sulfated oxides (SOl/Ah03, 
SOl/Si02, sol/zr02) in acid catalyzed reactions 
and observed them to be very selective in the 
formation of the desired product. 

The present investigation is aimed to find out the 
comparative catalytic activity of protonated zeolites 
and sulfated oxides in the liquid phase esterification 
reaction of propionic acid with different alcohols (C 1-

Cs). The results have revealed that solid acids not only 
show good selectivity but also high activity towards 
the formation of the esters. 

Materials and Methods 

Preparation of protonated forms of zeolites 

Zeolites Y, 13, and ZSM5 were obtained in their 
sodium form from UCL (United Catalyst India Ltd .,) 
and modified by exchanging the Na+ ions of the 
parent zeolite by H+ ions . The protonated forms of the 



1166 INDIAN J CHEM, SEC A, JUNE 2005 

zeolites were prepared by following a standard 
method reported in the literature 13

. Briefly, the 
procedure followed is as follows: 20 g of the parent 
zeolite was immersed in 250 mL of ammonium nitrate 
solution containing 20 g of the salt (I M). The mixture 
was stirred overnight, filtered and washed with 
deionised water. The solid was dried at 120°C in an 
air oven overnight. 

Preparation of hydrated AI20.l, Si02 and Zr02 in their 
sulfated forms 

Initially AI(OHh gel was prepared by adding 
liquor ammonia dropwise into 750 mL of a hot 
aqueous solution of AI(N03h.9H20 containing 100 g 
of the salt. In the case of hydrated zirconia 
preparation, the precipitation from an aqueous 
solution containing 25 g of ZrOClz.8H20 per 250 mL 
was carried out by dropwise addition of liquor 
ammonia. Similarly, Si02 gel was prepared by the 
precipitation from a hot 1 M aqueous solution of 
Na2Si03 with 1: 1 HN03. The precipitates of the 
respective metal hydroxides were filtered, washed 
thoroughly with deionised water and dried at 120°C 
for 12 h in an air oven. 

Thus obtained hydrated alumina, silica and zirconia 
were impregnated with sulfate ions. For this purpose, 
1.5 mL of 3 M H2S04 was added to 3 g of the support 
and mixed thoroughly to get a homogenous paste. The 
paste was dried in an air oven at 120°C for 12 h II. 

The protonated zeolites and sulfated oxides were 
ground to get a fine powder. The resulting fine 
powders were calcined at 550°C for 5 h in a muffle 
furnace just before using them as catalysts in the title 
reaction. Sulfated oxides were abbreviated as sulfated 
alumina (SA), sulfated silica (SS) and sulfated 
zirconia (SZ). 

Catalyst characterization 
All the catalysts were characterized for their total 

surface acidity, BET surface area and sulfur content in 
the sulfated samples. The total surface acidity of 
protonated zeolites and sulfated oxides was estimated 
by NH3-TPD technique l4 and also by n-butylamine 
back titration method 15 using bromothymol blue as 
the indicator. In the temperature programmed 
desorption (TPD) method gaseous base molecules like 
NH3 are made to adsorb on the acidic sites of the solid 
and desorbed at different elevated temperatures. 
Molecules that are adsorbed on weak sites will be 
evacuated preferentially at lower temperatures 
compared to those adsorbed on the strong acid sites. 
Thus the proportion of adsorbed base evacuated gives 

a measure of the acidity of the catalyst. 
In a typical procedure for the estimation of acidity 

by It-butylamine back titration method, about 0.5 g of 
the solid acid was suspended in 25 mL of beniene 
solution of 0.05 M n-butylamine and the mixture was 
left for 24 h. During this period, presumably all the 
acid sites on the surface of the solid are neutralized . 
The unreacted n-butylamine was estimated by 
titrating against 0.05 M HCl using bromothymol blue 
as indicator. The surface acidity was calculated from 
the decrease in the concentration of Il-butylamine 
when a known weight of the catalyst was treated with 
a known volume of n-butylamine of definite 
concentration. 

The BET surface area of the samples was measured 
by using nitrogen as the adsorbent in a NOV A-I 000 
high speed gas sorption analyzer version 3.70. The 
amount of sulfur in sulfated samples was obtained by 
conducting elemental analysis using Elementar Vario 
EL III Carlo Erba 1108 instrument. 

General procedure for esterification 
A mixture of propionic acid, an alcohol (methyl 

alcohol or ethyl alcohol or iso-propyl alcohol or iso­
butyl alcohol or iso-pentyl alcohol) and the catalyst 
was heated at refluxing temperature (-120°C) for a 
specified period of time in a round bottomed flask 
provided with an ice cold water cooled condenser. 
The total volume of the reaction mixture without the 
catalyst was kept constant at 15 mL and the molar 
ratio of alcohol: acid was 1 :2. After the stipulated 
time of the reaction, the reaction mixture was cooled 
to room temperature and filtered. 

The qualitative analysis of the filtrate containing 
reactants and the products was made by 
chromatography fitted with a 20%SE-30 (chromosorb 
w-A W, 3m x 1/8") column coupled with FID 
detector. The product identity was got by GC-MS 
(Varian) analysis. 

Results and Discussion 
The catalysts used and their physicochemical 

properties such as total surface acidity, BET surface 
area and amount of sulfur in sulfated samples are 
listed in Table l. The decreasing order of the total 
surface acidity observed is as follows: 

Protonated zeolites: H~ > HZSM5 > BY; 
Sulfated oxides: SZ> SS > SA. 
This order is in good agreement with that given in 

the literature9
.
12

. Among the zeolites studied, H~ and 
HZSM5 were found to have higher concentration of 
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acid sites and HY had much less of the same'>. 
However, among the sulfated oxides, sulfated zirconia 
(SZ) was found to be more acidic than sulfated 
alumina and sulfated silica indicating that, the 
interaction of sulfate ions is more with zirconia than 
with alumina or silica l2

. Treatment of zirconia with 
sulphate ions is known to increase its surface acidity. 
The BET surface area of the protonated zeolites and 
sulfated oxides are in agreement with reported 
values I6

.
17

• Zeolites exhibited larger surface area than 
sulfated oxides due to the presence of channels and 
pores which are absent in sulfated oxides. Among the 
sulfated oxides, SZ was found to have larger surface 
area when compared to SA and SS. The higher 
surface area of SZ was attributed to the cracking of 
zirconia support into fine particles on treatment with 
sulfate ions l8

. This effect was found to be absent in 
the case of alumina and silica supports. 

The amount of sulfur in the form of S042
- retained 

on the surface of various hydrated oxides were found 
to be in good agreement with the theoretically 
calculated values within the experimental error (6%) 
indicating that most of the sulfuric acid, which was 
used as a source of solo, was retained on the 
hydrated oxides. 

Catalytic activity studies 
The GC analysis of the products obtained from the 

catalytic esterification reactions indicated the 
presence of only three components in the reaction 

mixture when the reaction was carried out in presence 
of zeolites HB, HZSMS, HY and sulfated oxides SA 
and SS (these catalysts are here onwards represented 
as Set-i). But when SZ was used as the catalyst four 
components were detected. GC-MS analysis of the 
reaction mixture confirmed the presence of only 
alcohol, propionic acid (PA) and the appropriate ester 
in the product mixture when Set-i was used as 
catalysts. However, in presence of SZ, in addition to 
alcohol, propionic acid and ester, a small amount of 
ether (2% to 4%) was also observed. It is reported that 
over solid acid catalysts, ether is formed by the 
dehydration of alcohols in presence of 'very strong' 
acidic sites 19. Formation of ether over SZ indicates the 
presence of 'very strong' acid sites on its surface20

. 

The selectivity towards the formation of an ester 
was 100% in presence of Set-! catalysts. When SZ 
catalyst was used, although the conversion (%) was 
good, the selectivity towards the formation of an ester 
was less (-96%) due to the formation of ether as the 
by-product. The results of the experiments carried out 
in the presence of various catalysts are given in 
Table 2. The following order of catalytic activity 
towards the conversion of PA was observed in the 
case of zeolites and sulfated oxides: 

zeolites: HB> HZSMS > HY; 
sulfated oxides: SZ > SS > SA. 

The catalytic activity towards conversion of 
propionic acid was found to increase with increase in 

Table I--Physico-chemical properties of solid acids used 

Alcohols 

Catalyst 

HY 
HP 
HZSM5 
SA 
SS 
SZ 

Total surface acidity· 
(mmol/g) 

0.85(0.79) 
1.12(1.01) 
1.01(0.95) 
0.42(0.39) 
0.53(0.50) 
1.08(1 .02) 

BET surface area 
(m2/g) 

320 
450 
280 
208 
215 
149 

Sulfur content 
(%) 

2.21 
2.18 
2.19 

"Numbers in the parentheses correspond to the total surface acidity values obtained by II-butyl 
amine back titration method and the values outside the parentheses correspond to the total surface 
acidity values obtained by NH3-TPD method. 

Table 2-Esterification of different alcohols (C I-C5) with propionic acid (PA) over solid acids 
IMolar ratio of alcohol:propionic acid = 1:2 ; catalyst amount = 0.5 g; refluxing time = 6 hI 

PA conversion 

HY HP HZSM5 SA SS 

Methyl alcohol (C I ) 65 76 71 53 61 
Ethyl alcohol (C2) 60 70 66 47 52 
Iso-propyl alcohol (CJ) 19 26 23 12 14 
Iso-butyl alcohol (C4) 46 58 52 36 41 
Iso-amyl alcohol (Cs) 41 53 46 31 36 

SZ 

72 
66 
26 
57 
50 
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Fig. 2-(a) Effect of refluxing time on the conversion of PA in 
presence of zeolite-H~; (b) Effect of refl uxing time on the 
conversion of PA in presence of su lfated zirconia (SZ). 

catalyst may be attributed to an increase in the 
number of active sites (acid sites) available for the 
esterification reaction . In all the reactions, the 
selectivity towards ester formation remains 100% 111 

presence of HB and >96% over sulfated zirconia. 

Effect of reaction time 
The effect of reaction time (refluxing time) on the 

conversion of propionic acid over Hf3 and SZ is 

represented in Fig 2(a) and ' (b) respecti'veiy. ,The 
conversion increases with reaction time over both HB 
and SZ. The optimum reaction time was found to be 6 
h because a maximum conversion of PA has been 
observed in this time period of the reaction. The 
selectivity towards ester formation remains 100% in 
presence of Hf3 and >95% over sulfated zirconia. For 
a 12 h reaction, Hf3 gave a maximum conversion of 
95%, while sulfated zirconia gave 90%. 

Reusability of the catalyst 

In order to know whether the catalysts would 
succumb to poisoning and lose their catalytic activity 
during the esterification reaction, the solid catalysts 
were recovered from the reaction mixture by 
filtration, dried at 120°C and reused as catalysts in the 
reaction between propionic acid with alcohols without 
any reactivation of catalyst. Experiments were 
repeated with Hf3 and SZ and the results showed that 
the catalytic activity was reduced to a small extent, 2 
to 4% in case of Hf3 and 6 to 12% in the case of SZ 
which infers that the recovered HB essentiall y 
retained all its catalytic activity, whereas sulfated 
zirconia showed considerable decrease in catalytic 
activity during the period of its reuse. The decrease in 
the catalytic activity of SZ can be attributed to the 
deactivation of SZ by the water formed during the 
esterification reaction . The water formed during the 
reaction gets adsorbed on the surface of SZ and 
converts some of the strong Lewis acid sties into 
Brbnsted acid sites, which are not catalytically 
active22

. Due to the formation of non-catalytically 
active sites on the surface of 5Z the conversion of 
propionic acid got reduced. 

Conclusions 
From the studies on the esterification of propionic 

acid with various alcohol~ (C1-CS), the following 
conclusions may be drawn . A liquid phase 
esterification reaction in the presence of zeolites (Hf3, 
HZSM5 and HY) and sulfated oxides (sulfated 
alumina, sulfated silica and sulfated zirconia) as 
catalysts, showed excellent activity in the formati on 
of propionate esters with 100% selectivity. However, 
in presence of sulfated zirconia, the selectivity 
towards propionate ester decreased due to the 
formation of ether in small quantities (2-4%) . The 
difference in the catalytic activity of different 
catalysts has been attributed to the acid si te 
concentration. Of all the catalysts used zeolites Hf3. 
HZSM5 and sulfated zirconia exhibited good 
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conversion of propionic acid because of the presence 
of more number of acid sites. It is also noticed that 
zeolite-H~ can be reused as catalyst. 
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