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Abstract

The esterification of propionic acid with n-butanol at 126–1338C in the presence of catalytic quantities of novel
aluminophosphate molecular sieve AP-9 gives the corresponding esterified product in a high yield. The effects of the amount
of catalyst used, reaction time, the molar ratio of alcohol to acid, the amount of cyclohexane used, reaction temperature, the
kinds of catalyst, and the methods of preparing the catalysts, on the synthesis of butyl propionate have been investigated.
The yield of butyl propionate obtained was 85.3% when the reaction conditions employed were as follows: catalyst:
propionic acid: n-butanol: cyclohexanes1.0 g: 1 mol: 1.2 mol: 5.0 ml, at 126–1338C for 5 h. The aluminophosphate
molecular sieve AP-9 can be recovered and reused to give almost the same yield as that given by a fresh aluminophosphate
molecular sieve. q 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Esterification is one of the most important
methods for preparation of carboxylic acid es-
ters. In general, the concentrated sulfuric acid
and some Lewis acids are used to catalyse the
reaction to proceed at a considerable rate. Un-
fortunately, the use of such traditional catalysts
leads to a large number of problems such as loss
of the catalysts, not clean reaction products,
corrosion and disposal of potentially toxic
wastes, etc. However, the use of solid catalysts
w x w x1 and environmentally friendly catalysts 2 in
organic synthesis can avoid many problems, for
example, pollution, waste and corrosion, etc.
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Therefore, a variety of such catalysts have been
w xused in organic reactions such as acylation 3 ,

w x w xesterification 4,5 , and isomerization 6,7 , etc.
H-ZSM-5 zeolite has been widely used as the

w xcatalyst in esterification 4,5 . Although alu-
minophosphate molecular sieves were devel-

w xoped 16 years ago 8 , relatively little attention
has been paid to the use of aluminophosphate
molecular sieves as catalysts in the esterification

w xreactions of carboxylic acids 9 . In this paper, it
will be reported that butyl propionate was syn-
thesized using aluminophosphate molecular
sieve as catalyst, and the effects of the kinds of
catalysts, the methods of preparing the catalysts
and reaction conditions on the esterification of
propionic acid with n-butanol will be also de-
scribed.
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2. Results and discussion

The esterification of propionic acid with n-
butanol was first carried out over various solid
catalysts. The experimental results obtained are
listed in Table 1.

As can be seen from Table 1, the following
order of catalytic activity was observed: AP-9
Ž .an aluminophosphate molecular sieve )

ŽCAZM-1 a complex catalyst consisted mainly
.of aluminophosphate molecular sieve AP-9 ,

H-ZSM-5)H-Mordenite.
It is clear that aluminophosphate molecular

sieve AP-9 was a more effective catalyst for the
reaction than other catalysts. Therefore, AP-9
was selected for further study.

A series of experiments was carried out, in
which the amount of molecular sieve AP-9 was
changed, in order to investigate the effect of the
amount of catalyst used on the reaction and to
know whether a small amount of AP-9 could
catalyse the reaction to a certain extent. The
results obtained are given in Table 2.

The results in Table 2 indicate that even a
very small amount of AP-9 was able to catalyse
the reaction to give a considerable yield of the
esterified product and that the yield of the prod-
uct was greater when the more amounts of
catalyst were used under the same reaction con-
ditions. However, it is no longer remarkable that
the yield of the product increases with increas-
ing the amount of catalyst over 1.0 g AP-9rmol
propionic acid. The amount of catalyst was

Table 1
Comparison of catalytic activities of varinus catalystsa

Catalyst Initial rate of Yield of butyl
bŽ .esterification propionate %

Ž .mol propionic acidr1Ph

AP-9 5.40 85.3
CAZM-1 5.15 82.2
H-ZSM-5 5.06 81.1
H-Mordenite 4.89 78.9

a Propionic acid: n-butanol: catalyst: cyclohexanes1 mol: 1.2
mol: 1.0 g: 5.0 ml, at 124–1338C, for 5 h.

b By quantitative GC unless otherwise stated.

Table 2
Effect of the amount of catalysta

Amount of AP-9 Yield of butyl
bŽ . Ž .grmol propionic acid propionate %

0.2 78.4
0.4 78.7
0.6 80.1
0.8 82.4
1.0 85.0
1.2 85.8

a Propionic acid: n-butanol: cyclohexanes1 mol: 1.2 mol: 5.0
ml, with the catalyst at 126–1338C for 5 h.

b By quantitative GC.

therefore chosen to be 1.0 g per mol of propi-
onic acid.

The effect of the molar ratio of n-butanol to
propionic acid on the reaction was studied next
to see whether an optimum composition of start-
ing reaction mixture could exist. The experi-
mental results are summarized in Table 3.

As the results in Table 3 show, the yield of
the product increased with increasing the molar
ratio of alcohol to acid. This could be because
the esterification reaction of carboxylic acid
with the alcohol is reversible and an increase in
the molar ratio of alcohol to acid leads to
movement of the chemical equilibrium to the
direction of producing the ester. But it is clear
that the tendency for the increase in the yield of
the product is no longer obvious beyond a molar
ratio of 1.2:1. Therefore, the molar ratio of
propionic acid to n-butanol was chosen to be
1:1.2 for more detailed study.

Table 3
Effects of molar ratio of n-butanol to propionic acida

n-Butanolrpropionic Yield of butyl
bŽ . Ž .acid molar ratio propionate %

1.0:1 77.3
1.1:1 79.8
1.15:1 82.9
1.2:1 85.3
1.3:1 85.5
1.4:1 85.7

aCyclohexane: catalyst: propionic acids5.0 ml: 1.0 g: 1 mol,
at 126–1338C for 5 h.

b The yield was determined by GC.
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A series of reactions was conducted at vari-
ous temperatures to investigate the effect of
reaction temperature on the yield of butyl propi-
onate. Table 4 shows the results obtained.

As can be seen from the results in Table 4,
the yield of the butyl propionate was greater at
reflux although the reaction proceeded to a con-
siderable extent at a lower temperature. This
could be both because an increase in reaction
temperature causes the activity of the catalyst to
enhance and because it is easier for the water
produced during esterification reaction to be
separated from the reaction system, leading to a
rise in the yield of the esterified product be-
cause of the esterification being a reversible
reaction as described above. Hence, the temper-
ature of 126–1338C was chosen to investigate
the effect of reaction time. The experimental
results obtained are given in Table 5.

The results listed in Table 5 indicate clearly
that the yield of butyl propionate increased with
increasing reaction time. But the increase rate in
the yield of the product in the initial stages of
the reaction was much greater than that shown
in other stages, and the yield of the product
almost retained constant when the reaction time
was longer than 7.0 h.

Alternatively, the effect of the amount of
cyclohexane used was studied. The results are
shown in Table 6.

From the results in Table 6, it is clear that a
maximum yield of butyl propionate could be
obtained in 5 h when the amount of cyclohex-
ane used was 5.0 ml per mol of propionic acid.

Table 4
Effect of reaction temperaturea

Ž .Temperature 8C Yield of butyl
bŽ .propionate %

115–120 73.7
120–125 76.4
125–130 81.4

Ž .130–133 reflux 85.3

a Propionic acid: n-butanol: catalyst: cyclohexanes1 mol: 1.2
mol: 1.0 g: 5.0 ml, 5 h.

b By quantitative GC.

Table 5
Effect of reaction timea

bŽ . Ž .Reaction time h Yield of butyl propionate %

0.25 13.2
0.5 24.5
0.75 34.0
1.0 42.0
1.5 55.6
2.0 67.2
3.0 75.7
4.0 78.8
5.0 80.9
6.0 83.8
7.0 85.0
8.0 85.4

a Propionic acid: n-butanol: catalyst: cyclohexanes1 mol: 1.2
mol: 1.0 g: 5.0 ml, at 125–1308C.

b By quantitative GC.

Although the reflux temperature of the reaction
system could be raised in the presence of less
amounts of cyclohexane, control of the reaction
temperature was difficult, sometimes being over
1408C. Finally, a low yield of product was
obtained because of formation of some by-prod-
ucts. However, addition of greater quantities of
cyclohexane also led to a decrease in the yield
of product due to a decrease in the reflux tem-
perature of the reaction system. Therefore, the
appropriate amount of cyclohexane used was
5.0 ml per mol of propionic acid.

In order to know whether molecular sieve
AP-9 could be reused to catalyse the esterifica-
tion reaction, a sample of the solid was recov-

Table 6
Effect of the amount of cyclohexane useda

Ž .Amount of Temperature 8C Yield
Žcyclohexane mlrmol of butyl

b. Ž .propionic acid propionate %

0 128–140 79.1
2.5 128–135 79.4
5.0 126–133 85.2
7.5 122–129 82.9

10.0 121–129 80.5

a Propionic acid: n-butanol: catalysts1 mol: 1.2 mol: 1.0 g,
for 5 h.

b By quantitative GC.
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Table 7
Investigation of reuse of molecular sieve AP-9 for the reactiona

Number of previous Yield of butyl
bŽ .use of the propionate %

molecular sieve

Ž .0 fresh 85.3
1 80.7
2 79.8
3 79.7

a Propionic acid: n-butanol: catalyst: cyclohexanes1 mol: 1.2
Ž .mol: 1.0 g fresh : 5.0 ml, at 126–1338C for 5 h.

b The yield was determined by GC.

ered by filtration after the reaction and it was
then reused in an identical reaction of propionic
acid with n-butanol without regeneration. The
process was repeated twice. The experimental
results obtained are given in Table 7.

The results listed in Table 7 show that the
unregenerated molecular sieve AP-9 essentially
retained its catalytic activity during the period
of its reuse. A little decrease in the yield of
product could be due to more or less loss of the
catalyst during filtration and due to no addition
of any fresh catalyst to keep an identical amount
of the catalyst used, i.e., 1.0 grmol propionic
acid. Therefore, it could be concluded that
molecular sieve AP-9 possesses good activity
stability for the reaction studied.

A series of experiments was carried out to
see whether the reaction was general. Table 8
summarizes the results obtained from the reac-
tions of propionic acid with various alcohols
under the same conditions except for tempera-
ture.

Table 8
Reactions of propionic acid with various alcoholsa

bŽ . Ž .Alcohol Reflux temperature 8C Yield of product %

Propanol 106–110 79.9
i-Propanol 90–97 54.4
Butanol 126–133 85.3
i-Butanol 99–110 70.0
Pentanol 130–144 86.3

a Propionic acid: alcohol: catalyst: cyclohexanes1 mol: 1.2
mol: 1.0 g: 5.0 ml, at reflux temperature for 5 h.

b By quantitative GC.

As can be seen from Table 8, for the reaction
of propionic acid with normal alcohol, the yield
of the corresponding ester increased with an
increase in the number of carbon atom of the
alcohol, probably due to an increase in the
boiling point of the corresponding ester. On the
other hand, for the reactions of propionic acid
with the alcohols having the same number of
carbon atom, the yield of the corresponding
ester formed with normal alcohol was always
higher than that formed with non-normal alco-
hol, presumably due to steric hindrance.

It was of great interest to know whether the
temperature of calcining the molecular sieve
could affect the activity of the catalyst prepared.
A series of experiments was therefore carried
out using the molecular sieves obtained under
different calcination temperatures as catalysts.
The results are listed in Table 9.

The results in Table 9 indicate clearly that
the use of the molecular sieve calcined at 5508C
gave a maximum yield of butyl propionate,
probably due to the appropriate acid sites pro-
duced at such calcination temperature. The
molecular sieve calcined at 6508C gave a lower
yield of butyl propionate, which could be at-
tributed to dehydration on the surface of the
molecular sieve, leading to transformation of
Brønsted acid sites into Lewis acid sites. The
molecular sieves calcined at 4508C and 3508C,
respectively, also gave lower yields of butyl
propionate, presumably due to the formation of
weaker Brønsted acid sites.

Table 9
Effect of calcination temperature of molecular sievea

bŽ . Ž .Calcination temperature 8C Yield of butyl propionate %

Ž .350 6 h 72.8
Ž . Ž .350 6 h , 450 2 h 78.6
Ž . Ž .350 6 h , 550 2 h 84.2
Ž . Ž .350 6 h , 650 2 h 79.8

a Propionic acid: n-butanol: catalyst: cyclohexanes1 mol: 1.2
mol: 1.0 g: 5.0 ml, at 126–1338C, for 5 h.

b The yield was determined by GC.
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3. Conclusions

Molecular sieve AP-9 is an effective catalyst
for the esterification of propionic acid with
n-butanol under modest conditions. The calcina-
tion temperature of the molecular sieve affects
its catalytic activity. The molecular sieve can be
recovered to reuse without regeneration, which
renders the process economically attractive. H-
ZSM-5 zeolite is also an effective catalyst but
gave a slightly lower yield of the esterified
product than molecular sieve AP-9 under the
same conditions for the reaction of propionic
acid with n-butanol.

4. Experimental

All reagents were chemically pure.
Novel aluminophosphate molecular sieve

AP-9 was synthesized by hydrothermal proce-
dure using ethylenediamine as a templating
agent. The products were characterized by pow-

Ž .der X-ray diffraction XRD , thermal analysis
Ž .TGrDTA , chemical analysis and adsorption,
etc. The catalyst was prepared by a series of
treatments, which mainly included mixing AP-9
with a certain amount of binder, crashing, siev-
ing and calcining, etc.

All reactions were carried out in a reactor
equipped with thermometer and reflux con-
denser. The catalyst was added to a mixture of
propionic acid, n-butanol and cyclohexane, and
the mixture was heated at a given temperature
for several hours. The solid catalyst was filtered
off, and washed with some solvent. The filtrate
and washings were combined. The resulting
mixture was analysed by GC in order to deter-
mine the yield of the esterified product, or was
evaporated on a rotary evaporator, and the
residue was distilled to give colourless liquid,

Žbutyl propionate, b. p. 145–1468C literature
w x .10 , 145.58C .

IR spectra were recorded on a Perkin-Elmer
783 Fourier Transform instrument.

Most reactions were carried out under reflux,
which might have allowed some loss of water or
reactants, and the reaction system was not a
closed system. Almost all experiments were
conducted 5 h within which the reactions had
not reached stationary conversion as can be
known from the investigation on the effect of
reaction time on the yields of ester. Therefore,
the yields of the ester obtained did not represent
the equilibrium concentration of the ester ex-
pected in a closed system.

The reaction rate measurements were made
by determining the concentration of propionic
acid at different reaction periods with chemical
analysis, and then by drawing the concentration

Ž . Ž .of propionic acid C vs. reaction time t .A

Thus, the reaction rate is equal to ydC rd t.A
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