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Abstract. The transesterification of methyl salicylate with phenol has been studied in vapour phase
over solid acid catalysts such as ZrO2, MoO3 and SO24– or Mo(VI) ions modified zirconia. The catalytic
materials were prepared and characterized for their total surface acidity, BET surface area and powder
XRD patterns. The effect of mole-ratio of the reactants, catalyst bed temperature, catalyst weight, flowrate of reactants, WHSV and time-on-stream on the conversion (%) of phenol and selectivity (%) of salol
has been investigated. A good yield (up to 70%) of salol with 90% selectivity was observed when the reactions were carried out at a catalyst bed temperature of 200°C and flow-rate of 10 mL/h in presence of
Mo(VI)/ZrO2 as catalyst. The results have been interpreted based on the variation of acidic properties and
powder XRD phases of zirconia on incorporation of SO24– or Mo(VI) ions. The effect of poisoning of acid
sites of SO 24– or Mo(VI) ions modified zirconia on total surface acidity, powder XRD phases and catalytic
activity was also studied. Possible reaction mechanisms for the formation of salol and diphenyl ether over
acid sites are proposed.
Keywords. Salol; solid acids; diphenyl ether; zirconia; vapour phase transesterification.

1.

Introduction

Solid acids are safe alternatives for conventional
liquid acid catalysts used in synthetic organic chemistry in petroleum refineries, synthesis of fine
chemicals, pharmaceuticals, etc.1 Due to the environmental hazards and technical difficulties associated with the use of liquid acids, extensive research
is in progress to phase out these catalysts from
chemical industry. Solid acids like zeolites, cation
exchange resins, oxides and their modified forms
and AlPOs have been used successfully as catalysts
for several acid-catalysed reactions such as isomerisation, catalytic cracking, oligomerisation, dehydration, acylation, etc.2–6
Transesterification is an industrially important
acid-catalysed reaction with wide range of applications.7–9 It is worthwhile to explore the possibility of
finding a suitable environmentally benign solid catalyst for this reaction considering the fact that the existing procedures require expensive or corrosive
acids and solvents which cannot be reused due to
tedious methods of isolation.10
*For correspondence

Salicylate esters are an important group of esters
used in perfumery, flavouring, sun tan preparations
and sweeteners.11 Phenyl salicylate ester (Salol),
which has got a pleasant taste and odour, is used in
sun-tan lotions, as an antiseptic, anodyne and painrelieving agent.11 It is obtained by esterification of
salicylic acid with phenol.12 As the solubility of
salicylic acid in phenol is very low, this method
requires the use of the latter in higher molar ratios.
Hence, the method of transesterification of methyl
salicylate with phenol is employed wherein the reactants, being mutually soluble in one another, can be
mixed in different molar ratios. Also, the solid acid
catalysts that have been chosen for this work are
known to possess moisture-sensitive active centers,
which get poisoned by water molecules produced
during the direct esterification reaction between
alcohol and the acid.13 Thus, the anhydrous condition prevalent in transesterification of methyl salicylate with isoamyl alcohol is an added advantage.
Transesterification is an equilibrium-driven reaction.
Hence, vapour-phase conditions of the experiment
are better suited than liquid phase reaction conditions. In a vapour-phase reaction, the products of the
reaction are not in contact with the catalysts during
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form a paste which was then dried in an air oven
at 120°C for 12 h.
• Mo(VI)/ZrO2 (MZ) containing 2% of Mo(VI)
was prepared by wet impregnating 3 g of hydrated
zirconia with 0⋅2 g of (NH4)6Mo7O24⋅4H2O. The
resulting wet mixture of the Mo(VI) salt and
hydrated zirconia was dried at 120°C for 12 h.20

the entire reaction period, thereby preventing backward reaction.
ZrO2 is an interesting catalytic material and can
be prepared in many ways in various modifications.
It possesses acidic, basic, oxidizing and reducing
properties on the surface and these four properties
including phase modifications (monoclinic or
tetragonal) change independently with the method of
preparation and heat treatment.14,15 The acid–base
properties of zirconia can be modified by the addition of anionic or cationic substances. Generally, it
has been observed that the acidic properties of the
modified forms of ZrO2 will be higher than ZrO2
itself.17 It has been reported that when zirconia is
modified with SO42– or Mo(VI) or W(VI) ions, their
acidic properties increase drastically.16–18
The present paper contains the results of studies
on vapour phase transesterification of methyl salicylate with phenol in the presence of solid acids such
as ZrO2, MoO3, SO24–/ZrO2 and Mo(VI)/ZrO2 as
catalysts. The catalytic activity of these materials
has been studied in the synthesis of salol by transesterification method. The reaction conditions have
been optimized by varying the reaction parameters
such as, mole-ratio of the reactants, catalyst bed
temperature, catalyst weight, flow-rate of reactants,
WHSV and time-on-stream.

All the catalysts were analyzed for their total surface
acidity, BET surface area, and powder XRD. The
total surface acidity was measured by NH3-TPD
method by using AutoChem-2910 instrument and
also by n-butyl amine back titration method using
dry benzene as the solvent and bromothymol blue
indicator.21 The BET surface area of the samples
was determined using nitrogen as the adsorbent in a
NOVA-1000 high speed gas sorption analyzer version-3.70. The X-ray powder diffraction patterns of
all the samples were collected on Seimens-D5005
X-ray diffractometer with a Ni filtered Cu-Kα radiation (1⋅5418 Å).

2.

2.3 Catalytic activity

2.1

Experimental
Preparation of catalysts

(a) Hydrated zirconia was obtained by the precipitation method as follows. 25 g of ZrOCl2⋅8H2O were
dissolved in 250 mL deionised water. To this clear
solution liquor ammonia (28%) was added dropwise from a burette with constant stirring. Thus
obtained precipitate of Zr(OH)4 was washed thoroughly to remove the soluble ions and dried in an air
oven at 120°C for 12 h.
(b) Molybdenum oxide (MoO3) was prepared by
mixing well 2 g of ammonium hepta molybdate
[(NH4)6 Mo7O24⋅4H2O] with 2 mL distilled water
followed by drying the resulting paste in an oven at
120°C for 12 h.
(c) Sulfate ion and Mo(VI) modified zirconia
were prepared as follows:
• Sulfated zirconia (SZ) was obtained by impregnating 3 g of hydrated zirconia with 1⋅5 mL of
3M H2SO4. The mixture was thoroughly mixed to

The hydrated zirconia and its SO24– and Mo(VI) ions
modified forms were calcined to 550°C for 5 h in a
muffle furnace before their use as catalysts.
2.2 Catalyst characterization

Catalytic activity of the catalyst samples was determined in vapour phase transesterification of methyl
salicylate with phenol. The reactions were carried
out in a fixed bed continuous down flow glass tube
reactor (i.d. 30 mm) heated by tubular furnace with
a temperature control. In a typical reaction, 1⋅0 g of
the catalyst (mesh 18–30) pre-calcined at 550°C was
placed over glass wool in the reactor maintained at
200°C. The reaction mixture containing methyl salicylate and phenol in 1 : 1 molar ratio was introduced
into the pre-heater maintained at 250°C by means of
an infusion pump before passing over the catalyst.
The reaction mixture was fed into the reactor using a
flow-rate controller. The liquid products were collected at the bottom of the reactor at time intervals
of 15 min. Each reaction was carried out for 1 h.
Further studies on the effect of mole-ratio of the
reactants, catalyst bed temperature, catalyst weight,
flow-rate of the reactants, WHSV and time-onstream on the conversion (%) of phenol and selectivity towards salol was studied.
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Table 1. Physico-chemical properties of solid acids used.
Acidity distribution obtained by NH3-TPD (mmol/g)
Catalyst

BET surface
area (m2/g)

ZrO2
MoO3
SZ
MZ
SZ (poisoned)
MZ (poisoned)

71
79
149
116
146
113

Medium
(150–250°C)
0⋅40
0⋅46
–
0⋅09
–
0⋅03

Strong
Very strong
(250–410°C) (>410°C)
–
0⋅05
0⋅89
0⋅91
0⋅26
0⋅29

–
–
0⋅26
–
0⋅09
–

Total
0⋅40 (0⋅44)
0⋅51 (0⋅53)
1⋅15 (1⋅09)
1⋅00 (1⋅01)
0⋅35 (0⋅36)
0⋅32 (0⋅30)

Numbers in the parenthesis correspond to the total surface acidity values obtained by
n-butyl amine back titration method

The products obtained after the reactions were
analysed quantitatively by gas chromatograph fitted
with a (10% SE-30 chromosorb w-AW, 3 m × 1/8″)
column coupled with FID detector and qualitatively
by GC-MS (Varian).
3.

Results and discussion

3.1 Catalyst characterization
The values of BET surface area and total surface
acidity along with acid site distribution of all the
catalysts used in this investigation are presented in
table 1.
The total acidity of the catalysts measured both by
NH3-TPD and n-butylamine titration method was
found to follow the order:
ZrO2 < MoO3 < MZ ≤ SZ.
ZrO2 being an amphoteric oxide showed least acidity
where as SO24–/ZrO2 (SZ) and Mo(VI)/ZrO2 (MZ)
showed higher surface acidity when compared with
pure zirconia. When SO24– ions are doped on hydrated
ZrO2 the basic sites are expected to be suppressed.
This effect indirectly increases the number of acidic
sites which are known to be responsible for their
enhanced catalytic activity.15 Mo(VI)/ZrO2 catalyst
was found to have higher surface acidity than pure
zirconia due to electron deficient states formed by
the introduction of Mo(VI) ions in the lattice of zirconia solid.22 Chary et al23 has reported that increase
in the acidity of MZ is due to molybdena phase. Further, it is well-established that in NH3-TPD measurement, based on the temperature at which NH3
molecules desorb from the surface of a solid acid
catalyst, the strength of acid sites can be classified

as ‘medium’, ‘strong’ and ‘very strong’. It has also
been reported that pure ZrO2 contains ‘medium’
acidic sites, SO24–/ZrO2 contains ‘strong’ and ‘very
strong’ acidic sites and Mo(VI)/ZrO2 contains ‘medium’ and ‘strong’ acidic sites.23,24
The specific surface area of SO24–/ZrO2 and
Mo(VI)/ZrO2 was significantly higher than that of
pure ZrO2. According to Arata16, higher surface area
of SO42–/ZrO2 was found to be due to the cracking of
ZrO2 crystallites into fine particles upon treatment
with sulfate ions. Whereas in the case of Mo(VI)/
ZrO2 sample the observed increase in the specific
surface area was explained based on the formation
of Mo–O–Zr linkages resulting a porous material.25
Typical powder X-ray diffractograms of pure ZrO2,
sulfate and Mo(VI) modified zirconia are presented
in figure 1. The powder XRD patterns of pure ZrO2
showed the presence of both monoclinic (2θ = 24⋅7,
28⋅4, 31⋅6) and tetragonal phases (2θ = 30⋅3, 35⋅3,
50⋅7). When the powder XRD patterns of pure ZrO2
and its sulfate and Mo(VI) ions modified forms were
compared, the modified forms consists of more of
tetragonal phase than monoclinic. This was attributed to the strong interaction of sulfate and Mo(VI)
ions with zirconia support inhibiting the growth of
monoclinic phase of zirconia.22 No peaks corresponding to either MoO3 or ZrMo2O8 in Mo(VI)/ZrO2
sample were observed.
It is interesting to note that there is a good correlation between the increases in surface acidity of
ZrO2 on incorporation with sulfate or Mo(VI) ions
and a decrease in the monoclinic phase with the
similar modification with a corresponding increase
in the tetragonal phase (figure 1). These observations indicate that the tetragonal phase of zirconia is
associated with acid sites that are catalytically active
in bringing about the transesterification of methyl
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salicylate and phenol. In order to confirm the relation between surface acidity, powder XRD phases
and catalytic activity of ZrO2 and its modified forms,
the following studies on poisoning of acid sites on
SZ and MZ were taken up.
At the first instance, when total surface acidity
and powder XRD phases of calcined pure ZrO2 are
compared with that of calcined SZ and MZ, the surface acidity values of latter are higher than pure
ZrO2 and the powder XRD phases of SZ and MZ
have more of tetragonal phase than monoclinic phase.
In order to evaluate this, the acidic sites on calcined
SZ and MZ were poisoned by exposing them to NH3
vapours for ~15 min and heating it to 120°C for 2 h
in an air oven. By this time all the acid sites on the
surface of the catalyst get neutralized by NH3.
The total surface acidity of these poisoned SZ and
MZ samples were measured and their powder XRD
patterns were recorded. It was observed that the total
surface acidity of the poisoned SZ and MZ was decreased to an extent that it was slightly less than the
total surface acidity of pure ZrO2. This suggests that
the acidic sites arising due to only ZrO2 were also

Figure 1. Powder XRD patterns of ZrO2 (Z), SO24–/ZrO2
(SZ) and Mo(VI)/ZrO2 (MZ) samples calcined at 823 K:
M-monoclinic ZrO2 and T-tetragonal ZrO2.

neutralized by NH3 to a certain extent in addition to
the acidic sites formed due to modification of ZrO2
with SO24– or Mo(VI) ions. It is interesting to note
that the powder XRD of poisoned SZ and MZ resembled to those of pure ZrO2 i.e. former samples
had got more of monoclinic phase than tetragonal
phase (figure 2). When the intensities of powder
XRD lines corresponding to monoclinic phases of
poisoned SZ and MZ were compared with that of
pure ZrO2, poisoned SZ and MZ had more intense
powder XRD lines corresponding to monoclinic phase
than tetragonal. But, however not much change in
the BET surface area of poisoned SZ and MZ and
the unpoisoned ones were observed which indicates
that poisoning of acid sites does not affect surface
area. Poisoning only neutralizes the acid sites without affecting the surface area of catalytic materials.
3.2

Catalytic activity

In general, it was found that all the catalysts used for
the study exhibited good catalytic activity in trans-

Figure 2. Powder X-ray diffraction patterns of ZrO2
(Z), poisoned-SO24–/ZrO2 (SZ poisoned) and poisonedMo(VI)/ZrO2 (MZ poisoned) samples: M, monoclinic
ZrO2 and T, tetragonal ZrO2.
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Table 2. Comparative catalytic activity of various catalysts in vapour phase transesterification (molar ratio of methyl salicylate: phenol = 1 : 1; amount of catalyst = 1⋅0 g; flow-rate
of reactants = 10 mL/h; catalyst bed temperature = 200°C).
Catalysts
ZrO2
MoO3
SZ
MZ
SZ (poisoned)
MZ (poisoned)

Yield of
salol

Conversion
of phenol (%)

39⋅06
41⋅86
59⋅04
63⋅00
36⋅66
37⋅60

42
46
72
70
39
40

esterification of methyl salicylate with phenol.
However, there was no activity towards transesterification when the reaction was conducted in the
absence of any catalyst indicating that the above
said reaction is a catalysed reaction.
The results pertaining to the catalytic activity of
the catalysts ZrO2, MoO3, SZ and MZ investigated
in vapour phase transesterification of methyl salicylate with phenol for the synthesis of salol are presented in table 2. It was observed that apart from the
desired product salol and primary by-product methanol, diphenyl ether was also formed as the sideproduct over all the catalysts. The high reaction
temperatures may facilitate the dehydration of phenol and hence favour the ether formation. But over
SZ catalyst the formation of diphenyl ether was
more which may be attributed to the presence of
very strong acidic sites which facilitate the dehydration of phenol and formation of diphenyl ether that
is found to be absent in ZrO2, MoO3 and MZ. Optimization of reaction conditions was carried out in
presence of Mo(VI)/ZrO2 catalyst because it showed
good conversion (%) of phenol with reasonably
good selectivity towards salol.
3.2a Effect of mole-ratio of the reactants: The
mole-ratio of the feed mixture (methyl salicylate:
phenol) was varied from 2 : 1 to 1 : 2. It was observed that an increase in the concentration of methyl
salicylate (MS) increases the conversion of phenol
(figure 3). Since, transesterification is a reversible
reaction; excess of MS favours the forward reaction,
leading to formation of the desired product. However, increase in the concentration of phenol
decreased the formation of salol with a slight increase in the formation of diphenyl ether. This may
be because excess of phenol favours the formation
of diphenyl ether. Further, it was also observed that
in the presence of excess of phenol catalyst was getting deactivated.

Selectivity
towards salol (%)
93
91
82
90
94
94

Selectivity towards
diphenyl ether (%)
6
8
18
10
5
4

Figure 3. Effect of mole-ratio of the reactants on the
phenol conversion (%) and selectivity of the products
(%). (Amount of the catalyst (MZ) = 1.0 g; flow-rate of
the reactants = 10 mL/h; catalyst bed temperature =
200°C; pre-heater temperature = 250°C.)

3.2b Effect of catalyst bed temperature: Suitable
temperature conditions for transesterification reaction was determined by varying catalyst bed temperature between 150°C and 300°C keeping the preheater temperature fixed at 250°C. As can be seen in
figure 4, at temperatures less than 200°C, the formation of diphenyl ether was less. Further, at this temperature, the conversion of phenol was also low. When
the catalyst bed temperature was higher than 200°C,
the temperature was found to be too high because
the selectivity towards salol was decreased (from 10
to 14%) and the side-product (diphenyl ether) formation was high. Traces of other impurities were
also formed at higher catalyst bed temperature and
by noticing the colour of the catalyst we can say that
the catalyst was getting deactivated might be due to
the polymerization of reactants or the products.
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Therefore, a catalyst bed temperature of 200°C was
found to be suitable for reasonable conversion of
phenol with good selectivity towards salol.
3.2c Effect of catalyst weight: The catalysts calcined to 550°C were used in the transesterification
reaction in amounts ranging from 0⋅1 g to 2⋅0 g and

Figure 4. Effect of catalyst bed temperature on the
phenol conversion (%) and selectivity of the products
(%). (Molar ratio of the reactants = 1 : 1; amount of the
catalyst (MZ) = 1⋅0 g; flow-rate of the reactants =
10 mL/h; pre-heater temperature = 250°C.)

Figure 5. Effect of catalyst weight on the phenol conversion (%) and selectivity of the products (%). (Molar
ratio of the reactants = 1 : 1; catalyst bed temperature =
200°C; flow-rate of the reactants = 10 mL/h; pre-heater
temperature = 250°C.)

the results are presented in figure 5. When the amount
of catalyst was less than 1⋅0 g, conversion of phenol
was less. As the amount of catalyst was increased
beyond 1⋅0 g, the conversion of phenol increased
and the selectivity towards salol decreased with an
increase in the formation of diphenyl ether. This
may be because, as the thickness of the catalyst-bed
increases, the product molecules may get trapped
within the catalyst layer leading to side-product
formation. Decrease in the selectivity of salol at
higher catalyst weights may also be to a certain
extent due to back-pressure generated due to fine
powder form of the catalyst.
3.2d Effect of flow-rate (feed-rate) of reactants:
The transesterification reaction was studied at different flow-rates between 2⋅5 mL/h to 12⋅5 mL/h.
From figure 6, it is clear that the conversion of phenol decreases with increasing flow-rate of the reactants. However, at higher flow-rates selectivity of
salol was found to increase with a decrease in the
selectivity of diphenyl ether. This may be attributed
to the higher contact time of reactant and product
molecules on the catalyst when the flow-rate is less.
A higher contact time could probably result in further reaction of reaction intermediates or products
leading to the formation of side-products.
3.2e Effect of WHSV: Weight hourly space velocity
(WHSV) was varied from 11 to 43 g-cat.h.mol–1 by

Figure 6. Effect of flow-rate on the phenol conversion
(%) and selectivity of the products (%). (Molar ratio of
the reactants = 1 : 1; amount of the catalyst (MZ) = 1⋅0 g;
catalyst bed temperature = 200°C; pre-heater temperature = 250°C.)

Vapour phase synthesis of salol over solid acids via transesterification

keeping mole-ratio and reaction temperature constant (figure 7). With increasing WHSV there is an
increase in the conversion, which is due to the increased residence time (contact time) of the reactants with the catalyst. However, selectivity towards
salol decreased with increase in WHSV. This may
be due to the higher contact time which leads to fur-

Figure 7. Effect of WHSV on the phenol conversion
(%) and selectivity of the products (%). (Molar ratio of
the reactants = 1 : 1; amount of the catalyst (MZ) = 1⋅0 g;
catalyst bed temperature = 200°C; pre-heater temperature = 250°C.)
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ther reaction of reactants or reaction intermediates
or products to produce more side-products.
3.2f Effect of time-on-stream: The time-on-stream
experiments were carried over MZ catalyst at a catalyst bed temperature of 200°C and the results are
represented in the form of a graph (figure 8). The
conversion of phenol stays fairly steady up to 4 h
but then decreases gradually up to 8 h. The selectivity of salol or diphenyl ether remained rather steady
throughout the time-on-stream experiment.
3.2g Effect of poisoning of acid sites of SZ and MZ
catalysts on catalytic activity: As discussed in the
section ‘catalyst characterization’ under ‘results and
discussion’ the acid sites of SZ and MZ catalysts
were poisoned by NH3 vapours. It was observed that
total surface acidity and powder XRD phases of zirconia and its modified forms are related to each
other. In order to support this further, the poisoned
catalysts were used in the title reaction and the
results are included in table 2. The decrease in the
values of conversion (%) of phenol can be attributed
to the loss of acidic sites of SZ and MZ on poisoning. Hence, we can infer that the total surface acidity, powder XRD phases and the catalytic activity of
zirconia and modified zirconia are linked with each
other.
3.3 Mechanism for salol formation over an acid site
Transesterification takes palace between methyl
salicylate adsorbed on the acid site of catalyst forming an electrophile, and phenol in the vapour phase
(scheme 1) forming salol with subsequent removal
of a molecule of methanol.
3.4 Mechanism for ether formation over an
acid site
Formation of diphenyl ether from phenol via dehydration involves interaction between an acid site on
the catalyst surface and a molecule of phenol followed by nucleophilic attack from a second phenol
molecule and subsequent removal of a water molecule (scheme 2).

Figure 8. Effect of time-on-stream on the phenol conversion (%) and selectivity of the products (%). (Molar
ratio of the reactants = 1 : 1; amount of the catalyst
(MZ) = 1⋅0 g; flow-rate of the reactants = 10 mL/h; catalyst bed temperature = 200°C; pre-heater temperature = 250°C.)

4.

Conclusions

Phenyl salicylate (salol) can be conveniently synthesized by vapour phase transesterification of methyl
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Scheme 1. Mechanism for salol formation over an acid site.

Scheme 2. Mechanism for ether formation over an acid site.

salicylate with phenol using ZrO2, MoO3, SO24–/ZrO2
and Mo(VI)/ZrO2 as catalysts. Among all the catalysts, Mo(VI)/ZrO2 showed good conversion (%) of
phenol with reasonably good selectivity towards
salol. Although, ZrO2 and MoO3 showed good selectivity towards salol but their conversion (%) of phenol is poor. Over SO24–/ZrO2 catalyst even though the
conversion (%) of phenol is high the selectivity
towards salol decreased due to the formation of
more diphenyl ether. Catalyst bed temperature of
200°C with flow-rate of reactant mixture at 10 mL/h
with 1⋅0 g of catalyst was found to be the optimal
reaction condition to get good yield of salol with
high selectivity. A linear correlation between the

total surface acidity, powder XRD phases and the
catalytic activity of the catalysts was observed.
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