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Esterification by solid acid catalysts—a comparison
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Abstract

The esterification of triethylene glycol (TEG) with methacrylic acid (MAA) was carried out over various solid acid catalysts and the results
were compared with conventional acid catalysts. Among the catalysts studied, heteropolyacids showed higher activities than the conventional
acids. These were attributed to the acidity of the catalysts. A systematic investigation was carried out for the esterification of triethylene glycol
with methacrylic acid over phosphotungstic acid without any free radical inhibitor. The effects of catalyst concentration, alcohol/acid molar
ratio and temperature were also studied. Parameters such as activation energy, reaction enthalpy and reaction entropy were derived for the
above reaction over phosphotungstic acid in the temperature range of 353–383 K. The obtained results were also compared with silicotungstic
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. Introduction

The drive to develop green processes has led to the de-
elopment of solid acid catalysts to a significant increase
n research activities both in academic and industrial sec-
ions. These materials can replace the corrosive liquid acids
urrently used in many industries. A variety of materials
ave been used as solid acid catalysts such as clays, zeo-

ites, sulfated metal oxides, heteropolyacids, etc.[1,2]. Each
f these materials offers unique properties that can influence

he catalytic activity. Among these solid acids, heteropoly
ompounds are unique in the sense, they can be tuned at
tomic/molecular level to exhibit a wide variation on proper-

ies like acidity and redox behavior[3–5]. They behave like
ineral acids having the protons in protected environments
nd exhibit Brønsted acidity, which of several orders of mag-
itude higher in strength than that of conventional mineral
cids[6].

In the recent years, heteropoly compounds with Keggin
tructures have received much attention as solid acid cata-

lysts for both homogeneous and heterogeneous reaction
to their high acid strength and high thermal stability[7–17].
Augustine et al. utilized heteropoly compounds as ancho
agents to heterogenize the homogeneous catalysts[18–20].
The protons in the secondary structure of the heteropoly
can be easily exchanged, completely or partially, with di
ent cations without affecting the primary Keggin struct
These materials exhibit the so called pseudoliquid phas
havior, where polar molecules like water, alcohols, am
enter into the bulk, expanding or contracting the distanc
tween the Keggin anions in the crystal lattice, while nonp
molecules such as hydrocarbons just adsorb on the su
with out entering the bulk[21]. This is because the proto
present in the heteropolyacid form hydrogen bonds with
water present in the crystal structure and exist as guarde
tons, H3O+ or H2O5

+ [22]. The water molecules can be
placed by incoming polar molecules and thus get proton
stiochiometrically. The isolated protons in heteropolya
are delocalized in individual polyanions as well as neigh
ing polyanions at 103 to 106 times faster than the transform
tion of the organic molecules[23]. This delocalization is a
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unique property of heteropolyacids. In the case of zeolites,
the acidic protons are bound in the proximity of AlO Si
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sites. In pseudoliquid phase of heteropoly compounds the
polar molecules protonate stoichiometrically or higher than
the protons, depending on the nature of the molecule (for in-
stance 3 in the case of CH3OH and 6 in the case of pyridine
molecules)[24].

Multifunctional methacrylates are industrially important
monomers for anaerobic adhesives[25], diluent monomer
in dental composites[26,27], thread lockers, sealants and
components for making soft contact lenses[28]. These mul-
tifunctional methacrylates are currently produced by the di-
rect esterification of glycols with methacrylic acid using con-
ventional acids as catalysts such as sulfuric acid and boron
trifluride etherate[29]. These processes utilize free radical
inhibitors such as hydroquinone, hydroxy toluene, butylated
hydroxy aniline, etc., in order to avoid the undesirable cross-
linking of the vinyl groups. The process requires minimum
reaction time of 24 h to obtain 80% yield and the product
separation requires tedious work up procedures. To over-
come these difficulties in the preparation of multifunctional
methacrylates, heteropoly acids have been employed as cat-
alysts[30].

In the present study, esterification of various diols with
methacrylic acid was carried out over phosphotungstic acid.
The effects of molar ratio, catalyst concentration and tem-
perature were studied for the formation of triethylene glycol
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monochromatized Cu K� radiation (λ = 1.5406Å) with a
scan speed of 1◦/min in the range 5 < 2θ < 70. Thermal
analyses of the samples were recorded with thermal ana-
lyzer (Perkin-Elmer TGA 7) at a heating rate of 20◦C/min.
UV–vis spectra were recorded with Perkin–Elmer Lambda 17
UV–vis spectrophotometer. Infrared spectra were recorded
with Perkin-Elmer 1760 in the region 4000–400 cm−1. Pow-
der samples were ground with KBr in 1:20 ratio and pressed
(5 t/cm2) for making the pellets.1H-NMR spectra were
recorded with JEOL GSX 400. The products were ana-
lyzed using gas chromatography (Nucon 5600, FID, SE 30
column).

2.3. Esterification studies

The esterification of methacrylic acid was carried out
with various diols (EG, DEG, TEG and PEG) in a three-
necked 100 ml flask equipped with a Dean-Stark trap, ther-
mometer and a magnetic stirrer. The temperature was main-
tained with an oil bath. When the mixture in the flask
reached a temperature about 10◦C lower than the desired
temperature, the catalyst was added quickly. After the ad-
dition of catalyst, 1 ml of aliquot was withdrawn immedi-
ately and the reaction was arrested by adding 20 ml cold
water and titrated with∼0.1 M standard sodium hydrox-
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imethacrylate. A detailed kinetic study was also carried
or the esterification of triethylene glycol with methacry
cid over phosphotungstic acid. Various parameters
s activation energy, reaction enthalpy and reaction en
ere calculated for the formation of ester. The results

ained are compared with those obtained for silicotun
cid.

. Experimental

.1. Preparation of catalysts

Phosphotungstic acid and silicotungstic acid were
ared by the known procedures[31]. The various reagen
sed for the preparation of catalysts were Na2WO4·2H2O
SRL), Na2HPO4·2H2O (Merk) and sodium silicate sol
ion (water glass) (BDH). The prepared heteropolyacids
urified by extracting with diethyl ether and recrystalli

rom water. Heteropolyacids were calcined at 548 K for
efore use. Sulfuric acid (Fischer),p-toluene sulfonic aci
Thomas Baker) and amberlyst-15 (Fluka) were used a
eived. Ethylene glycol, diethylene glycol, triethylene g
ol and polyethylene glycol 400 were vacuum distilled
richloroethylene (TCE) (SRL) and methacrylic acid w
sed as received.

.2. Characterization of catalysts

The X-ray diffraction patterns of the catalysts w
ecorded using Rigaku miniflex X-ray difractometer us
de solution using phenolphthalein as indicator. For a
cal reaction 82.5 mmol of TEG, 171 mmol of MAA a
5.8 mmol of trichloroethylene were employed. The re

ion was carried out at 368 K for 5 h. The water form
n the reaction was removed by azeotropic distillation w
he solvent TCE and the solvent was revert back to
eaction vessel. The formation of ester was monitore
R spectroscopy as well as with gas chromatography
he physico-chemical properties of the product was c
ared with the ester prepared by conventional method[32].
or the equilibrium constant measurements, the rea
as carried out for 15–20 h and the acid concentra
as monitored periodically. The products were further c
rmed by1H and13C NMR analyses. For comparison,
ame reaction was carried out on various acid cata
uch as amberlyst-15, sulfuric acid andp-toluene sulfonic
cid.

. Results and discussion

.1. Esterification of methacrylic acid

The kinetics of esterification of methacrylic acid o
hosphotungstic acid was carried out with various diols

he results are shown inFig. 1. As the chain length of th
iol increases from ethylene glycol to polyethylene gly

he rate of formation of ester is found to decrease[33]. This
ay be due to the fact that the larger molecules cannot
trate into the bulk and can interact only with the surfac

he heteropolyacid.
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Fig. 1. Dependence of methacrylic acid conversion on various diols:
TEG/MAA = 0.49; temperature = 368 K.

3.2. Effect of catalyst concentration

Effect of catalyst concentration on the percentage conver-
sion for the reaction of triethylene glycol with methacrylic
acid has been studied. It has been observed that at lower con-
centration of the catalyst (3.3× 10−4 mol), polymerization
is predominant. This clearly demonstrates that low acid con-
centration of the catalyst, heteropolyacid is enough to initiate
the cross linking of the vinyl groups which leads to polymer-
ization. This emphasizes the fact that the desired reaction
can be observed with more than 1 g of catalyst. It is observed
that with an increase in the catalyst concentration from 1 to
4 g, the conversion of methacrylic acid is found to increase
from 40 to 90% (at 300 min). It demonstrates that the reaction
is taking place in “pseudoliquid phase” manner. In general,
the catalytic activity to a certain extent is proportional to the
surface area of the catalyst. Even though the surface area of
heteropolyacid is low (5–7 m2/g), the high conversion in the
present case can be attributed to the pseudoliquid behavior
[34]. The rate constant value increases with an increase in the
concentration of catalyst.

3.3. Effect of molar ratio

The effect of molar ratio (TEG/MAA) was studied for
t cid
o given

Fig. 2. Conversion of methacrylic acid with molar ratio of alcohol/acid:
catalyst = 3 g; temperature = 368 K; TCE = 50 ml.

in Fig. 2. The results show that the formation of the monoester
is directly proportional to the molar ratio.

3.4. Effect of temperature

The effect of temperature was studied for the formation of
triethylene glycol dimethacrylate over phosphotungstic acid,
keeping all other parameters constant. As the temperature is
increased from 358 to 383 K, the conversion of methacrylic
acid has also increased from 30 to 93% (at 300 min).

3.5. Recycling of the catalyst

Recycling of the catalyst is an important aspect of any
industrial process. For this purpose, the reaction was stopped
after 5 h and the resulting reaction medium was transferred
and dried. The resulting solid was then reused as catalyst for
a new reaction under the same conditions. After three cycles,
the conversion at 5 h had slightly decreased from 83 to 73%
indicating that these heteropoly acids can be easily recycled
(Table 1).

3.6. Kinetic studies

Typical changes in conversion of methacrylic acid with
r ent
c ts
he esterification of triethylene glycol with methacrylic a
ver phosphotungstic acid and the results obtained are
eaction time for the formation of ester over differ
atalysts are represented inFig. 3. Among the catalys
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Table 1
Comparison of catalytic activity and product selectivity over various acid catalysts

Catalyst Initial rate (mmol g−1 min−1) H0
a Conversion of

methacrylic acid (%)
Selectivity (%)

Diester Monoester

H3PW12O40 510 −3.6 83 64 36.4
H4SiW12O40 320 −3.4 62.2 76 24
Amberlyst-15b 291 – 64.7 41 59
PTSAb 187 −2.6 21.5 18.6 81
H2SO4

b 71 −2.6 41 55 45

Reaction conditions—TEG: 82.5 mmol; MAA: 171 mmol; TCE: 55.8 mmol; temperature: 368 K; reaction duration: 5 h; catalyst: 3 g.
a Hammet acidity values taken from literature[35].
b About 200 mg of hydroquinone was added.

Fig. 3. Time courses of esterification of triethylene glycol with methacrylic
acid over acid catalysts: catalyst (PW, SiW, PTSA, H2SO4) = 1×10−3 mol;
amberlyst-15 = 2.5 g; TEG/MAA = 0.49; TCE = 50 ml.

studied, heteropolyacids showed higher conversion com-
pared to amberlyst-15,p-toluene sulfonic acid and sulfu-
ric acid. Among the heteropolyacids, phosphotungstic acid
showed higher activity than silicotungstic acid, which can be
attributed to the higher acid strength of phosphotungstic acid
[35]. It is reported that the acid strength of the catalysts and

Table 2
Kinetic and thermodynamic parameters for the esterification of triethylene gl

Catalyst Activation energy
(Ea) (kJ mol−1)

Pre-exponential fa
(A) (l mol−1 min−1)

H3PW12O40 124.7 3.19× 1015

H4SiW12O40 138.4 1.72× 1017

Reaction conditions—catalyst: 3 g; reaction temperature: 353–383 K; reactio

hence the catalytic activity follows the order H3PW12O40 >
H4SiW12O40 > amberlyst-15 > PTSA > H2SO4. The catalytic
activity followed the same order (PW > SiW > amberlyst-15
> PTSA > H2SO4) in the present study also. The rate law
for the esterification reaction was deduced by determining
the order with respect to each reactant and is found to obey
Eq. (1).

−d[MAA]

dt
= k[TEG][MAA][HPW] (1)

The parameters, energy of activation (Ea) and the frequency
factor (A), for the esterification of triethylene glycol with
methacrylic acid over phosphotungstic acid and silicotungstic
acid (Table 2) were determined from the plot of lnk against
T−1.

3.7. Equilibrium constant

The equilibrium constant for the esterification of triethy-
lene glycol with methacrylic acid over phosphotungstic acid
as well as silicotungstic acid was determined at different tem-
peratures. The increase in the value of the equilibrium con-
stant with an increase in temperature indicates that the reac-
tion is endothermic in nature. Reaction enthalpy (�H◦) and
reaction entropy (�S◦) (Table 2) were obtained fromEq. (3)
by plotting lnK againstT−1. The positive reaction enthalpy
s

T

K

l

ycol with methacrylic acid over heteropolyacids

ctor Reaction enthalpy
(�H◦) (kJ mol−1)

Reaction entropy
(�S◦) (JK−1 mol−1)

135 383
128 360

n duration: 15–20 h.

uggests that the esterification reaction is endothermic.

EG
(a−x)

+ 2MAA
(b−2x)

� TEGDMA
(x)

+ 2H2O
(2x)

= [x][2x]2

[a − x][b − 2x]2
(2)

n K = −∆H◦

RT
+ ∆S◦

R
(3)
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4. Conclusions

Esterification of triethylene glycol (TEG) with
methacrylic acid (MAA) was carried out over various
acid catalysts and the results clearly demonstrate that
phosphotungstic acid is a better catalytic system when
compared to conventional acid catalysts. The procedure
adopted in the present study eliminates the use of free radical
inhibitor thus minimizing the alkali washing steps involved
in the conventional processes. The kinetic parameters reveal
that phosphotungstic acid has got higher initial rate and
low activation energy compared to silicotungstic acid. The
thermodynamic parameters,�H◦ and�S◦ were evaluated
and it has been found that phosphotungstic acid is better
catalyst than silicotungstic acid for the above esterification
reaction.
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