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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
acid.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction lysts for both homogeneous and heterogeneous reactions due
to their high acid strength and high thermal stabifity-17].

The drive to develop green processes has led to the de-Augustine et al. utilized heteropoly compounds as anchoring
velopment of solid acid catalysts to a significant increase agents to heterogenize the homogeneous catdli3t0]
in research activities both in academic and industrial sec- The protons in the secondary structure of the heteropoly acids
tions. These materials can replace the corrosive liquid acidscan be easily exchanged, completely or partially, with differ-
currently used in many industries. A variety of materials ent cations without affecting the primary Keggin structure.
have been used as solid acid catalysts such as clays, zeoFhese materials exhibit the so called pseudoliquid phase be-
lites, sulfated metal oxides, heteropolyacids, E2]. Each havior, where polar molecules like water, alcohols, amines
of these materials offers unique properties that can influenceenter into the bulk, expanding or contracting the distance be-
the catalytic activity. Among these solid acids, heteropoly tween the Keggin anions in the crystal lattice, while nonpolar
compounds are unigue in the sense, they can be tuned amolecules such as hydrocarbons just adsorb on the surface
atomic/molecular level to exhibit a wide variation on proper- with out entering the bullk21]. This is because the protons
ties like acidity and redox behavif3—5]. They behave like  present in the heteropolyacid form hydrogen bonds with the
mineral acids having the protons in protected environments water presentin the crystal structure and exist as guarded pro-
and exhibit Bregnsted acidity, which of several orders of mag- tons, HO* or H,Os™" [22]. The water molecules can be re-
nitude higher in strength than that of conventional mineral placed by incoming polar molecules and thus get protonated
acids|[6]. stiochiometrically. The isolated protons in heteropolyacids

In the recent years, heteropoly compounds with Keggin are delocalized in individual polyanions as well as neighbor-
structures have received much attention as solid acid cata-ing polyanions at 19to 1P times faster than the transforma-

tion of the organic moleculd23]. This delocalization is an

* Corresponding author. Tel.: +91 44 2257 8250; fax: +91 44 2257 8250, Unique property of heteropolyacids. In the case of zeolites,
E-mail addressbviswanathan@hotmail.com (B. Viswanathan). the acidic protons are bound in the proximity of-&-Si
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sites. In pseudoliquid phase of heteropoly compounds the monochromatized Cu & radiation ¢ = 1.5406A) with a

polar molecules protonate stoichiometrically or higher than scan speed of°Imin in the rang 5 < @ < 70. Thermal

the protons, depending on the nature of the molecule (for in- analyses of the samples were recorded with thermal ana-

stance 3 in the case of GBH and 6 in the case of pyridine  |yzer (Perkin-Elmer TGA 7) at a heating rate of ZWmin.

molecules)24]. UV-vis spectrawere recorded with Perkin—Elmer Lambda 17
Multifunctional methacrylates are industrially important  yv—vis spectrophotometer. Infrared spectra were recorded

monomers for anaerobic adhesi@$], diluent monomer  ith Perkin-Elmer 1760 in the region 4000-400chmPow-

in dental composite§26,27], thread lockers, sealants and der samples were ground with KBr in 1:20 ratio and pressed

components for making soft contact len§28]. These mul-  (5t/cn?) for making the pellets!H-NMR spectra were

tifunctional methacrylates are currently produced by the di- recorded with JEOL GSX 400. The products were ana-

rect esterification of glycols with methacrylic acid using con-  |yzed using gas chromatography (Nucon 5600, FID, SE 30
ventional acids as catalysts such as sulfuric acid and boronce|umn).

trifluride etheratd29]. These processes utilize free radical
inhibitors such as hydroquinone, hydroxy toluene, butylated 2 3 Esterification studies
hydroxy aniline, etc., in order to avoid the undesirable cross-
linking of the vinyl groups. The process requires minimum  The esterification of methacrylic acid was carried out
reaction time of 24 h to obtain 80% yield and the product with various diols (EG, DEG, TEG and PEG) in a three-
separation requires tedious work up procedures. To over-necked 100 ml flask equipped with a Dean-Stark trap, ther-
come these difficulties in the preparation of multifunctional mometer and a magnetic stirrer. The temperature was main-
methacrylates, heteropoly acids have been employed as cattained with an oil bath. When the mixture in the flask
alysts[30]. reached a temperature about°@lower than the desired
In the present study, esterification of various diols with temperature, the catalyst was added quickly. After the ad-
methacrylic acid was carried out over phOSphOtungStiC acid. dition of Cata|yst’ 1ml of a”quot was withdrawn immedi-
The effects of molar ratio, catalyst concentration and tem- ately and the reaction was arrested by adding 20 ml cold
perature were studied for the formation of triethylene glycol \water and titrated with~0.1 M standard sodium hydrox-
dimethacrylate. A detailed kinetic StUdy was also carried out ide solution using pheno]phtha|ein as indicator. For a typ-
for the esterification of triethylene glycol with methacrylic jcal reaction 82.5 mmol of TEG, 171 mmol of MAA and
acid over phosphotungstic acid. Various parameters suchss 8 mmol of trichloroethylene were employed. The reac-
as activation energy, reaction enthalpy and reaction entropytion was carried out at 368K for 5h. The water formed
were calculated for the formation of ester. The results ob- jn the reaction was removed by azeotropic distillation with
tained are compared with those obtained for silicotungstic the solvent TCE and the solvent was revert back to the
acid. reaction vessel. The formation of ester was monitored by
IR spectroscopy as well as with gas chromatography and
the physico-chemical properties of the product was com-

2. Experimental pared with the ester prepared by conventional me{B&i
_ For the equilibrium constant measurements, the reaction
2.1. Preparation of catalysts was carried out for 15-20h and the acid concentration

was monitored periodically. The products were further con-
Phosphotungstic acid and silicotungstic acid were pre- firmed bylH and13C NMR analyses. For comparison, the
pared by the known procedurgl]. The various reagents  same reaction was carried out on various acid catalysts

used for the preparation of catalysts were;W&,-2H,0 such as amberlyst-15, sulfuric acid apdoluene sulfonic
(SRL), NgHPO4-2H,0 (Merk) and sodium silicate solu-  gcid.

tion (water glass) (BDH). The prepared heteropolyacids were

purified by extracting with diethyl ether and recrystallized

from water. Heteropolyacids were calcined at 548 K for 6 h 3. Results and discussion

before use. Sulfuric acid (Fischepstoluene sulfonic acid

(Thomas Baker) and amberlyst-15 (Fluka) were used as re-3.1. Esterification of methacrylic acid

ceived. Ethylene glycol, diethylene glycol, triethylene gly-

col and polyethylene glycol 400 were vacuum distilled and  The kinetics of esterification of methacrylic acid over
trichloroethylene (TCE) (SRL) and methacrylic acid was phosphotungstic acid was carried out with various diols and

used as received. the results are shown iRig. 1 As the chain length of the
diol increases from ethylene glycol to polyethylene glycol
2.2. Characterization of catalysts the rate of formation of ester is found to decref?]. This

may be due to the fact that the larger molecules cannot pen-
The X-ray diffraction patterns of the catalysts were etrate into the bulk and can interact only with the surface of
recorded using Rigaku miniflex X-ray difractometer using the heteropolyacid.
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Fig. 1. Dependence of methacrylic acid conversion on various diols: Fig. 2. Conversion of methacrylic acid with molar ratio of alcohol/acid:
TEG/MAA = 0.49; temperature = 368 K. catalyst = 3 g; temperature = 368 K; TCE = 50 ml.

in Fig. 2 The results show that the formation of the monoester

3.2. Effect of catalyst concentration e i ©
is directly proportional to the molar ratio.

Effect of catalyst concentration on the percentage conver-
sion for the reaction of triethylene glycol with methacrylic 3.4. Effect of temperature
acid has been studied. It has been observed that at lower con-
centration of the catalyst (3.8 10~4mol), polymerization The effect of temperature was studied for the formation of
is predominant. This clearly demonstrates that low acid con- triethylene glycol dimethacrylate over phosphotungstic acid,
centration of the catalyst, heteropolyacid is enough to initiate keeping all other parameters constant. As the temperature is
the cross linking of the vinyl groups which leads to polymer- increased from 358 to 383K, the conversion of methacrylic
ization. This emphasizes the fact that the desired reactionacid has also increased from 30 to 93% (at 300 min).
can be observed with more than 1 g of catalyst. It is observed
that with an increase in the catalyst concentration from 1 to 3.5. Recycling of the catalyst
4 g, the conversion of methacrylic acid is found to increase
from 40 to 90% (at 300 min). It demonstrates thatthe reaction  Recycling of the catalyst is an important aspect of any
is taking place in “pseudoliquid phase” manner. In general, industrial process. For this purpose, the reaction was stopped
the catalytic activity to a certain extent is proportional to the after 5h and the resulting reaction medium was transferred
surface area of the catalyst. Even though the surface area ofind dried. The resulting solid was then reused as catalyst for
heteropolyacid is low (5-7 fig), the high conversion inthe  a new reaction under the same conditions. After three cycles,
present case can be attributed to the pseudoliquid behaviotthe conversion at 5 h had slightly decreased from 83 to 73%
[34]. The rate constant value increases with an increase in theindicating that these heteropoly acids can be easily recycled

concentration of catalyst. (Table 1.
3.3. Effect of molar ratio 3.6. Kinetic studies
The effect of molar ratio (TEG/MAA) was studied for Typical changes in conversion of methacrylic acid with

the esterification of triethylene glycol with methacrylic acid reaction time for the formation of ester over different
over phosphotungstic acid and the results obtained are givercatalysts are represented kig. 3. Among the catalysts
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Table 1
Comparison of catalytic activity and product selectivity over various acid catalysts
Catalyst Initial rate (mmolg! min~1) Ho? Conversion of Selectivity (%)

methacrylic acid (%) -

Diester Monoester

H3PW;12040 510 -3.6 83 64 36.4
H4SiW12040 320 -34 62.2 76 24
Amberlyst-1% 291 - 64.7 41 59
PTSA 187 -2.6 215 18.6 81
HaSOyP 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.
a8 Hammet acidity values taken from literatygs].
b About 200 mg of hydroguinone was added.

90 hence the catalytic activity follows the ordegPW;2040 >
H4SiW12040 > amberlyst-15 > PTSA > y50,. The catalytic

wok : wa activity followed the same order (PW > SiW > amberlyst-15
® Amberlyst-15 > PTSA > HbS(Qy) 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
Ea. (1)
—d[MAA]
dr
The parameters, energy of activatidfy) and the frequency
factor (4), for the esterification of triethylene glycol with
methacrylic acid over phosphotungstic acid and silicotungstic

acid (Table 2 were determined from the plot of knagainst
T—l

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

/e Conversion
o
o
|

~
E=3
|

30|
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 differenttem-
peratures. The increase in the value of the equilibrium con-
1 ‘ 1 . 1 . . , stant with an increase in temperature indicates that the reac-
0 30 60 90 120 150 10O 210 240 200 300 tion is endothermic in nature. Reaction enthalpyH() and

Time (min) reaction entropy4S°) (Table 2 were obtained fronkq. (3)

Fig. 3. Time courses of esterification of triethylene glycol with methacrylic by pIOttmg InK agamSﬂ,- L The p03|t_|ve reactlon enthglpy
acid over acid catalysts: catalyst (PW, Siw, PTSASE)) = 1x 10-2 mol: suggests that the esterification reaction is endothermic.

amberlyst-15 = 2.5g; TEG/MAA = 0.49; TCE =50 ml. TEG+ 2MAA = TEGDMA + 2H,0
, ) ) . (a—x)  (b-2) ) (%)
studied, heteropolyacids showed higher conversion com-

10 -

pared to amberlyst-15-toluene sulfonic acid and sulfu- 2
. . . ) . [x][2x]
ric acid. Among the heteropolyacids, phosphotungstic acid K = —— ——— (2)
showed higher activity than silicotungstic acid, which can be [a — x][b — 2+]
attributed to the higher acid strength of phosphotungstic acid —AH° AS°
; : nNkK=———+ 3)
[35]. It is reported that the acid strength of the catalysts and RT R
Table 2
Kinetic and thermodynamic parameters for the esterification of triethylene glycol with methacrylic acid over heteropolyacids
Catalyst Activation energy Pre-exponential factor Reaction enthalpy Reaction entropy
(Ea) (kI mot1) (A) (Imol~t min~1) (AH°) (kI mol1) (AS) (IK~1mol-1)
H3PW;2040 124.7 3.19x 10% 135 383
H4SiW12040 138.4 1.72x 10Y7 128 360

Reaction conditions—catalyst: 3 g; reaction temperature: 353-383 K; reaction duration: 15-20 h.
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4. Conclusions

Esterification of triethylene glycol (TEG) with
methacrylic acid (MAA) was carried out over various
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