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RESEARCH LETTER

An efficient green catalyst comprising 12-tungstophosphoric acid and MCM-41: synthesis

characterization and diesterification of succinic acid, a potential bio-platform molecule

Varsha Brahmkhatri and Anjali Patel*

Faculty of Science, Department of Chemistry, M. S. University of Baroda, Vadodara 390002, India

(Received 13 October 2010; final version received 19 May 2011)

An efficient green catalyst comprising 12-tungstophosphoric acid (TPA) and MCM-41 was synthesized. The
catalytic activity was evaluated for liquid phase solvent free diesterification of succinic acid. The support and the

synthesized catalyst were characterized by various physico-chemical techniques. Fourier transform infrared,
diffuse reflectance spectroscopy, and 31P NMR spectra indicate that the Keggin structure of TPA was not
destroyed after anchoring to MCM-41. X-ray diffraction, scanning electron microscopy, and transmission

electron microscopy show that TPA is uniformly dispersed inside the channels without disturbing the hexagonal
array of MCM-41. The present contribution reports solvent free diesterification of succinic acid with alcohols
under mild reaction conditions. The catalyst shows higher activity toward diester, especially for dioctyl succinate

99% yield was obtained with very high turnover number, 12.43�104. Also the catalyst shows potential of being
used as recyclable catalytic material after simple regeneration without loss of any catalytic activity.

Keywords: green catalyst; MCM-41; 12-tungstophosphoric acid; diesterification; bioplatform molecule

1. Introduction

The green chemical transformations of the bio-plat-

form molecules can build up new environmentally

compatible and sustainable chemical technologies.

The biomass-derived platform molecules are poten-

tially useful building blocks for chemical synthesis (1).

Among the top bio-platform molecules, recently

succinic acid is gaining much importance as it can

be converted to variety of products.
Diesterification of succinic acid is very important

as the obtained esters are known to be entirely

biorenewable or green chemicals that can replace

petroleum-based solvents. Succinate esters have ex-

ceptional solvent properties and thus find commercial

application as solvents and in consumer products

such as drug pharmaceuticals, perfumes, cosmetics,

plasticizers, and paint strippers. Succinate esters are

excellent fuel oxygenates. In addition, succinate esters

are intermediates in the production of poly butylene

succinate which is entirely bio-renewable material.

A conventional process for succinate esters produc-

tion involves a stirred batch or continuous reactor

with H2SO4 as a homogeneous catalyst. Due to the

known disadvantages of traditional liquid acids,

much attention has been paid to the development of

ecologically and environmentally benign processes

and redesigning of commercially important processes

using solid acid catalysts. A number of solid acid

catalysts such as Clays (2), ion exchange resins (3),

carbonaceous materials (4), and phosphotungstic acid

anchored to Al-MCM-41 (5) have been reported for

diesterification of succinic acid. Most of the reported

diesterifications of succinic acid have been carried out

using solvents and at longer reaction period.
From the viewpoint of environmental concern as

well as importance of succinate esters, the designing

of solvent free catalytic reaction would be of much

interest in the area of green synthesis.
In the last decades, ‘‘Supported heteropolyacids’’

have attracted much attention as an economically and

environmentally friendly catalyst. Among them,

Keggin type, 12-tungstophosphoric acid (TPA) sup-

ported onto different supports (6�16) has been
studied well because of its high thermal stability and

acidity (17�19).
Keeping in mind the importance of green synth-

esis of succinate esters as well as supported hetero-

polyacids, in the present contribution we have made

an attempt to develop a green catalyst and green

process for the synthesis of diesters. In the present

paper we are reporting the results for solvent free

diesterification of succinic acid over a green catalyst
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comprising TPA and MCM-41. Here, we are also
reporting the use of non-hydro thermally synthesized
MCM-41 as support for anchoring TPA, since the
traditional hydrothermal procedures have some dis-
advantages, such as the obligatory crystallization
time and high aging temperature (20).
A series of catalysts, containing 10�40% TPA

anchored to MCM-41, were synthesized. The sup-
port and catalysts were characterized by various
thermal and spectral techniques such as thermo
gravimetric analysis (TGA), Fourier transform infra-
red (FT-IR), diffuse reflectance spectroscopy (DRS),
X-ray diffraction (XRD), surface area measurement
(BET method), pore size and pore volume distribu-
tion, and 31P NMR studies. Further, the surface
morphology of support and catalyst was studied by
scanning electron microscopy (SEM) and transmis-
sion electron microscopy (TEM). The total surface
acidity was determined by n-butylamine titration.
The catalytic activity was evaluated for liquid phase
diesterification of succinic acid by varying different
parameters such as mole ratio, amount of the
catalyst, and reaction time to optimize the conditions
for obtaining maximum yields for diesters. Diester-
ification of succinic acid with different alcohols (n-
butanol, hexanol, and octanol) was also carried out
under optimized conditions. The catalyst was also
regenerated and reused up to four cycles.

2. Results and discussion

The leaching test study indicates the presence of
chemical interaction between TPA and the support,
MCM-41.
Thermo gravimetric analysis (TGA) of MCM-41

(Figure 1) showed initial weight loss of 6.14% at
1008C. This may be due to the loss of adsorbed water

molecules. The final 7.92% weight loss above 4508C
may be due to the condensation of silanol groups to
form siloxane bonds. After that absence of any weight
loss indicates that support is stable up to 6008C. The
TGA of TPA3/MCM-41 (Figure 1) shows initial
weight loss of 3.6% due to the loss of adsorbed
water. Second weight loss of 1.2% between 150 and
2508C corresponds to the loss of water of crystal-
lization of Keggin ion. After that another gradual
weight loss was also observed from 250 to 5008C due
to the difficulty in removal of water contained in TPA
molecules inside the channels of MCM-41. The
results are in good agreement with the reported one
(21). This type of inclusion causes the stabilization of
TPA molecules inside the channels of MCM-41,
which can be further seen in FT-IR.
Fourier transform infrared (FT-IR) of MCM-41

(Figure 2) shows a broad band around 1300�1000
cm�1 corresponding to asymmetric stretching of Si�
O�Si. The band at 801 and 458 cm�1 are due to
symmetric stretching and bending vibration of Si�O�
Si, respectively. The band at 966 cm�1 corresponds
to symmetric stretching vibration of Si�OH. The
broad absorption band around 3448 cm�1 is due to
the absorption of Si�OH on surface, which provides
opportunities for forming the hydrogen bond.
Fourier transform infrared (FT-IR) spectra of

TPA3/MCM-41 (Figure 2) is almost same as that of
MCM-41.The reported bands for TPA, at 1088, 987,
and 800 cm�1 corresponding to W�O�W bending,
W�O and P�O symmetric stretching, respectively, are
absent in TPA3/MCM-41. If TPA is dispersed onto
the surface of support, the mentioned bands for TPA
should be seen in the FT-IR spectra. The lack of FT-
IR band of TPA may be either because of very low
amount of TPA or due to the superimposition of TPA
bands with those of support, MCM-41.

Figure 1. TGA of MCM-41 and TPA3/MCM-41.
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The DRS spectra of MCM-41, TPA, and TPA3/

MCM-41 are shown in Figure 3. A broad band from

260 to 275 was observed for TPA. This characteristic

band can be assigned to the oxygen-metal charge

transfer of tungstophosphate anion PW12O40
�3 which

is in agreement with a previous report (22). The DRS

spectra of TPA3/MCM-41 shows lmax at 260 nm

which is in good agreement with the earlier reported

data (15) giving evidence for the presence of the

undegraded H3PW12O40 species in MCM-41.
The XRD patterns of pure MCM-41 TPA3/

MCM-41 are shown in Figure 4. The XRD pattern

of the calcined MCM-41 showed a sharp peak around

2k�28 and few weak peaks in 2k�3�58, which
indicated well-ordered hexagonal structure of MCM-

41. No separate HPA crystal phase of TPA was

observed in the TPA3/MCM-41. Further the absence

of characteristic peaks of crystalline phase of TPA

indicates that TPA is finely dispersed inside the

hexagonal channels of MCM-41. Hence, there must

be some chemical interaction between the host MCM-

41 and the guest TPA.

The N2 adsorption�desorption isotherms of pure
MCM-41 and TPA3/MCM-41 are shown in Figure 5
(a, b). All the N2 adsorption�desorption isotherms
are of type IV in nature according to the IUPAC
classification and exhibited an H1 hysteresis loop
which is a characteristic of mesoporous solids (23).
The adsorption branch of each isotherm showed a
sharp inflection, which means a typical capillary
condensation within uniform pores. The position of
the inflection point is clearly related to the diameter
of the mesopore, and the sharpness of this step
indicates the uniformity of the mesopore size dis-
tribution. The inset in Figure 5 shows that all the
samples have narrow pore size distribution within the
mesopore range.
The results for surface area, pore size, and pore

volumes are presented in Table 1. It was observed
from Table 1 that specific surface area, porosity, and
pore diameter, all strongly decreased for TPA-con-
taining MCM-41 samples relative to the starting
support. Even though the 20% loading of TPA
containing catalyst, TPA2/MCM-41, shows high sur-
face area, pore volume, and pore diameter than
TPA3/MCM-41, it was not selected for carrying out
detailed catalytic studies. TPA3/MCM-41 was se-
lected for the same. This can be explained on the
basis of 31P NMR.
The total acidity values for all the materials

determined by n-butylamine titration method are
shown in Table 1. The obtained results indicate that
MCM-41 was found to be fairly acidic. Also as
percentage loading of TPA increases in anchored
catalysts the total acidity also increases and the
results are as expected.
The 31P NMR is the most important method to

study chemical environment around the phosphorous
in heteropoly compounds. The 31P NMR spectra of
TPA, TPA2/MCM-41, and TPA3/MCM-41 are
shown in Figure 6. The pure TPA shows single
peak at �15.626 ppm and is in good agreement
with the reported one (17).
The 31P NMR spectra of TPA2/MCM-41 show

two peaks: one at �15.44 ppm and another peak of
lower intensity at �13.3 ppm. The peak at �15.44
ppm is as expected and is in good agreement with the
reported one (17). Another peak at �13.3 ppm might
indicate that the part of Keggin structure was
deformed or distorted due to strong interactions
with the support, but the fundamental Keggin
structure was preserved. The results are in good
agreement with the earlier reported one (24). As there
was presence of two different structures of hetero-
polyacid inside the mesopores of MCM-41, TPA2/
MCM-41 was not selected for carrying out detailed
catalytic studies.

Figure 2. FT-IR spectra of MCM-41 and TPA3/MCM-41.

Figure 3. DRS spectra of MCM-41 and TPA3/MCM-41

and recycled catalyst R1TPA3/MCM-41.
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The 31P NMR spectra of TPA3/MCM-41 show

single peak at �15.523 ppm. No appreciable change
in chemical shift value reveals that the surrounding

environment around phosphorous does not change in

TPA when anchored to MCM-41. In other words the

Keggin ion structure is retained after anchoring to

MCM-41. Hence TPA3/MCM-41 was selected for

detailed catalytic studies.
Figure 7 (a) and (b) shows the SEM image ofMCM

41 and TPA3/MCM41. The surface morphology of

supported catalyst is almost identical to that of pure

MCM-41. No change in surface morphology of both

indicates TPA species are well dispersed inside the

hexagonal pores. Further, no separate crystallites of

bulk phase of TPAwere found in TPA3/MCM41. This

can be clearly observed by XRD diffraction pattern.

Figure 8 (a, b) and (c, d) shows the TEM image of

MCM 41 and TPA3/MCM41, respectively. Figure 8

(a, b) clearly shows hexagonal mesopores in MCM-

41. The TEM images of TPA3/MCM41 (Figure 8

(c, d)) show that most of the hexagonal pores are

covered with dark colored fine particles. This indi-

cates uniform dispersion of TPA inside the hexagonal

pores of MCM-41.

3. Experimental

3.1. Materials

All chemicals used were of A.R. grade.

H3PW12O40 � n H2O and Cetyl triethyl ammonium
bromide (CTAB) (Loba Chemie, Mumbai). Tetra-

ethylorthosilicate (TEOS), succinic acid n-butanol,

Figure 4. XRD of MCM 41 and TPA3/MCM-41.

Figure 5a. Nitrogen sorption isotherms and pore size distribution of MCM-41.
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hexanol, and octanol were used as received from
Merck.

3.2. Synthesis of support (MCM-41)

MCM-41 was synthesized using reported procedure
(25) with slight modification. Surfactant (CTAB) was
added to the very dilute solution of NaOH with
stirring at 608C. When the solution became homo-
geneous, TEOS was added drop wise and the
obtained gel was aged for 2 hours. The resulting
product was filtered, washed with distilled water, and
dried at room temperature. The obtained material
was calcined at 5558C in air for 5 hours and
designated as MCM-41.

3.3. Synthesis of catalyst (TPA anchored to
MCM-41)

A series of catalysts containing 10�40% of TPA
anchored to MCM-41 were synthesized by impreg-
nation. One gram of MCM-41 was impregnated with
an aqueous solution of TPA (0.1/10 to 0.4/40 g/ml of
double distilled water) and dried at 1008C for 10 h.
The obtained materials were designated as TPA1/

MCM-41, TPA2/MCM-41, TPA3/MCM-41, and
TPA4/MCM-41, respectively.

3.4. Leaching test

Any leaching of the active species from the support
makes the catalyst unattractive and hence it is neces-
sary to study the stability as well as leaching of TPA
from the support. TPA can be quantitatively char-
acterized by the heteropoly blue color, which is
observed when reacted with a mild reducing agent
such as ascorbic acid (26). In the present study, this
method was used for determining the leaching of TPA
from the support. Standard samples containing 1�5%
of TPA in water were prepared. To 10 ml of the above
samples, 1 ml of 10% ascorbic acid was added. The
mixture was diluted to 25 ml. The resultant solution
was scanned at lmax of 785 cm

�1 for its absorbance
values. A standard calibration curve was obtained by
plotting values of absorbance against percent concen-
tration. One gram of catalyst with 10 ml conductivity
water was refluxed for 24 hours. Then 1 ml of the
supernatant solution was treated with 10% ascorbic
acid. Development of blue color was not observed
indicating that there was no leaching. The same

Figure 5b. Nitrogen sorption isotherms and pore size distribution of TPA3/MCM-41.

Table 1. Textural properties.

Catalyst Surface area (m2/g)

d (Å) pore

diameter

Mesopore volume

(cm3/g)

n-butylamine surface acidity

(mmol/g)

MCM-41 659 47.90 0.79 0.822

TPA1/MCM-41 400 30.69 0.55 1.28
TPA2/MCM-41 372 30.53 0.50 1.32
TPA3/MCM-41 360 30.13 0.50 1.41
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procedure was repeated with alcohols and the filtrate

of the reaction mixture after completion of reaction

in order to check the presence of any leached TPA.

The absence of blue color indicates no leaching of

TPA.

3.5. Characterization

Thermo gravimetric analysis (TGA) was carried out

on METTLER TOLEDO STAR SW 7.01 instru-

ment. The FT-IR spectra of the samples were

obtained by using KBr pellet on Perkin-Elmer.

The DRS of sample were recorded at room tempera-

ture on Perkin Elmer 35 LAMDA instrument using

barium sulfate as a reference. The XRD pattern was

obtained by using PHILIPS PW-1830. The conditions

used were CuKa radiation (1.5417 A8), scanning

angle from 08 to 608. Adsorption�desorption iso-
therms of samples were recorded on a Micromatries

ASAp 2010 surface area analyzer at �1968C. From
adsorption�desorption isotherms, surface area was
calculated using BET method. The magic-angle spin-

ning (MAS) solid state NMR study was carried out

on a BRUKER NMR spectrometer under ambient

conditions. The 31P NMR spectra were recorded at

121.49 MHz using a 7 mm rotor probe with 85%

phosphoric acid as an external standard. The spin-

ning rate was 5�7 kHz. Catalyst samples after
treatment were kept in a desiccator over P2O5 until

the NMR measurement. The surface morphology

of the support and supported catalyst was studied

by SEM using a Jeol SEM instrument (model-

JSM-5610LV) with scanning electron electrode at 15

kV. Scanning was done at 1 mm range and images

(a) (b)

(c)

Figure 6. Solid state 31P NMR of (a) TPA, (b) TPA2/MCM-41, and (c) TPA3/MCM-41.
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taken at a magnification of 5000� for MCM-41,

TPA3/MCM-41. TEM was done on JEOL (JAPAN)

TEM instrument (model-JEM 100CX II) with accel-

erating voltage 100 kV. The samples were dispersed in

ethanol and ultrasonicated for 5�10 minutes. A small
drop of the sample was then taken in a carbon coated

copper grid and dried before viewing.

3.6. Total acidity determination

The total surface acidity for all the materials has been

determined by n-butylamine titration (27). A 0.025M

solution of n-butylamine in toluene was used for

estimation. The catalyst weighing 0.5 g was sus-

pended in this solution for 24 hours and excess base

was titrated against trichloroacetic acid using neutral

(a) MCM 41 (b) TPA3/MCM41

Figure 7. SEM of (a) support MCM 41 and (b) catalyst TPA3/MCM-41.

(a) MCM-41 100x (c)  TPA3/MCM-41 100x

(b) MCM-41 50x (d) TPA3/MCM-41  50x

Figure 8. TEM of MCM41 (a, b) and TPA3/MCM-14 (c, d).
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red as an indicator. This gives the total surface acidity
of the material.

3.7. Diesterification reaction

The diesterification reaction of succinic acid with
alcohols was carried out in a 100 ml batch reactor
provided with a double walled air condenser, Dean�
Stark apparatus, magnetic stirrer, and a guard tube.
Dean�Stark apparatus was attached to a round
bottom flask to separate the water formed during the
reaction. The reaction mixture was refluxed at 808C
for 8 hours. The obtained products were analyzed on a
Gas Chromatograph (Nucon-5700) using BP1 capil-
lary column. Products were identified by comparison
with the authentic samples and finally by Gas
Chromatography�Mass Spectroscopy (GC�MS).

4. Diesterification of succinic acid to succinate diesters

Diesterification reaction of dicarboxylic acids to
diesters requires strong Bronsted acidity as compared
to simple esterification reactions. The diesterification
of succinic acid is an equilibrium-limited reaction. In
order to overcome the equilibrium limitation, it is
necessary either to carry out esterification by taking
one of the reactant in excess. The yields can be
increased by increasing the concentration of either
alcohol or acid. In a practical means, to obtain
maximum yield for economic reasons, the reactant
that is usually less expensive is taken in excess. In the
present study corresponding alcohol is taken in
excess. A diesterification reaction of succinic acid
with an alcohol is shown in Scheme 1.

4.1. Effect of percentage loading of TPA onto
MCM-41

The diesterification of succinic acid was carried out
over TPA1/MCM-41, TPA2/MCM-41, TPA3/MCM-
41, and TPA4/MCM-41. The conditions were: mole
ratio of succinic acid to n-butanol is 1:3, reaction
temperature 808C and reaction time 8 hours, amount
of the catalyst is 0.1 g. Results of the experiments are
shown in Chart 1.
It is observed from Chart 1 that with increase in

the percentage loading of TPA on to MCM-41,
percentage yield of diester also increases. Even
though the surface area of TPA1/MCM-41 and

TPA2/MCM-41 is greater than TPA3/MCM-41, per-

centage yield for diester was less as compared to that

of TPA3/MCM-41. This may be explained from the

acidity characterization, i.e. n-butyl amine acidity

values of these catalysts. It can be observed from

Table 1 that TPA3/MCM-41 exhibits higher n-butyl

amine acidity value as compared to TPA1/MCM-41

and TPA2/MCM-41.
As the 30% loading of TPA onto MCM-41 shows

better activity, a detailed study was carried out over

TPA3/MCM-41.

4.2. Effect of mole ratio of succinic acid to n-butanol

It is seen from Chart 2 that with increase in the

concentration of n-butanol, there is a drastic change

in percentage yield of the products. Initially with

increase in n-butanol concentration yield towards

diester increases from 48 to 84% when the molar

ratio changes from 1:2 to 1:3. On further increasing

the alcohol concentration equilibrium is attained and

no further increase in percentage yield of diester was

observed. This can be explained by competitive

adsorption of reactants on catalyst. On increasing n-

butanol in the reaction mixture, a majority of the

adsorption sites of the catalyst surface are occupied

by n-butanol molecules. Hence fewer sites remain

available for the reactant (succinic acid). Hence

Scheme 1. Reaction scheme for diesterification of succinic acid with an alcohol.
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Chart 1. Percentage yields of esters with different percen-
tage loading of TPA.
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further reactions were carried out in 1:3 molar ratio
of acid to alcohol.

4.3. Effect of amount of catalyst

To study the effect of the amount of the catalyst, the
reaction was carried out with different amounts of the
catalyst, keeping the mole ratio of acid to alcohol 1:3
for 8 hours at 808C. As it is seen from Chart 3 that
with increase in amount of catalyst percentage yield
towards diester increases. With 0.1 g catalyst percen-
tage yield towards diester is maximum.

4.4. Effect of reaction time

It is interesting to note down the change in distribu-
tion of products with increase in the reaction time.

Initially the major product is mono-ester and minor
product is diester. As the reaction time increases the
product yield shifts towards diester. The mechanism
of diesterification of succinic acid over TPA3/MCM-
41 is similar to that of conventional mechanism which
involves the protonation of succinic acid, followed by
nucleophilic attack of alcoholic group to yield
respective mono-ester. The carboxylic group present
in the mono-ester gets further esterified following the
same mechanism which results in the formation of
diester. The formation of diester from mono-ester is a
slow reaction as compared to that of formation of
mono-ester from succinic acid. As time increases
more and more mono-ester is converted to diester.
The obtained results are as expected (Chart 4).
The optimized conditions for diesterification of

succinic acid with n-butanol using TPA3/MCM-41
are: mole ratio of acid to alcohol 1:3, amount of
catalyst 0.1 g, reaction temperature 808C, and reac-
tion time 8 hours.

4.5. Diesterification of succinic acid with various
alcohols

The diesterification of succinic acid with different
alcohols such as pentanol, hexanol, and octanol was
also carried out under optimized conditions and the
percentage yields of corresponding esters are shown
in Table 2.

4.6. Recycling of the catalyst

In order to investigate the details of the deactivation,
repeated use of the catalyst was examined. To see any
change in the structure of catalyst after completion of
reaction, the DRS of used catalyst was recorded.
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Chart 2. Percentage yields of esters with different molar
ratio of succinic acid to n-butanol.

0

20

40

60

80

100

%
 Y

ie
ld

Amount of catalyst (mg)

monoester
diester

25 50 75 100 125 150

Chart 3. Percentage yields of esters with different amount
of catalyst.

2 4 6 8 10 12
0

20

40

60

80

100

%
 y

ie
ld

Reaction time (hr)

monoester
diester

Chart 4. Percentage yields of esters by varying reaction
time.

Green Chemistry Letters and Reviews 169



Figure 3 illustrates the DRS of fresh catalyst as
well as used catalyst. No difference in DRS indicates
the stability of the used catalyst after the reaction.
Further the filtrate of reaction mixture was also
checked for the presence of any leached TPA by
UV-visible. The absence of blue color indicates no
leaching of TPA.
The catalyst was recycled for four times in order

to test its activity as well as stability. The catalyst was
separated from the reaction mixture by simple filtra-
tion, washed with double distilled water till the filtrate
was free from the un-reacted succinic acid, if any,
dried at 1008C in an oven for 5 hours, and the
recovered catalyst was charged for the further run.
The obtained results are as shown in Table 3. It is
seen from the table that the catalyst can be reused up
to four cycles without any appreciable change in the
percentage yield.

5. Conclusion

Thermo gravimetric analysis (TGA) confirms the
stability of the catalyst up to 6008C. DRS spectra
indicate that the Keggin structure of TPA was not
destroyed after anchoring to MCM-41. The 31P NMR
spectrumconfirms that theKeggin ionstructureofTPA

was retained even after anchoring to MCM-41. XRD

shows that TPA is present in highly dispersed form

inside themesopores ofMCM-41. TEM images clearly

show the uniformdispersion of TPA throughout all the

regions without disturbing the hexagonal array of

MCM-41.
The present contribution reports solvent free

diesterification of succinic acid, a potential bioplat-

form molecule, with alcohols under mild reaction

conditions over an efficient green catalyst comprising

TPA and MCM-41. The catalyst shows high activity

in terms of higher yields toward diesters, especially

for dioctyl succinate 99% yield was obtained.
The present catalyst exhibits all excellent proper-

ties to consider its use for large-scale and/or com-

mercial processes and is promising cleaner alternative

to the traditional catalysts.
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