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Abstract. Mesoporous MCM-41 has been synthesized by sol-gel method at room temperature possessing
good thermal stability, high surface area as well as retention of surface area at high temperature. The MCM-
41 neutral framework has been modified and put to practical use by incorporating AI** in the siliceous MCM-
41 framework and supporting 12-TPA (12-tungstophosphoric acid) onto MCM-41 by process of anchoring
and calcination to induce Brgnsted acidity in MCM-41 to yield AI-MCM-41 and 12TPA-MCM-41, respec-
tively. The synthesized materials have been characterized for elemental analysis by ICP-AES, XRD, SEM,
TEM, EDX, FT-IR and TGA. Surface area has been determined by BET method and pore size and pore size
distribution determined by BJH method. Surface acidity has been evaluated by NH;-TPD method. The poten-
tial use of AI-MCM-41 and 12TPA-MCM-41 as solid acid catalysts has been explored and compared by study-
ing esterification as a model reaction wherein monoesters such as ethyl acetate (EA), propyl acetate (PA),
butyl acetate (BA) and benzyl acetate (BzA) have been synthesized, optimizing several parameters such as

catalyst amount, reaction time, reaction temperature and mole ratio of reagents.
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1. Introduction

Esterification is an industrially important reaction for
synthesis of plasticizers, perfumes, fragrance in cosme-
tics, flavours in food, diluents in paints and coatings and
intermediates in drugs, dye stuffs and fine chemicals
(Otera 2003). The conventional catalyst used in esterifi-
cation reactions is sulphuric acid, methanesulfonic acid
or p-toluenesulfonic acid that are cited as potential envi-
ronmentally hazardous chemicals, that pose problems
such as difficulty in handling, causing an acidic waste
water, difficulty of catalyst recovery etc. (Ma et al 2003;
Yadav and Murkute 2003). In view of the deficiencies
encountered, there is a global effort to replace the con-
ventional homogeneous liquid acids by heterogeneous
solid acids. The use of solid acids, eliminates the corro-
sive action of liquid acids. Being heterogeneous in
nature, separation from reaction mixture is easy and the
catalyst can be regenerated and reused.

MCM-41 based materials have negligible catalytic
activity due to framework neutrality, however, with ad-
vantageous properties like mesoporous nature of the
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material, good thermal stability, high surface area and
retention of surface area at high temperatures. Thus, the
main aim of the present study was to encash the advanta-
geous properties of MCM-41 and enhance its practicabi-
lity in the area of catalysis using Green Chemistry
principles. There are a number of ways by which catalytic
activity can be generated into the MCM-41 neutral
framework. (i) Substitution of an M’* cation, e.g. A’ in
the Si** framework, leading to negatively charged frame-
work, followed by balancing these charges by H' ions
(via NHj ion exchange and subsequent thermal decompo-
sition to give H" and NHj3) to create Brgnsted acid sites.
(i1)) Immobilization/anchoring/impregnation of homoge-
nous acid catalyst, e.g. heteropoly acids (HPAs) onto
MCM-41. Heteropoly acids (HPAs) have proved to be the
alternative to traditional mineral acid catalysts due to
both strong acidity and appropriate redox properties.
However, limitations for HPAs to be used as solid acid
catalysts are low thermal stability, low surface area (1-
10 m*/g) and difficulty in separation from reaction mix-
ture due to their high solubility in polar solvents (Beck
et al 1992). For HPAs to be effective as catalysts, they
should be supported on a carrier with a large surface area.
Owing to a very large surface area and a uniform large
pore size, the MCM-41 materials can act as excellent

609



610

supports that provide an opportunity for HPAs to be dis-
persed over a large surface area and hence increased cata-
Lytic activity.

Several workers have used MCM-41-based materials as
solid acid catalysts for esterification. Catalytic esterifica-
tion of oleic acid over SO; /MCM-41 (Nascimento et al
2011), use of mesoporous silica supported diarylammo-
nium catalysts for esterification of free fatty acid in
greases (Helen er al 2010), application of sulfated zirco-
nia/hexagonal mesoporous silica (HMS) catalyst in the
esterification of gossypol (Zhu et al 2012), use of 12-
TPA (12-tungstophosphoric acid) supported onto SnO,
for the production of biodiesel (Lingaiah er al 2011) and
esterification of acetic acid with ethyl alcohol over 12-
TPA supported on silica (Said er al 2007) have been
reported.

The present study involves the synthesis of siliceous
mesoporous MCM-41 at room temperature by sol-gel
method, using templates. Further, AI’* has been incorpo-
rated in the siliceous MCM-41 framework and 12-TPA
(where 12-TPA = 12-tungstophosphoric acid, a HPA) has
been supported onto MCM-41 by process of anchoring
and calcination to induce Brgnsted acidity in MCM-41 to
yield AI-MCM-41 and 12TPA-MCM-41, respectively.

All synthesized materials have been characterized for
elemental analysis by ICP-AES, X-ray diffraction (XRD),
transmission electron microscopy (TEM), scanning elec-
tron microscopy (SEM), energy-dispersive X-ray spec-
troscopy (EDX), surface area (BET method), pore
volume and pore distribution (BJH method), surface aci-
dity by temperature programmed desorption (TPD) of
ammonia, diffuse reflectance spectroscopy (UV-DRS),
Fourier-transform infrared spectroscopy (FT-IR) and
thermogravimetric analysis (TGA).

The potential use of AI-MCM-41 and 12TPA-MCM-41
as solid acid catalysts has been explored and compared
by studying esterification as a model reaction wherein
monoesters such as ethyl acetate (EA), propyl acetate
(PA), butyl acetate (BA) and benzyl acetate (BzA) have
been synthesized, optimizing several parameters such as
catalyst amount, reaction time, reaction temperature and
mole ratio of reagents.

2. Experimental
2.1 Materials

Commercial grade sodium silicate (Na,SiO3) with com-
position, 28% SiO, and 7-5% Na,O was procured from
Sapna Chemicals, Vadodara. Cetyl trimethyl ammonium
bromide (CTABr), cetyl pyridinium bromide (CPBr),
sodium hydroxide flakes, aluminium sulfate, ammonium
nitrate and 12-tungstophosphoric acid (12-TPA) were
purchased from Loba Chemicals, Mumbai. Tetra ethyl-
ortho silicate (TEOS) and analytical grade sulphuric acid
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were obtained from E Merck, Mumbai. All other chemi-
cals and reagents used were of analytical grade. Double-
distilled water (DDW) was used for all the studies.

2.2 Catalyst synthesis

2.2a Synthesis of MCM-41: MCM-41 has been synthe-
sized by sol-gel method using templates varying several
parameters such as silica source, templating agent/types,
reaction conditions such as pH, time of reaction, aging,
temperature, etc., and these parameters are optimized,
using surface area as an indicative tool in all cases. Table
1 — ESI describes the parameters that have been opti-
mized for synthesis of MCM-41.

2.2b  Synthesis of MCM-41 at optimized condition:
The molar gel composition for MCM-41 is 1 SiO;:0-5
CTABr:0-25 Na,O:80H,0. The first step was prepara-
tion of the precursor solution. 63-02 g of Na,SiO; was
mixed with 183 ¢ DDW under continuous stirring at
room temperature for ~15 min in a polypropylene con-
tainer (A). An aqueous solution of CTABr was prepared
by dissolving 54-14 g CTABr in 200 g DDW under con-
tinuous stirring at room temperature (B). Template solu-
tion (B) was added to precursor solution (A) dropwise
and with continuous stirring for ~ 15 min and the solution
further stirred for 15 min. The pH of the resultant solu-
tion was adjusted to ~10-5 using 1:1 H,SO, (diluted
1:1v/v). A gel was obtained at this stage which was
stirred further for 30 min. The polypropylene container
was now closed and allowed to age at room temperature
without stirring for 24 h. The resultant gel was filtered,
washed with DDW to remove adhering ions and dried at
120 °C, followed by calcination at 550 °C for 6 h at a heat-
ing rate of 2 °C/min. The final material obtained was used
for all further studies.

2.2c  Synthesis of AI-MCM-41: In the present synthetic
endeavour the objective is to synthesize mesoporous
AI-MCM-41 at room temperature with good thermal sta-
bility and high surface acidity. A sol-gel method has
been used to achieve this objective. Several sets of mate-
rials were prepared varying silica to alumina ratios, apart
from other conditions, where surface acidity has been
used as an indicative tool in all cases. Table 2 — ESI de-
scribes parameters that have been optimized for synthesis
of AI-MCM-41.

2.2d  Synthesis of Al-MCM-41 at optimized condition:
The molar gel composition of Al-MCM-41 is
1 Si0,:0-033 Al,O3: 0-4 CTABr: 0-25 Na,0: 90 H,0. The
first step was preparation of the precursor solution.
57-48 g of Na,SiO; was mixed with 197-5 g DDW under
continuous stirring at room temperature for ~ 15 min, in a
polypropylene container, to which an aqueous solution of
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Table 1. % yields of mono esters using 12TPA-MCM-41-20 and AI-MCM-41-30 at optimized condition.

12TPA-MCM-41-20 AI-MCM-41-30
S. no. Reactants Product % Yield *TON % Yield *TON
1 Bz + AA BzA 95-23 62-84 93.55 61-73
2 E + AA EA 92-31 41-83 90-35 40-94
3 P+ AA PA 90-23 45-09 88-25 44-10
4 B + AA BA 74-13 40-51 73-16 3998
A Reusability of catalyst
5 Bz + AAlst cycle BzA 87-15 57-51 89-73 5921
6 Bz + AA 2nd cycle BzA 77-45 51-10 83-80 55-29
7 E + AA 1stcycle EA 87-10 39-46 85-20 38-60
8 E + AA 2nd cycle EA 78-65 35-64 79-15 35-86
9 P + AA Ist cycle PA 84-42 42-19 8541 42-86
10 P + AA 2nd cycle PA 78-35 39-15 80-25 40-10
11 B + AA 1st cycle BA 69-00 3771 69-45 37-95
12 B + AA 2nd cycle BA 61-48 33-60 64-32 35-15
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Bz = benzyl alcohol; AA = acetic acid; E = ethanol; P = 1-propanol; B = 1-butanol; mole ratio of reactants =
1-:5:1 (acid : alcohol); reaction time = 8 h. Catalyst amount = 0-15 g; reaction temperature 80 °C for EA and
115 °C for PA, BA and BzA; *TON = turn over number, gram of ester formed per gram of catalyst.

aluminium sulfate was added (prepared by dissolving
5-643 g aluminium sulfate in 40 g DDW) dropwise and
with constant stirring for ~ 15 min. This is the precursor
solution (A). An aqueous solution of CTABr was pre-
pared by dissolving 39-5 g CTABr in 160 g DDW under
continuous stirring at room temperature (B). Template
solution (B) was added to precursor solution (A), drop-
wise and under constant stirring for ~ 15 min. The pH of
the resultant solution was adjusted to ~ 10-5 using 1:1
H,SO, (diluted 1:1 v/v). A gel was formed which was
further stirred for 30 min. The polypropylene container
was now closed and allowed to age at room temperature
without stirring for 24 h. The resultant gel was filtered,
washed with DDW to remove adhering ions and dried at
120 °C followed by calcination at 550 °C for 6 h, at a heat-
ing rate of 2 °C/min. After thermal treatment, the samples
with various silica:alumina ratios AI-MCM-41-20,
Al-MCM-41-30, AlI-MCM-41-50 and Al-MCM-41-100
were subjected to ion exchange by treating them with
aqueous 1-0% NH4NO; solution under continuous stirring
for 3 h, followed by calcination at 550 °C for 3 h
at a heating rate of 2 °C/min in air flow. The sample,
AI-MCM-41-30 exhibits maximum surface acidity and
was used for all further studies (table 3 — ESI).

For synthesis described in §§2.2.3 and 2.2.4 above,
Na,SiO; as a silica source is preferred to TEOS, reasons
being higher cost of TEOS, thermal stability of final
material obtained is better and excess negative charge
developed in the framework due to substitution of Si** by
AI’*, requires Na* for charge balance. While preparation,
it is preferable to add template to precursor source. The
pH of template being almost neutral and pH of precursor
being > 12, if template is added to precursor source, the
pH variation window is narrowed down due to which pH
of gel formation is easily adjusted. The pH in the synthe-

sis was adjusted to ~ 10-5 because gel viscosity is maxi-
mum at this pH, which can also be stirred with ease for
homogenization. Further, in AI-MCM-41 synthesis, lower
the Si0,: Al,O; ratio, the higher will be A" content and
hence better is the acidity generated in the resulting mate-
rials. At the optimized condition surface acidity is high as
well as surface area retention between 550-900 °C is
fairly good.

2.2e Synthesis of 12-TPA supported MCM-41: The
aim was to load different wt% of 12-TPA onto MCM-41
and induce acidity into the material, using surface acidity
as an indicative tool in all cases. Four samples (12-TPA
supported onto MCM-41) of the catalyst were prepared
with varying 12-TPA loading (10-40 wt%). In a typical
setup (10% 12-TPA loading), 1 g of 12-TPA was dis-
solved in 100 ml DDW, to which 9 g of MCM-41 was
added (synthesized as described earlier in the text), and
the resultant slurry stirred continuously for 24 h at room
temperature. The excess solution was removed under
vacuum, dried and subsequently calcined at 350 °C for 2 h
at a heating rate of 2 °C/min.

2.3 Instrumental methods of analysis

All syntheized materials were subjected to instrumental
methods of analysis/characterization. Elemental analysis
was performed on ICP-AES spectrometer (Thermo-Sci-
entific iCAP 6000 series). X-ray diffractogram (26=
1-40°) was obtained on X-ray diffractometer (Bruker D8
Focus) with CuKe radiation with nickel filter. FT-IR
spectra was recorded using KBr pellet on Shimadzu
(Model 8400S). Thermal analysis (TGA) was performed
on a Shimadzu (Model TGA 50) thermal analyzer at a
heating rate of 10 °C min™'. SEM and EDX of the sample
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were scanned on Jeol JSM-5610-SLV scanning electron
microscope. TEM was performed using Philips CM30 ST
electron microscope operated at 300 kV. Surface area
measurements were determined using Micromeritics
Gemini at —196 °C using nitrogen adsorption isotherms.
Surface acidity was determined by NH;-TPD method
using Micromeritics Chemisorb 2720. UV-Vis diffuse
reflectance spectra was obtained using Shimadzu (Model
UV-DRS 2450).

2.4 Synthesis of monoesters (EA, PA, BA and BzA)

In a typical reaction, a 100 mL round bottomed flask
equipped with a Dean and Stark apparatus, attached to a
reflux condenser was used and charged with acetic acid
(0-05-0-10 M), alcohol (0-05-0-10 M), catalyst (0-10—
0-20 g) and a suitable solvent (15 mL). Cyclohexane was
used as a solvent for the synthesis of ethyl acetate and
toluene for propyl acetate, butyl acetate and benzyl
acetate. The reactions were carried out varying several
parameters such as amount of catalyst, mole ratio of reac-
tants, reaction time, and these parameters optimized.
After completion of reaction, catalyst was separated by
decantation and reaction mixture was distilled to obtain
the product.

2.5 Regeneration of catalyst

During the course of the reaction, there is a possibility of
adsorption of reacting molecules on to the surface of the
catalyst. After separation of catalyst in reaction mixture
by decantation, it is first refluxed in ethanol for 30 min to
solubilize and remove adsorbed molecules, followed by
drying at 120 °C. This material was used as recycled cata-
lyst. This regeneration procedure was followed in sub-
sequent recycle reaction.

3. Result and discussion
3.1 Catalyst characterization

The characterization of MCM-41 and Al-MCM-41 are
well investigated and presented in ESI (figures 1-19)
which include XRD, TEM, SEM, EDX, FT-IR, TGA,
pore size and pore volume distribution, surface are using
nitrogen adsorption isotherm, surface acidity (NH;-TPD)
and UV-DRS. The characterization indicate mesoporous
nature of the materials.

12-TPA supported onto MCM-41 with 12-TPA load-
ing = 20 wt%, abbreviated as 12TPA-MCM-41-20 has
been used for characterization, as it exhibits highest
surface acidity and used for all catalytic studies.

The three main reliable techniques used for characteri-
zation of 12TPA-MCM-41-20 are XRD (Pandurangan
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et al 2005; Yarmo et al 2007), FT-IR and surface acidity
which ensure the anchoring of HPA’s on to MCM-41,
wherein comparisons are made between pure HPA’s, pure
MCM-41 and a combination of these.

XRD of different wt% loading of 12-TPA-MCM-41 are
presented in figure 1. With reference to MCM-41 (a) and
12-TPA (f); (b), (¢), (d) and (e) shows that 12-TPA is
loaded on to MCM-41. (e) with the highest loading shows
that the 12-TPA remains on the surface and the X-ray
pattern is close towards (f). The observed results coincide
well with those reported in literature (Pandurangan et al
2005; Yarmo et al 2007).

a=MCM 41,
b=10% TPA-MCM-41
c=20%, d=30%, e=40% , £=12-TPA
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Figure 1. XRD of 12TPA-MCM-41.

Figure 2. SEM of 12TPA-MCM-41-20.
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SEM image of 12TPA-MCM-41-20 (figure 2) exhibits
irregular particle size. EDX of 12TPA-MCM-41-20,
presented in figure 20 — ESI shows the presence of W
atomic% = 2-20, Si atomic% = 30-44 and O atomic% =
67-40. Absence of P in EDX is probably due to very low
% of P in the original compound, which is probably not
detected in EDX due to instrument limitations.

FT-IR spectra of HPA supported on to MCM-41 have
been discussed earlier (Bekkum et al 1995; Edler and
White 1997; Ma et al 1997; Xia et al 2000). FT-IR
spectra (figure 3) with different 12-TPA loading coincide
well with those reported in literature (Bekkum et al 1995;
Edler and White 1997; Ma et al 1997; Xia et al 2000).
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Figure 3. FT-IR of 12TPA-MCM-41.
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Figure 4. Ammonia TPD of 12TPA-MCM-41.
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Comparative TPD pattern of MCM-41 samples with
different 12-TPA loading (figure 4) exhibits two distinct
peaks at 200 and 600 °C indicating presence of medium
and strong acid sites, respectively, in all the samples. The
surface acidity increases gradually with increasing 12-
TPA loading from 10 to 20 wt%, after which a decrease
is observed (table 3 — ESI).

3.2 Synthesis of monoesters

Equilibrium constants of the esterification reactions are
low. As in any equilibrium reaction, the reaction may be
driven to the product side by controlling the concentra-
tion of one of the reactants (Le Chatlier’s principle).
When concentration of one of the reactant relative to the
other is increased, the reaction is driven to the product
side. In order to obtain higher yield of esters, Le Chat-
lier’s principle has been followed. Solvents cyclohexane
and toluene have been employed to remove the water
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Figure 5. Reaction time variations for BzA synthesis.
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Figure 6. Catalyst amount variations for BzA synthesis.
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formed during the reaction as a binary azeotrope. Mono
esters EA, PA, BA and BzA were synthesized as
described in experimental section.

Firstly, reaction conditions were optimized using
12TPA-MCM-41-20 as solid acid catalyst for BzA syn-
thesis by varying parameters such as catalyst amount,
initial mole ratio of the reactant (alcohol to acid) and
reaction time, and the results obtained presented in table
4 — ESI and a graphical presentation (figures 5 and 6).

During optimization of reaction time, it is observed
that the conversion rate was very high initially, indicating
that the reaction obeys first order kinetics. As reaction
time increases, percentage yield increases. However,
there is not much gain in product after 8 h. Hence, the
optimum reaction time was selected as 8 h. With increas-
ing amount of the catalyst, the % yield increased which is
due to proportional increase in the number of active sites.
The influence of reactant ratio (alcohol : acid) was studied
by increasing from 1:1-5 to 1-5:1. The yield can be in-
creased by increasing the concentration of either alcohol
or acid. As observed from table 4 — ESI, the % yield of
ester increases with increase in mole ratio of acid, while
decreases with increasing mole ratio of alcohol. This may
be attributed to preferential adsorption of alcohol on the
catalyst which results in blocking of active sites. For eco-
nomic reasons also, the reactant that is usually less
expensive of the two, is taken in excess. In the present
study, acids were used in excess. The temperature
parameter has not been varied, due to the fact that the
reaction temperature is sensitive to boiling points of reac-
tants as well as solvents used as azeotrope.

At the optimum condition (mole ratio of reactants,
alcohol : acid = 1: 1-5, amount of catalyst = 0-15 g, time =
8 h), mono esters EA, PA and BA have been synthesized
and the yields of esters are presented in table 1. Further,

100 » 12TPA-MCM-41-20
90 B Al-MCM-41-30
80
70
60
o
;l_:‘ 50
x 40
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Figure 7. Comparative catalyst performance in formation of
mono esters.
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for comparative study, AI-MCM-41-30 is used as solid
acid catalyst for synthesis of mono esters BzA, EA, PA
and BA at the above mentioned optimum condition. The
results are presented in table 1.

It is observed that the order of % yield of ester formed
for both catalysts is BzA > EA > PA > BA. Though the
yields of mono esters using both catalysts are compara-
ble, higher yields are observed in case of 12TPA-MCM-
41-20 which could be attributed to higher surface acidity.
Turn over number (TON) reflects the effectiveness of a
catalyst and this also follows the order of ester formation.

Esterification of mono esters EA, PA and BA has been
reported (Zhao 2001) in absence of catalyst and exhibit
poor yields. Therefore, catalyst is a must for these reac-
tions. In case of BzA, however, it is observed that with an
excess of acetic acid and in the absence of any catalyst
the yield is as high as 90-6% which is attributed to auto
catalysis. In another report (Sharath et al 2001), high
yields of BzA were obtained with small amount of the
catalyst, but the reaction time was relatively high. In the
present study, yields of BzA are ~95% for both catalysts
compared to above literature reports. Higher yields in
case of benzyl acetate could be attributed to an enhanced
nucleophilicity due to presence of aromatic ring in benzyl
alcohol. The order of % yield of ester formed is
EA > PA > BA could be explained due to increase in car-
bon chain length in the respective alcohols used for ester
formation. During condensation of these alcohols with
acetic acid, probably steric effects are responsible for
explaining decreasing yields from EA through PA to BA.

% of yields obtained in recycled catalyst and %
decrease in yields in subsequent cycles is presented in
tables 1 and 5 (ESI), respectively, and a graphical presen-
tation (figure 7). It is observed that in subsequent cycles,
decrease in % yields is less for AI-MCM-41-30 compared
to 12TPA-MCM-41-20. This could probably be due to
the leaching of 12-TPA from surface of MCM-41. It is
observed that the colour of the catalyst changes after each
catalytic run. This gives an indication that during the
course of the reaction, the reacting molecules come onto
the surface of the catalyst. Some of them enter into reac-
tion to give the product, while a few of them get adsorbed
on the surface, which is marked by the change in the col-
our of the catalyst. The fact that the reactant molecules
are weakly adsorbed is evident from the catalyst regain-
ing its original colour, when treated with ethanol. The
possibility of molecules entering interstices cannot be
ruled out. This is observed from the fact that the yields go
down after every regeneration, leading to deactivation of
the catalyst.

4. Conclusions

The work outlined herein reveals the promising use of
12TPA-MCM-41-20 and AlI-MCM-41-30 as solid acid
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catalysts in the synthesis of mono esters, the advantages
being operational simplicity, where mono esters formed
can be simply distilled over, there is no catalyst contami-
nation in products formed, no acid waste generation, the
catalysts can be regenerated and reused, and products
formed are colourless, a limitation in the conventional
process.
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