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solvents, flavour chemicals, precursors for pharmaceuti-
cals, agrochemicals and other fine chemicals [1, 2]. The 
esterification of a secondary alcohol is much more difficult 
to achieve compared to primary alcohols. The steric effect 
of the substrates and the lower nucleophilicity of the oxy-
gen atom hinder the formation of the corresponding ester 
[3]. Conversions are also limited by slow reaction rates and 
reversible reactions. Conventional homogenous catalysts 
widely used in industries for esterification include  H2SO4, 
HCl, HF,  H3PO4, and  ClSO2OH [4, 5]. However, these liq-
uid acid catalysts suffer from several drawbacks, such as 
their corrosive nature, the existence of side reactions and 
the fact that the catalysts cannot be easily separated from 
the reaction mixture [6]. Due to stringent and growing 
environmental regulations, the chemical industry needs the 
development of more eco-compatible synthetic methodolo-
gies [7]. The use of heterogeneous acid catalysts offers an 
alternative development and has received a considerable 
attention in the recent past [6]. The heterogeneous cata-
lysts reported in the literature for esterification reactions 
include ion exchange resin [8], H-ZSM–5 [9], zeolites-Y 
[10], niobic acid [11], sulphated oxides [12] and supported 
dodecatungstophosphoric acid,  H3PW12O40 on acid modi-
fied montmorillonite clay [13]. In fact, there is a need to 
develop esterification of sec-butanol with acetic acid using 
more environmental friendly solid acid catalyst. In recent 
years, the use of solid acid catalysts, such as acid treated 
montmorillonite clay, has received considerable attention 
in different areas of organic synthesis, because of their 
environmental compatibility, reusability, operational sim-
plicity, non-toxicity, non-corrosiveness, low cost and easy 
isolation [14]. Montmorillonite is di-octahedral clay of 
smectite group and is composed of stacked alumino-silicate 
layers. It possesses some unique properties such as cation 
exchange capacity, intercalation, swelling etc. which allow 
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1 Introduction

Esterification of carboxylic acids with alcohols to produce 
esters has been recognized as one of the most important 
reactions due to the wide utility of esters as plasticizers, 
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modifications to its structural as well as textural properties 
for efficient catalysis. The commonly used modification 
methods are acid activation, cation exchange, intercala-
tion and pillaring [15]. Acid activated montmorillonite clay 
is one of the widely studied solid acid catalysts for many 
organic transformations such as isomerisation [16], alkyla-
tion [17, 18], acylation [19] and other reactions [20]. Acid 
activated clay minerals also have great potential as inexpen-
sive and efficient supports [21] owing to their chemical and 
mechanical stability, high surface area and structural prop-
erties [22]. The treatment of purified montmorillonite clay 
with mineral acid has been reported to replace exchange-
able cations with  H+ ions and leaching  Al3+ out of both 
tetrahedral and octahedral sites but leaving the  SiO4 group 
largely intact. Such acid treated clays are therefore partially 
delaminated and exhibit higher surface area, pore volume, 
pore diameter [23] and higher surface acidity [24] which 
results into their improved adsorption and catalytic proper-
ties. Here, we report an environmental friendly mesoporous 
aluminosilicate catalyst developed by controlled HCl acid 
leaching of montmorillonite clay and their high catalytic 
activity of Bronsted acid catalysed esterification of sec-
butanol with acetic acid.

2  Experimental

2.1  Materials and methods

Natural montmorillonite clay (procured from Gujarat Mines 
Bentonite, India) contains silica sand, iron oxide, etc. as 
impurities and was purified by standard sedimentation 
method [25] to collect the <2  μm fraction (rich in mont-
morillonite). The oxide composition of the clay determined 
by weight chemical and flame photometric methods were: 
 SiO2: 49.42;  Al2O3: 20.02;  Fe2O3: 7.49; MgO: 2.82; CaO: 
0.69; LOI: 17.51; others  (Na2O,  K2O and  TiO2) 2.05%. The 
clay was converted in to homoionic Na-exchanged form 
(Na-Mont.) by stirring in 2 M NaCl solution for about 72 h, 
which was washed and finally dialyzed against distilled 
water until conductivity of the dialyzate approached to that 
of distilled water [26, 27].

2.2  Preparation of mesoporous aluminosilicate 
catalysts

Three gram of dry Na-Mont. powder was treated with 
100 ml of 4 M HCl. The slurry was refluxed for different 
time intervals (15  min, 1, 2 and 4  h). After cooling, the 
slurry was filtered with suction, washed with distilled water 
and finally dialyzed against distilled water till the conduc-
tivity of the dialyzate approached to that of distilled water 
and showed negative test for  Cl− with silver nitrate [28]. 

The mass was then dried at 50 ± 5 °C in air oven to obtain 
the solid product. The samples are designated as meso-
AS-15 min, meso-AS-1 h, meso-AS-2 h and meso-AS-4 h 
corresponding to their periods of acid activation.

2.3  Catalyst characterization

FTIR studies of purified and acid activated montmorillon-
ites were carried out by using Perkin-Elmer system 2000 
FTIR spectrometer. Specific surface area, pore volume, 
average pore diameter were measured by using Autosorb1 
(Quantachrome, USA). Surface areas were determined by 
 N2 gas adsorption at 77 K and applying Brunner-Emmett-
Teller (BET) method. Prior to adsorption, samples were 
degassed at 200 °C for about 1.5 h. Pore size distributions 
were derived from desorption isotherms using the Barrett-
Joyner-Halenda (BJH). Thin layered (oriented) samples 
were prepared on glass slides by standard technique for 
basal spacing  (d001) determination by XRD. Diffraction 
patterns were taken in the range 2Θ = 2–60° at a rate of 
6° min−1 (X-ray diffractometer JEOL, JDX-11p 3 A, Japan). 
29Si and 27Al MAS NMR spectra of selected samples were 
recorded in a DSX 300 NMR spectrometer. Scanning 
electron microscopy (SEM) images and energy dispersive 
X-ray spectroscopy (EDX) patterns were obtained from the 
samples by using Carl Zeiss SIGMA FE-SEM operated at 
5 and 20  KV and Oxford X-Max 20 EDS detector. Prior 
to examination, samples were lightly coated with gold. 
Cation exchange capacities of different samples were deter-
mined by using standard techniques [29]. Acidity of meso-
AS catalysts were determined by  NH3-TPD measurement 
using Chem BET Pulsar (Quantachrome, USA). The sam-
ples were prepared by outgassing at 140 °C under He gas 
flow.  NH3 gas was passed through the samples for 30 min 
for complete saturation and then free absorbed  NH3 was 
removed by passing He for another 30 min.  NH3-TPD anal-
ysis was achieved by heating the samples at 20 °C  min−1 
under He gas flow rate at 80 ml min−1. The analyses were 
carried out in the temperature range 100–800 °C. The types 
of acidity measurement of meso-AS catalysts were also 
carried out by pyridine-adsorbed FT-IR analysis. The sam-
ples were first finely ground and allowed to adsorb pyridine 
in a closed chamber for 30 min and followed by removal of 
excess absorbed pyridine on the samples by keeping in a 
hot air oven at 120 °C for 1 h. Samples were analyzed in a 
FT-IR spectrophotometer.

2.4  Esterification reaction

0.3 g of freshly activated catalyst (dried at 120 °C for 2 h in 
an oven), 0.15 mol of acetic acid (Merck, 99.8%), 0.05 mol 
of sec-butanol (Merck, 98%) were taken into a pressure 
autoclave. The autoclave temperature was then slowly 
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raised to 100, 125, 150 and 200 °C (autogeneous pressure) 
and maintained at the desired temperature during the speci-
fied reaction periods (2, 6 and 9 h). The reaction products 
were collected from the autoclave and analyzed by GC 
(Chemito GC, Model 8510, FID). The catalyst was washed 
with water and activated for next experiments.

3  Results and discussion

The most important requirement for porous solid acid cata-
lysts for use in liquid-phase processes is pore size which 
should be large enough to allow rapid diffusion of reactants 
in to the pores and the products need to come out. In gen-
eral, there is a wide interest in the use of mesoporous alu-
minosilicate catalysts like acid modified clays in different 
catalytic reactions [30–35] as they possess tailorable pore 
sizes in the mesoporous range (typically 2–50  nm). The 
mesopores in such catalysts allow the reactants to access 
additional active sites in the pores and results in improved 
rates of acid catalysis [36]. The suitability of mesoporous 
aluminosilicate catalysts obtained by acid modification of 
clay, particularly smectite, to promote Bronsted or Lewis 
acid-catalysed reactions depend on the extent of leaching 
of the raw clay which, in turn, depends upon the acid treat-
ment conditions [37]. The solid acid catalysts which are 
reusable and readily separable from reaction products are 
of much interest for replacement of hazardous and corro-
sive liquid acids.

The mesoporous aluminosilicate catalysts were synthe-
sized from Na-montmorillonite by controlled HCl acid acti-
vation for different time intervals. The  N2 adsorption–des-
orption study confirmed the mesoporous nature of such 

catalysts. The adsorption–desorption isotherms of different 
catalysts (Fig. 1a) show the form of Type IV isotherms with 
the hysteresis loop of type H3, which is a characteristic of a 
mesoporous solid. The pore size distribution plot in Fig. 1b 
shows that the average pore sizes of such catalysts are in 
the range of 2–10 nm suggesting that pore sizes of the cata-
lysts lie in the mesoporous region. The surface area of Na-
montmorillonite as determined by using Brunner-Emmett-
Teller (BET) method was found to be 101 m2 g−1

Acid activation of Na-montmorillonite for 15  min 
(meso-AS-15  min) and 1  h (meso-AS-1  h) caused an 
increase in the surface area to 395 and 578 m2 g−1 respec-
tively and the pore diameter to 3.06 and 4.12  nm respec-
tively (Table  1) because of considerable leaching of Al 
from the clay structure.

Further acid activation up to 2 h (meso-AS-2 h) and 4 h 
(meso-AS-4 h) caused a decrease in surface area to 400 and 
327 m2 g−1 respectively, which is due to open up the exist-
ing pores by destroying the internal walls of the pores with-
out significantly changing the overall pore volume. The 
oxide compositions of different meso-AS as determined 
by weight chemical and flame photometric methods (Sup-
porting Information, Table  S1) confirmed the leaching of 
Al from the clay structure as the percentage of  Al2O3 goes 
on decreasing as the time of acid activation increases. Total 
acidity of different meso-AS catalysts were determined 
by TPD analysis (Table 1). A typical  NH3-TPD profile of 
meso-AS-15 min is presented below (Fig. 2) showing max-
imum acidic sites in the strong acidic region (400–600 °C) 
[38, 39].

The extraction of octahedral or tetrahedral  Al3+ ions 
from the clay during acid activation was investigated 
by 27Al and 29Si MAS-NMR spectroscopy. The 27Al 
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MAS-NMR (Fig. 3a) spectra of untreated montmorillonite 
showed octahedrally (intense signal at δ = 3.92  ppm) and 
tetrahedrally (weak signal at δ = 67 ppm) coordinated alu-
mina in the framework of the clay. The 27Al MAS-NMR 
spectra indicated that during acid activation, the intensity 
of the peak due to octahedral Al decreased along with shift-
ing the peak position from 3.92 to about 1.6 ppm for acid 
treatment period of upto about 4 h, but the peak value at 
δ = 67 ppm due to tetrahedral Al remained almost similar 
to untreated montmorillonite indicating residual intact of 
the tetrahedral Al structure. It was observed that during the 
initial acid treatment period upto 15  min, the peak inten-
sity of meso-AS-15  min did not differ much with that of 
Na-montmorllonite. However, distinct differences of peak 
intensities were noticed at the long acid treatment periods 
of 2–4 h due to adequate leaching of  Al3+ from octahedral 
sites. Generally, the high surface area of such mesoporous 
aluminosilicate catalysts is related to the removal of octa-
hedral Al from the clay structure. A maximum surface area 
can be obtained when some or all the tetrahedral alumin-
ium remain in the structure. The 29Si MAS-NMR spectra of 
Na-montmorillonite and other mesoporous aluminosilicate 
catalysts are presented in Fig. 3b. .

Untreated montmorillonite contained one sharp peak at 
δ = −93 ppm  Q3(0Al) due to  SiO4 tetrahedra surrounded 
by three other silicate units in the tetrahedral sheet and 
one Al (or Mg) atoms through oxygen bridges of mont-
morillonite. With the increase in the acid treatment time, 
the intensity of this peak, i.e. δ = −93  ppm  Q3(0Al) of 
montmorillonite, gradually disappeared with simultane-
ous appearance of the new peaks at about δ = −111 ppm 
 [Q4(0Al) (Si–O–Si bond)] and δ = −102  ppm [(SiO3)
Si–OH bond]. After prolong acid treatment, the inten-
sity of the signal at δ = −111  ppm  [Q4(0Al) (Si–O–Si 
bond)] increased, showing the decomposition of a large 
amount of montmorillonite. The SEM image (Fig.  4a) 
revealed that the surface of such mesoporous catalyst was 
rough and the EDX analysis (Fig. 4b) showed a predomi-
nant amount of Si on the surface of the clay after acid 

Table 1  Surface area, cation 
exchange capacities (CEC), pore 
volume, average pore diameter 
and conversion on esterification 
of acetic acid with sec-butanol

*Reaction conditions: temperature: 150 °C (closed system), pressure: autogeneous, reaction time: 9 h, cata-
lyst amount: 0.3 g, acid: alcohol: 3:1 (mole ratio).**Ref. [40]

Sample Surface area 
 (m2 g−1)

CEC 
(meq/100 g)

Acidity 
(mmol g−1)

Pore diam-
eter (nm)

Pore 
volume 
(cc g−1)

Conver-
sion* 
(%)

meso-AS-15 min 395 96 0.41 3.06 0.302 89
meso-AS-1 h 578 41 0.43 4.12 0.596 81
meso-AS-2 h 400 20 0.56 6.03 0.603 77
meso-AS-4 h 327 7 0.59 8.48 0.761 64
Montmorillonite K10** 230 35 0.20 6.63 0.441 5.5

Fig. 2  NH3-TPD profile for meso-AS-15 min

Fig. 3  a 27Al and b 29Si MAS NMR spectra of a Na-montmorillon-
ite, b meso-AS-15 min, c meso-AS-2 h and d meso-AS-4 h
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activation, indicating leaching of the Al from the surface 
matrix.

The FTIR spectra of purified Na-montmorillonite (Na-
Mont.) and meso-AS reflect the structural degradation of 
the clay components and formation of an amorphous silica 
phase during acid activation (Fig. 5). The complex absorp-
tion band of the Si–O stretching vibrations of Na-Mont. 
lies approximately at 1040 cm−1. The shape and position of 
this band changed during acid activation. The band shifts 
from 1040 to 1095 cm−1, indicating the change in bonding 
environment in tetrahedral layer and formation of an amor-
phous silica phase.

The cation exchange capacities (CEC) of the differ-
ent meso-AS catalysts decreased (Table  1) as the time of 
acid activation was increased which was due to the grad-
ual destruction of the layered structure of the clay. This 
observation was also substantiated by the progressive loss 

of intensity and broadening of the  d001 reflection in X-ray 
diffraction patterns of different samples (Supporting Infor-
mation, Fig S1). An approximately linear relationship was 
observed for different meso-AS catalysts when CEC was 
plotted as a function of percentage of  Al2O3 present on 
meso-AS catalysts and it (Supporting Information, Fig S2) 
reveals that with the increase in acid activation time, the 
number of exchangeable cation sites removed was in pro-
portion to the extent of extraction of octahedral  Al3+ ions. 
It is interesting to observe (Table 1) that the catalyst meso-
AS-1h, exhibiting the highest surface area 578  m2  g−1 
shows a lower conversion 81% than that of the catalyst, 
meso-AS-15 min, with surface area 395 m2 g−1, exhibiting 
the highest conversion 89%. In case of the catalyst mont-
morillonite K10, with the lowest surface area 230 m2 g−1 
shows the lowest conversion i.e. 5.5% only. Therefore it 
indicates that surface area of the catalysts is not only the 
factor responsible for conversion. Acid activation up to 
15 min as in case of meso-AS-15 min did not delaminate 
much of the layer structure of the clay and therefore the 
leached octahedral  Al3+ ions from the lattice may occupy 
the place of interlamellar cation exchange sites and polar-
ized the coordinated water molecule and form  Al2OH and 
releases  H+ [40, 41] which in turn, increases the Bron-
sted acidity and leads to the highest conversion i.e. 89%. 
But acid activation for 1  h destroys the layer structure of 
the clay to a greater extent and therefore  Al3+ ions were 
removed from the interlayer regions, which decreased the 
Bronsted acidity of meso-AS-1  h. Further acid activation 
for 2 and 4  h caused more destruction of the layer struc-
tures and leading to decreased conversions 77 and 64% 
respectively. However, for montmorillonite K10, the low-
est conversion (5.5%) was observed even with considerable 
CEC value of 35 meq/100 g. It is observed that, (Table 1) 
with the increase in acid treatment time, total acidity 
increases but conversion decreases. This increase in acidity 

Fig. 4  a SEM image and b EDX spot analysis of meso-AS-1 h
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was due to the increased generation of Lewis acidity on 
the acid activated clay. Pyridine adsorbed FTIR study of 
meso-AS-15  min and meso-AS-4  h (Fig.  6) show charac-
teristic IR absorption for Bronsted acid sites at 1547 and 
1549 cm−1 respectively, which is due to the C–C stretching 
vibration of pyridinium ion attached to the Bronsted acid 
sites indicating the generation of Bronsted acidity on both 
15 min and 4 h activation time. In addition, meso-AS-4 h 
shows a band at 1442 cm−1 which is a characteristic peak 
of C–C stretching vibration of coordinatively bonded pyri-
dine complex to the Lewis acid sites indicating the genera-
tion of Lewis acidity which is absent in meso-AS-15 min. 
This indicates that the Lewis acidity increases on enhanc-
ing acid activation time. The bands at 1491 and 1492 cm−1 
present on meso-AS-4  h and meso-AS-15  min are due to 
C–C stretching of pyridine bonded to total acid sites [42, 
43]. The band (Fig. 6) observed near 3631 cm−1 is due to 
silanol (Si–OH) groups exposed at the external layer sur-
face generated by both 15  min and 4  h activation, while 
broad bands near 3433 and 3435  cm−1 are due to  Al2OH 
groups formed in the interlayer region. The relative inten-
sity of bands for interlayer  Al2OH decreases while for 
silanol groups (Si–OH) increases with time of activation. 
This may be correlated to the leaching of  Al3+ ions during 
acid activation with increase in time [40].

Thus the results substanciate that esterification of sec-
butanol with acetic acid is primarily catalysed by Bronsted 
acidity instead of Lewis acidity which even on increasing 
by enhancing acid activation time leading to total higher 
acidity shows lower conversion. Thus, meso-AS-15  min, 
having highest cation exchange capacity (96  meq/100  g), 
higher Bronsted acidity, lower surface area (395  m2  g−1), 
lower pore diameter (3.06  nm) and lower pore volume 

(0.302  cc  g−1), appeared to be the most efficient catalyst 
for the liquid phase esterification of sec-butanol with acetic 
acid.

A detail study on the influence of reaction time on the 
acetic acid conversion using meso-AS-15  min as cata-
lyst was carried out. A gradual increase in the conversion 
was seen (Fig.  7) with the increase in reaction period. It 
revealed that at 9 h of reaction time, about 89% conversion 
was obtained which does not enhance even the reaction 
time was increased. The sudden increase in the conversion 
of the esterification reaction during the period above 6  h 
upto 9 h might be due to maintenance of favorable equilib-
rium condition of the reaction leading to higher production 
rate which might be caused because of involvement of criti-
cal concentration factors of the several components present 
in the reaction vessel.

The reaction was carried out at various reaction temper-
atures, ranging from 100 to 200 °C at a given acetic acid to 
sec-butanol ratio of 3:1 for 1 and 9 h using meso-AS-15 min 
as catalyst. Upon raising the reaction temperature, the con-
version of acetic acid was found to be increased (Support-
ing Information, Fig S3) because it favors the formation of 
carbonium ion from acetic acid, which in turn reacts with 
sec-butyl alcohol to produce sec-butyl acetate (Scheme 1). 
The plausible mechanism involved in the esterification of 
acetic acid with sec-butanol is shown in the Scheme 1. The 
esterification reaction of acetic acid with sec-butanol is an 
electrofilic substitution reaction which follows Eley–Rideal 
mechanism where protons chemisorbed on the catalyst 
surface attacked the acid molecule first and form a stable 
carbocation. The carbocation is then attacked by one of the 
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lone pair of sec-butanol and results a unstable intermedi-
ate which finally releases one water molecule and gives the 
product sec-butyl acetate along with the regeneration of the 
catalyst.

While investigating the effects of catalyst amounts, 
it was observed that the conversion of sec-butyl alcohol 
increased marginally with the increase in catalyst amounts 
(Fig. 8). This was due to diffusional resistance in catalyst 
pores as the reactions on porous catalyst involve adsorption 
and diffusion of reactants through the pores. The product 

molecules remained adsorbed within the pores/channels 
of the catalyst and might restrict diffusion for the fresh 
reactants.

The effects of the mole ratios of the reactants on the 
esterification for 1 and 9 h were tested (Fig. 9). The conver-
sion was found to be maximum with 3:1 mol ratio of acetic 
acid to sec-butanol and sec-butyl acetate was observed as 
the only product, i.e. selectivity is 100%.

The catalyst was found to be reusable with no significant 
loss in activity even after three cycles. A marginal decrease 
in conversion was observed i.e. the conversion of 89% in 
the first run decreases to about 85 and 83% in the 2nd and 
3rd run respectively. Though the catalyst was separated and 
washed after each reaction to remove all the adsorbed reac-
tants and products, retention of some of the adsorbed reac-
tants and products species are still possible, which might 
cause the blockage of active sites and cause a decrease in 
catalytic activity.

4  Conclusion

The mesoporous aluminosilicates (meso-AS) catalysts were 
prepared from Na-montmorillonite by controlled HCl acid 
activation for different time intervals (15 min, 1, 2 and 4 h) 
exhibiting high surface area in the range 327–578 m2 g−1, 
surface acidity 0.41–0.59  mmol  g−1, and pore diameter 
3.06–8.48  nm. The esterification of acetic acid with sec-
butanol catalysed by meso-AS-15  min catalyst showed 
high conversion 89% with nearly 100% selectivity towards 
sec-butyl acetate. The meso-AS catalysts offer several 
advantages such as good yields of products, leaching free 
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catalytic operation, inexpensive and environmental friendly 
catalytic system. The catalysts are also found to remain 
active for several runs without significant loss of activity.
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