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a  b  s  t  r  a  c  t

The  liquid-phase  esterification  of acetic  acid  with  n-butanol  has  been  studied  over  tungsten  oxide  sup-
ported  on  alumina,  silica  and  silica–alumina  containing  two different  W  loadings.  They  were  prepared
by  the  impregnation  of precipitated  supports  and  characterized  using  X-ray  diffraction,  N2 adsorption,
SEM-EDX  and  NH3-TPD  techniques.  The  effects  of  esterification  conditions  including  the reaction  time
and  temperature,  the acid-to-alcohol  mole  ratio,  the amount  of  catalyst  and  the  catalyst  reusability  as well
as the  effect  of  reactant  pre-adsorption  on  the  reaction  conversion  were  investigated.  The  best  catalytic
performance  was  obtained  with  WO3 supported  on  silica-alumina  with  a silica-to-alumina  mole  ratio  of
0.4 (10W-Si(0.4)Al  sample).  The  activity  of  the  different  catalysts  ranged  as  follows  (the  conversion  of
acetic acid  at  120 min  reaction  time  in parenthesis):  10W-Si(0.4)Al  (95.5)  >  10W-Al  (86.2)  >  10W-Si(1.0)Al
upported tungsta catalysts (82.1)  > 10W-Si(2.5)Al  (79.8)  > 5W-Al (77.5)  >  10W-Si  (75.9)  >  5W-Si  (70.6).  The  catalytic  activity  corre-
lated  well  with  the total  number  of  acid sites  determined  by NH3-TPD.  In  all  cases  the  reaction  was
completely  selective  to  n-butyl  acetate.  Reactant  pre-adsorption  experiments  suggested  that  the  reac-
tion  follows  the  Langmuir–Hinshelwood  mechanism.  A good  reusability  of  the 10W-Si(0.4)Al  catalyst
after  three  reaction  cycles  was  observed.
. Introduction

The oxides of elements with valence five or higher present
trong to very strong Brønsted acidity [1] which make them good
andidates as solid acid catalysts. Indeed, in the last decade, a high
umber of studies showed that tungsta [2–9], molybdena [10–12],
anadia [13,14] and niobia [15] supported on appropriate supports
ere effective catalysts for the esterification reaction, one of the

undamental acid-catalyzed reactions.
Concerning the esterification reaction of acetic acid with n-

utanol, this is the most viable route for producing butyl acetate

hich is an important chemical being used in large quantities as a

olvent in the lacquer industry and coating manufacture, extrac-
ant and dehydrator [16–18]. It is also able to replace the toxic
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niversity of Bucharest, 4-12, Blv. Regina Elisabeta, 030018 Bucharest, Romania.
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381-1169/© 2014 Elsevier B.V. All rights reserved.
©  2014  Elsevier  B.V.  All  rights  reserved.

and teratogenic ethoxy ethyl acetate, often used as a solvent [19].
Nb2O5/SiO2–Al2O3 has been studied as catalyst for this reaction
showing conversions as high as 87% with 100% selectivity for
butyl acetate (8 h reaction time at 120 ◦C) [15]. MoO3/Al2O3 and
V2O5/Al2O3 were shown to be able to catalyze the esterification
reaction of acetic acid with n-butanol showing conversions of 81
and 63%, respectively, and 100% selectivity for n-butyl acetate at
100 ◦C and 2 h reaction time [11,14]. Improved catalytic perform-
ances of the V2O5/Al2O3 catalyst can be obtained by adding MoO3
[13].

Because of their high acidity, the supported WO3 catalysts
showed very good catalytic performances in different esterification
reactions but, to the best of our knowledge, they were not studied
as catalysts for the esterification of acetic acid with n-butanol.

The main objective of this research work was  to obtain suit-
able catalysts for the liquid phase esterification process. Supported
WO3 on �-alumina, silica and silica–alumina were prepared

by impregnation and characterized by XRD, nitrogen adsorp-
tion, SEM-EDX and NH3-TPD. Their catalytic properties for the
esterification of acetic acid with n-butanol were investigated in
details.

dx.doi.org/10.1016/j.molcata.2014.10.014
http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molcata.2014.10.014&domain=pdf
mailto:ioancezar.marcu@chimie.unibuc.ro
mailto:ioancezar_marcu@yahoo.com
dx.doi.org/10.1016/j.molcata.2014.10.014


2  Cataly

2

2

l
a
N
c
w
l
p
p
a
c
a
a
t
i
(
o
a
W
A
1
t

2

t
3
o
a
s
P

a
w
fi
a
c
B

p
E
l
s
u
w
s
t
w
T
s
g

p
c
p
1
u
n
a
c
p

76 G. Mitran et al. / Journal of Molecular

. Experimental

.1. Catalysts preparation

Al2O3 support was prepared from Al(NO3)3·9H2O (Fluka Ana-
ytical) by precipitation with ammonium carbonate (Lachema)
t controlled pH of 6.5. SiO2 support was prepared from
a2SiO3·5H2O (Sigma–Aldrich) by precipitation with ammonium
hloride (Lach-Ner) at controlled pH of 6.5. SiO2–Al2O3 supports
ith three different SiO2/Al2O3 mol  ratios, i.e. 0.4, 1.0 and 2.5,

abeled Si(0.4)Al, Si(1.0)Al and Si(2.5)Al, respectively, were pre-
ared by coprecipitation using Al(NO3)3·9H2O and Na2SiO3 as
recursors. Ammonium chloride was used as precipitating agent
t controlled pH of 6.5 when both Al and Si ions were completely
oprecipitated. All the precipitates were separated by filtration
nd washed with distilled water, dried in air at 100 ◦C for 12 h
nd, finally, calcined at 600 ◦C for 4 h. WO3 was introduced at
wo concentrations, 5 and 10% by weight, via incipient wetness
mpregnation of supports with aqueous ammonium tungstate
Schering–Kahlbaum) solutions containing appropriate amounts
f tungsten. After impregnation, the samples were dried in air
t 100 ◦C for 12 h and then calcined at 600 ◦C for 4 h. The 5 wt%
O3/support and 10 wt% WO3/support samples were labeled 5W-

l, 5W-Si, 10W-Al, 10W-Si, 10W-Si(0.4)Al, 10W-Si(1.0)Al and
0W-Si(2.5)Al, where Al and Si stand for Al2O3 and SiO2, respec-
ively.

.2. Catalysts characterization

The crystalline phases were investigated by the X-ray diffrac-
ion (XRD) method. XRD patterns were obtained with a Philips PW
710 type diffractometer equipped with a Cu K� source (� = 1.54 Å),
perating at 50 kV and 40 mA.  They were recorded over the 5–70◦

ngular range with 0.02◦ (2�)  steps and an acquisition time of 1
 per point. Data collection and evaluation were performed with
C-APD 3.6 and PC-Identify 1.0 software.

The surface areas of the catalysts were measured from the
dsorption isotherms of nitrogen at −196 ◦C using the BET method
ith a Micromeritics ASAP 2020 sorptometer. The samples were
rst out-gassed at 300 ◦C for 4 h in the degas port of the
dsorption apparatus. The pore size distribution curves were cal-
ulated using the desorption branch of the isotherms with the
arrett–Joyner–Halenda (BJH) method.

Qualitative and quantitative electron probe microanalyses were
erformed using a Philips XL 30 ESEM (Environmental Scanning
lectron Microscope) having EDX (Energy Dispersive X-ray) ana-
yzer. An accelerating voltage of 20 kV was used. The powder
amples were fixed on a holder and sample compartment was  evac-
ated in order to prevent the electrical charging. Electron beams
ere very finely focused. Therefore, elemental analysis of very

mall area on specimen surface was done in so-called spot mode. In
his case, the diameter of the microprobe beam was  about 0.5 �m
hich can penetrate volume of the surface layer at about 5 �m3.

he spot mode analysis was carried out for three points of the
ame sample. Simultaneously, the surface of the sample was  photo-
raphed, the micrographs obtained being presented in Fig. S1.

The acidity of the catalysts was estimated by temperature-
rogrammed desorption of ammonia (NH3-TPD). About 0.1 g of the
atalyst sample was dehydrated at 500 ◦C in dry air for 1 h and
urged with N2 for 0.5 h. The sample was then cooled down to
00 ◦C under the flow of N2, and NH3 was supplied to the sample
ntil its saturation. For desorption of the physisorbed ammonia, a

itrogen stream was passed over the sample, at the same temper-
ture, until no more NH3 was observed in the exit flow. Finally, the
hemisorbed NH3 was desorbed in a N2 flow by increasing the tem-
erature successively up to 350 ◦C and 500 ◦C with a heating rate of
sis A: Chemical 396 (2015) 275–281

10 ◦C/min. The ammonia desorbed was  bubbled through a solution
of sulfuric acid. The acid in excess was  titrated with a solution of
NaOH, the amount of ammonia desorbed being then calculated. The
ammonia desorbed at temperatures lower than 350 ◦C accounted
for the weak and medium-strength acid sites while that desorbed
in the temperature range from 350 to 500 ◦C, for the strong acid
sites.

2.3. Catalytic test

The esterification reactions of acetic acid (Chimactiv, 99.5%)
with n-butanol (Riedel-de Haën, 99.5%) were performed in a 150 mL
two-neck flask equipped with a condenser and an additional port
for sample withdrawal. The above assembly was heated using a
thermostated hotplate. The reaction was  carried out at 100 ◦C with a
molar quantity of acetic acid of 0.09 and an n-butanol-to-acetic acid
molar ratio varied from 1 to 3. Cyclohexane (Riedel-de Haën, 99.5%)
was always added to the reaction mixture for water removal, the
cyclohexane-to-acetic acid molar ratio being kept at 1. The amount
of catalyst was  varied between 0.5 and 1.3% of the mass of mix-
ture charge in the reaction. All the experiments were conducted
at a speed of agitation of 600 rpm to avoid diffusional limitations
as reported elsewhere [11,14]. All the catalysts used in the reac-
tion were in the powder form. Pre-adsorption experiments were
performed by premixing the catalyst with one of the reactants or
both at room temperature for 24 h followed by heating to 100 ◦C
and charging the preheated remaining reactant. Samples from the
organic layer were withdrawn at regular intervals and analyzed
with a Thermo Finnigan chromatograph using a DB-5 column and
a flame ionization detector. Under the employed conditions of
reaction butyl acetate was  the only product detected. The mass
balances, calculated after a reaction time of 120 min, were always
higher than 95%.

3. Results and discussion

3.1. Characterization of the catalysts

The XRD patterns of supported WO3 on alumina and silica-
alumina (Fig. 1) showed only broad lines corresponding to
�-alumina (PDF 10-425) and, in addition for silica-alumina-
supported samples, a halo between 15 and 35◦ (2�) due to
amorphous silica. No signal of WO3 crystals on alumina and
silica-alumina supports was observed suggesting that either the
dispersion of WO3 on the support was  high or the WO3 crystallite
size was  very small. On the other hand, lines corresponding to both
monoclinic (PDF 83-950) and hexagonal (PDF 33-1387) WO3 crys-
tals were present on silica support in addition to the very broad
peak between 15 and 35◦ (2�).

The textural properties of the catalysts are summarized in
Table 1. It can be observed that the specific surface areas were rela-
tively high due to the dispersion effect of porous carrier and ranged
from 184 to 377 m2 g−1. Both the surface area and the pore volume
depended on the nature of support and WO3 loading. Thus, the sur-
face areas and pore volumes of alumina-supported samples were
lower than those of silica-supported ones while, as expected, they
had intermediate values for the silica-alumina-supported samples.
At the same time, the surface areas and pore volumes of the sam-
ples with lower WO3 loading were higher compared to the samples
with higher WO3 loading. All the catalysts displayed typical type
IV nitrogen adsorption/desorption isotherms (according to IUPAC
classification) with a clear hysteresis loop characteristic of meso-

porous materials with cylindrical pores [20], as showed in Fig. 2.
The catalysts displayed well-defined pore size distributions (Fig.
S2), the average pore diameters being presented in Table 1. The pore
size distributions have been obtained from the desorption branch



G. Mitran et al. / Journal of Molecular Catalysis A: Chemical 396 (2015) 275–281 277

0 10 20 30 40 50 60 70
2θ (°)

In
te

ns
ity

 (a
.u

.)

(a)

(b)

(c)

(d)

(e)

(f)

(g)

F
a
(

o
s
f
w
p
s

a
c
T
s
t
o
t

a
u

S

0

50

100

150

200

250

300

0 0.2 0.4 0.6 0.8 1

Relative  press ure (P/P0)

A
ds

or
be

d 
vo

lu
m

e 
(c

m
3 /g

)
Fig. 2. Nitrogen adsorption/desorption isotherms of the supported WO3 catalysts:

T
T

a

ig. 1. X-ray diffraction patterns of the WO3 catalysts supported on alumina, silica
nd silica–alumina: (a) 5W-Al, (b) 10W-Al, (c) 5W-Si, (d) 10W-Si, (e) 10W-Si(2.5)Al,
f) 10W-Si(1.0)Al, and (g) 10W-Si(0.4)Al.

f N2 isotherms. Except for 10W-Si(2.5)Al sample, all the catalysts
how narrow pore size distributions in the mesopore range, i.e.
rom 2 to 10 nm.  The silica-supported samples have bimodal pores
ith maxima at about 3.8 and 4.8 nm.  For the 10W-Si(2.5)Al sam-
le a broader peak was detected with a maximum at 5.5 nm and a
houlder at 9.9 nm.

The chemical compositions of the catalysts, determined by EDX
nalysis, are reported in Table 1. They showed that the tungsten
ontent was higher than the nominal value for all the samples.
his is not surprising taking into consideration that EDX analy-
is give, in the conditions used, the surface and subsurface rather
han bulk composition of the solids. On the other hand, it can be
bserved that for the silica–alumina-supported samples, the silica-
o-alumina ratios were close to the nominal values.

The tungsten surface densities, expressed as the number of W
toms per nanometer square area (W-atoms nm−2) were calculated
sing the following equation [4]:
urface density = [(%wt.  WO3/100) × 6.023 × 1023]

[MWO3 × SSA × 1018]

able 1
extural properties, chemical composition and W surface density of supported WO3 cata

Catalyst Surface area
(m2 g−1)

Pore volume
(cm3 g−1)

Average pore
diametera (n

5W-Al 204 0.262 4.2 

10W-Al 184 0.245 4.2 

5W-Si  377 0.487 3.7 and 4.9 

10W-Si 359 0.434 3.8 and 4.7 

10W-Si(0.4)Al 193 0.259 3.7 

10W-Si(1.0)Al 209 0.354 5.5 

10W-Si(2.5)Al 249 0.433 5.5 and 9.9 

Maxima of pore size distribution.
5W-Al ( ), 10W-Al ( ), 5W-Si ( ), 10W-Si ( ), 10W-Si(2.5)Al ( ), 10W-Si(1.0)Al
(  ), 10W-Si(0.4)Al (�).

where MWO3 is the formula weight of WO3 and SSA, the specific
surface area in m2 g−1. They are presented in Table 1.

An important factor determining the reactivity of the catalysts
used in the esterification reaction is the acidity. The total acidities
of the catalysts, expressed as the total number of acid sites per gram
of catalyst, have been determined by NH3-TPD and are presented
in Table 2.

It can be observed that both the total acidity and the
number of strong acid sites follow the order: 10W-Si(0.4)Al > 10W-
Al > 10W-Si(1.0)Al > 10W-Si(2.5)Al > 5W-Al > 10W-Si > 5W-Si. The
total number of acid sites per unit surface roughly follows the same
order. As the WO3 loading increases on alumina and silica sup-
ports the acidity value increases. For the alumina–silica-supported
catalysts, the total amount of acid sites increased with decreasing
SiO2/Al2O3 ratio suggesting that alumina has a certain contribution
to the total acidity. The total acidity expressed as the total number
of acid sites per unit surface of catalyst increases with increasing
the tungsten surface density, as shown in Fig. 3. This correlation
suggests that the acidity of the supported WO3 catalysts is mainly

due to the surface tungsten. However, it can be observed in Fig. 3
that for 10W-Si(0.4)Al catalyst the contribution of the support to
the total acidity is significant.

lysts.

m)
WO3 (wt%) SiO2/Al2O3 mol

ratio
W surface density
(W-atoms nm−2)

11.2 – 1.43
17.1 – 2.41

7.0 – 0.48
18.4 – 1.34
14.0 0.43 1.89
15.2 0.97 1.89
16.6 2.60 1.73
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Table 2
Number and strength of acid sites of the catalysts.

Catalysts Number of acid sites (mmol/g) Total number

Weak and medium Strong (mmol/g) 103 (mmol/m2)

5W-Al 0.32 0.22 0.54 2.65
10W-Al 0.31 0.38 0.69 3.75
5W-Si 0.27 0.19 0.46 1.22
10W-Si 0.31 0.21 0.52 1.45

0.41 0.81 3.88
0.25 0.64 3.32
0.23 0.57 2.29
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10W-Si(0.4)Al 0.40 

10W-Si(1.0)Al 0.39 

10W-Si(2.5)Al 0.34 

.2. Esterification of acetic acid with n-butanol

The effects of esterification conditions including the reaction
ime and temperature, the acid-to-alcohol molar ratio, the amount
f catalyst and the catalyst reusability as well as the effect of reac-
ant pre-adsorption on the reaction conversion were investigated,
he results obtained being presented below.

.2.1. Influence of reaction time
The influence of the reaction time was studied in the follow-

ng reaction conditions: n-butanol-to-acetic acid mole ratio 3:1,
he catalyst representing 0.7 wt% of the mass of mixture charge
n the reaction and the reaction temperature being kept at 100 ◦C.
n these conditions, the selectivity of n-butyl acetate being, in all
ases, 100%, the conversion of acetic acid can represent the yield
f n-butyl acetate. The results obtained are shown in Fig. 4 and
ndicate that the catalytic performance of the WO3 supported on
ilica–alumina and alumina is better than that supported on silica.
lso, the conversion of acetic acid was higher for the catalysts with
igher WO3 loading.

The activity of the different catalysts at 120 min  reac-
ion time ranged as follows (the conversion of acetic acid in
arenthesis): 10W-Si(0.4)Al (95.5) > 10W-Al (86.2) > 10W-Si(1.0)Al

82.1) > 10W-Si(2.5)Al (79.8) > 5W-Al (77.5) > 10W-Si (75.9) > 5W-
i (70.6). This order is similar to that corresponding to the total
umber of acid sites determined by ammonia chemisorption. More-
ver, linear correlations between the total acidity of the catalysts
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ig. 3. Variation of the total intrinsic acidity of the catalysts as a function of their
ungsten surface density.

Fig. 4. Conversion of acetic acid as a function of the reaction time on the different
catalysts: 5W-Si (�), 10W-Si (�), 5W-Al (�), 10W-Al (�), 10W-Si(2.5)Al (�), 10W-
Si(1.0)Al (*), 10W-Si(0.4)Al (�). Reaction conditions: n-butanol-to-acetic acid mole

ratio 3:1, 0.7 wt% catalyst and reaction temperature 100 ◦C.

and both the turnover frequencies (TOF) and conversions calculated
for 30 min  reaction were observed, as shown in Fig. 5. It is notewor-
thy that the conversions of the best supported WO3 catalysts in this
series were higher than those of other systems in the literature over
the same amount of time [21–24], including commercially available
solid acid catalysts [25].

3.2.2. Influence of reaction temperature
The influence of reaction temperature on the esterification of

acetic acid with n-butanol over 10W-Si(0.4)Al catalyst was eval-
uated by varying the reaction temperature from 90 to 110 ◦C at a
n-butanol-to-acetic acid mole ratio of 2:1 for 120 min  with 0.7 wt%
catalyst. The results obtained are shown in Fig. 6. It can be seen
that the conversion of acetic acid increased substantially with the
increase in reaction temperature indicating that the reaction is con-
trolled by chemical steps. Note that the selectivity remained 100%.
The values of the turnover frequency (TOF) calculated for 30 min of
reaction are 503.9, 568.7 and 648.2 mol  [mol H+]−1 h−1 at 90, 100

and 110 ◦C, respectively. The apparent activation energy calculated
from the slope of the Arrhenius plot ln(TOF) = f(1/T) presented in
Fig. S3 was found to be 14.5 kJ mol−1. This value is quite similar to
those reported for the esterification of acetic acid with n-butanol
over other solid acid catalysts [26].
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0  min reaction as a function of the total acidity of the catalysts. Reaction conditions:
-butanol-to-acetic acid mole ratio 3:1, 0.7 wt%  catalyst and reaction temperature
00 ◦C.

.2.3. Influence of reactant molar ratio
To shift the equilibrium in the sense of ester formation, an excess

f alcohol is usually used [27,28]. Thus, the initial acid-to-alcohol
olar ratio was varied from 1:1 to 1:3 for the reaction performed

ver all the supported WO3 catalysts at 100 ◦C with 0.7 wt% catalyst.
he results obtained after 120 min  reaction time are shown in Fig. 7.
t can be observed that, as expected, for all the catalysts studied the
onversion substantially increased by increasing the initial acid-to-
lcohol mole ratio from 1:1 to 1:3.
.2.4. Influence of catalyst amount
The amount of the catalyst was varied from 0.5 to 1.3% by mass

f the total reaction mixture using 10W-Si(0.4)Al, 10W-Si(1.0)Al
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ig. 6. Conversion of acetic acid as a function of the reaction temperature for 10W-
i(0.4)Al catalyst (© – 90 ◦C; ♦ – 100 ◦C and � – 110 ◦C). Reaction conditions: n-
utanol-to-acetic acid mole ratio 2:1, 0.7 wt% catalyst.
Fig. 7. Effect of acid-to-alcohol mole ratio on the esterification of acetic acid with
n-butanol over supported WO3 catalysts. Reaction conditions: temperature 100 ◦C,
0.7 wt%  catalyst and reaction time 120 min.

and 10W-Al as catalysts, while keeping the n-butanol-to-acetic acid
mole ratio at 3:1, the reaction temperature at 100 ◦C and the reac-
tion time at 90 min  (Fig. 8). In all cases, the conversion of acetic acid
increased almost linearly with increasing the catalyst amount from
0.5 to ca. 1% and then it tends to a plateau. This suggests that 1 wt%
is the optimal mass fraction of the catalyst in the reaction medium.

3.2.5. Reusability of the catalyst
Reusability of solid acid catalysts is very important in view-

point of practical application. The 10W-Si(0.4)Al catalyst was used
for recycling experiments carried out under the following reaction

conditions: acetic acid-to-n-butanol mole ratio was 1:3, 0.7 wt%
catalyst, reaction temperature 100 ◦C and 2 h reaction time. After
2 h of reaction the catalyst was separated by filtration, washed with
distilled water several times, dried at 120 ◦C in air and then used
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Fig. 8. Effect of catalyst concentration on the esterification of acetic acid with n-
butanol using 10W-Si(0.4)Al (�), 10W-Si(1.0)Al (�) and 10W-Al (*) as catalysts.
Reaction conditions: temperature 100 ◦C, acetic acid-to-n-butanol molar ratio = 1:3
and reaction time 90 min.
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Fig. 9. The effect of reactant pre-adsorption on the 10W-Si(0.4)Al catalyst with a n-
butanol-to-acetic acid mole ratio of 1:2, 0.7 wt%  catalyst and reaction temperature
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[11] G. Mitran, E. Makó, Á. Rédey, I.C. Marcu, Catal. Lett. 140 (2010) 32–37.
00 ◦C: (♦) no pre-adsorption; (�) pre-adsorption of acetic acid; (�) pre-adsorption
f  n-butanol; (*) pre-adsorption of both acetic acid and n-butanol.

n the esterification reaction with a fresh reaction mixture. The
onversion values of 95.5, 96.2 and 95.1% observed for three succes-
ive reaction cycles suggest a good reusability of the 10W-Si(0.4)Al
atalyst in the esterification of acetic acid with n-butanol.

.2.6. Effect of reactant pre-adsorption
An important mechanistic question in esterification reac-

ions catalyzed by solid acids is the involvement of one or
wo surface-bounded species corresponding to Eley–Rideal or
angmuir–Hinshelwood type mechanism, respectively. Akbay and
ltıokka [29], Teo and Saha [30] and Lee et al. [31] determined that

wo surface adsorbates were involved in the rate-determining step
f liquid-phase esterification of acetic acid with isoamyl alcohol
sing a cation-exchange resin as catalyst. Miao and Shanks [32] also
roposed a mechanism with the kinetically relevant step involving
eaction of two surface adsorbates for liquid-phase esterification of
cetic acid with methanol over propylsulfonic acid-functionalized
BA-15 catalyst. At the same time, Altıokka and Ç ıtak [33] proposed
hat esterification reactions of acetic acid with isobutanol catalyzed
y cation-exchange resin occur via a single-site Eley–Rideal path-
ay in which an adsorbed alcohol molecule reacts with an acid
olecule from the bulk phase. An Eley–Rideal type mechanism was

lso proposed for the esterification of acetic acid with n-butanol
atalyzed by zirconia-supported silicotungstic acid [34] and for
he esterification of acetic acid with methanol catalyzed by silica-
upported Nafion [35]. Information about the mechanism involved
an be obtained by pre-adsorption of alcohol, acid or both alco-
ol and acid on the solid catalyst before the esterification [13,32].
hus, the effect of reactant pre-adsorption has been studied with
he 10W-Si(0.4)Al catalyst for a n-butanol-to-acetic acid mole ratio
f 2:1 and with 0.7 wt% catalyst. It has been premixed with acetic
cid, n-butanol or both acetic acid and n-butanol for 24 h at room
emperature and then heated until reaching the reaction tempera-
ure, i.e. 100 ◦C. At this moment the preheated remaining reactant

as added. The obtained conversion versus time curves are shown

n Fig. 9 where the curve corresponding to the reaction without
remixing of reactants is also presented for comparison.

[

[
[

sis A: Chemical 396 (2015) 275–281

It can be observed that the highest conversion values
where obtained when premixing the catalyst with acetic acid
and decreased following the order: premixing with acetic
acid > premixing with both acetic acid and n-butanol > no premix-
ing > premixing with n-butanol. As the reaction rate was  higher
when premixing the catalyst with both acetic acid and n-butanol
compared with the reaction with no premixing this suggests that
the reaction needs the chemisorption of both acetic acid and n-
butanol involving a Langmuir–Hinshelwood type mechanism. The
results in Fig. 9 also suggested a strong adsorption of n-butanol and
a weak adsorption of acetic acid competing for the same adsorp-
tion sites. This is in line with other literature results proposing a
stronger chemisorption of the alcohol than the acid [30,36].

4. Conclusion

WO3 supported on �-alumina, silica and silica-alumina were
found to be active and stable solid acid catalysts for the
esterification of acetic acid with n-butanol. The catalytic activ-
ity was a function of the total acidity of the solid which
was associated to its surface tungsten. It ranged as follows
(the conversion of acetic acid at 120 min  reaction time in
parenthesis): 10W-Si(0.4)Al (95.5) > 10W-Al (86.2) > 10W-Si(1.0)Al
(82.1) > 10W-Si(2.5)Al (79.8) > 5W-Al (77.5) > 10W-Si (75.9) > 5W-
Si (70.6). In all the esterification reactions the selectivity for n-butyl
acetate was 100%. The optimal mass fraction of the catalyst in
the reaction medium was found to be around 1 wt%. The cat-
alytic properties of the 10W-Si(0.4)Al catalyst are maintained after
three successive reactions. Reactant pre-adsorption experiments
suggested that the reaction follows the Langmuir–Hinshelwood
mechanism with a much stronger adsorption of n-butanol than
acetic acid.
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