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a  b  s  t  r  a  c  t

Ammonium  and  cesium  derivatives  from  H3PW12O40 (H3PW),  namely  (NH4)xCs2.5−xH0.5PW12O40 (x  =  0.5,
1,  1.5,  2),  were  synthesized  and  structurally  characterized  by  FT-Raman  spectroscopy,  and  their  thermal
stability  was  evaluated  by  FTIR  and  TGA/DTA.  The  acidity  was  characterized  by  the  adsorption/desorption
of  gaseous  pyridine,  by  FTIR  and  TGA/DTA  as  well  as by the  reaction  of  oleic  acid  and  ethanol.  The  stability
of  the  mixed  salts  regarding  the Keggin  structure  was  much  higher  than  the  parent  acid,  with  the  onset
decomposition  around  520 ◦C.  Nonetheless,  calcination  up  to  300 ◦C is recommended  for  the  integrity  of
the mixed  salt.  The  FTIR  of  adsorbed  pyridine  displayed  only  Brønsted  acidic  sites, which  was  confirmed
by  TGA  measurements  of  the formation  of  Py–H+· · ·Py adducts.  The  best  esterification  result  was  for
hermal stability
as phase pyridine adsorption
2-Tungstophosphoric acid
anostructured catalyst
sterification
leic acid
thanol

(NH4)2Cs0.5H0.5PW12O40 with  TOF  = 1.314  molEO mol−1 proton  s−1 with  a 1:6  (oleic acid:ethanol)  molar
ratio,  at  80 ◦C and  10 wt%  catalyst  in  relation  to the  acid.

© 2012 Elsevier B.V. All rights reserved.
. Introduction

Polyoxometalates (POMs) are a class of clusters with a unique
ange of physical and chemical properties [1].  These materials can
e used in a variety of technological fields, but their use as catalysts
ontinues to be their most common application. POMs with Keggin
tructures are the most disseminated type of catalyst and are used
or a wide range of organic reactions (e.g., multi-component, oxida-
ion, reduction, electrochemical, photochemical) [2].  Their use has
een evaluated not only for bench-scale laboratory research but
lso for large-scale industrial processes [1–3]. Among the various
OMs, 12-tungstophosphoric acid (H3PW12O40, H3PW), along with
ts salt derivatives, is the most studied material for acidic reactions
ecause it is the strongest heteropolyacid in the series [4].

Biodiesel is the name given to long-chain alkyl esters derived
rom biomass feedstock [5,6]. It is a plausible substitute for
etroleum diesel because it is obtained from renewable sources.
t is attractive as an alternative fuel not only because of its
nvironmental benefits (e.g., biodegradability, low emission pro-
les), but also due to the possibility of producing biodiesel using

∗ Corresponding author. Tel.: +55 61 3107 3846; fax: +55 61 3368 6901.
E-mail address: jdias@unb.br (J.A. Dias).

926-860X/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.apcata.2012.07.013
second-generation resources [7].  In light of green processes, the
use of heterogeneous catalysts is preferable to that of homogeneous
catalysts [8].  Among several catalysts tested for biodiesel produc-
tion, the POMs stand out [9],  such as in the studies of Giri et al. [10]
about the esterification of palmitic acid with methanol over the
ammonium salt of H3PW.  Kulkarni et al. [11] achieved biodiesel
production through the simultaneous esterification and transes-
terification of a mixture of rapeseed oil and oleic acid (90:10 wt%
proportion) with ethanol, using H3PW supported on diverse oxides.
Morin et al. [12] reported the transesterification of rapeseed oil with
methanol and ethanol utilizing heteropolyacids, such as H3PW,
12-tungstosilicic acid (H4SiW) and 12-molybdophosphoric acid
(H3PMo), as catalysts. Narasimharao et al. [13] tested a series of
CsxH3−xPW12O40 salts (x = 0.9–3) and found that they were active
for esterification of palmitic acid and transesterification of tribu-
tyrin. Chai et al. [14] produced biodiesel using Cs2.5H0.5PW12O40
as catalyst. They have used the oil of Eruca sativa Gars (ESG, a
kind of crucifer plant) for the transesterification reaction with
methanol. A study by Sunita et al. [15] reported the production of
biodiesel by the transesterification of sunflower oil with methanol,

using zirconia-supported isopoly and heteropoly tungstates. Car-
doso et al. [16] used H3PW as a homogeneous catalyst to promote
the esterification of different saturated and unsaturated fatty acids
(myristic, palmitic, stearic, oleic and linoleic) under mild reaction

dx.doi.org/10.1016/j.apcata.2012.07.013
http://www.sciencedirect.com/science/journal/0926860X
http://www.elsevier.com/locate/apcata
mailto:jdias@unb.br
dx.doi.org/10.1016/j.apcata.2012.07.013


3 sis A: 

c
a
b
m
s
e
f

H
(
a
a
T
n
l
s
s

o
a
m
t
F
b
a
m
s
w

2

2
H

m
t
s
(
T
0
t
T

(

0

0

0

T
a
c
t

4 J.S. Santos et al. / Applied Cataly

onditions. Caetano et al. [17] studied the esterification of palmitic
cid with methanol using H3PW,  H3PMo  and H4SiW immobilized
y sol–gel technique on silica, at 60 ◦C. Xu et al. [18] prepared a
esoporous composite catalyst of H3PW/Ta2O5, and applied it as a

olid acid catalyst for the esterification reaction of lauric acid with
thanol. These examples demonstrate the strong interest in POMs
or esterification and transesterification processes.

Novel mixed salts of cesium and ammonium derivatives of
3PW ((NH4)xCs2.5−xH0.5PW12O40, abbreviated thereinafter as

NH4)xCs2.5−xH0.5PW)  have recently been synthesized and char-
cterized [19]. During the synthesis, the primary nanoparticles
ggregated, forming structures with mesopores and micropores.
he pores were created by partial unidirectional growth of the
anocrystals during the formation of larger, round microcrystal-

ites, leading to materials with higher surface area and lower
olubility than the parent acid. These properties are important for
urface-type catalysis and liquid phase-separation purposes.

The goal of this work is to study the thermal stability and acidity
f these mixed salts of ammonium and cesium derivatives of H3PW
nd to apply them to the esterification reaction with ethanol. The
ixed salts were characterized by FT-Raman to confirm their struc-

ures and their stability was evaluated by calcination followed by
TIR and thermal analysis. The nature of the acid sites was  accessed
y adsorption of gaseous pyridine detected by FTIR. The amount
nd strength of the sites were calculated by desorption of pyridine,
easured by thermal analysis. The catalytic activities of the mixed

alts were tested on the model esterification reaction of oleic acid
ith ethanol.

. Experimental

.1. Preparation of the ammonium and cesium mixed salts of
3PW

The mixed salts were synthesized by the precipitation
ethod, which consisted of the addition of (NH4)2CO3 (Vetec)

o H3PW (Sigma) followed by Cs2CO3 (Aldrich), leading to the
alts (NH4)xCs2.5−xH0.5PW (x = 2, 1.5, 1, 0.5): (NH4)2Cs0.5H0.5PW,
NH4)1.5Cs1H0.5PW,  (NH4)1Cs1.5H0.5PW and (NH4)0.5Cs2H0.5PW.
he samples were prepared by adding pre-determined amounts of a
.20-mol L−1 aqueous solution of the carbonates (freshly prepared)
o a 0.08-mol L−1 fresh solution of H3PW (at a rate of 1 mL min−1).
he stoichiometry was in agreement with Eqs. (1)–(4):

NH4)2CO3 + 0.25Cs2CO3 + H3PW12O40

→ (NH4)2Cs0.5H0.5PW12O40 + 1.25CO2 + 1.25H2O (1)

.75(NH4)2CO3 + 0.5Cs2CO3 + H3PW12O40

→ (NH4)1.5Cs1.0H0.5PW12O40 + 1.25CO2 + 1.25H2O (2)

.5(NH4)2CO3 + 0.75Cs2CO3 + H3PW12O40

→ (NH4)1.0Cs1.5H0.5PW12O40 + 1.25CO2 + 1.25H2O (3)

.25(NH4)2CO3 + Cs2CO3 + H3PW12O40

→ (NH4)0.5Cs2.0H0.5PW12O40 + 1.25CO2 + 1.25H2O (4)
he solution was aged overnight at 25 ◦C, evaporated to dryness
t 40–50 ◦C and ground into fine particles in a mortar for further
alcination. Other details of this preparation and complete charac-
erization can be found elsewhere [19].
General 443– 444 (2012) 33– 39

2.2. Characterization of the catalysts

Infrared spectra of the mixed salts and the pyridine-adsorbed
POMs were obtained with a Thermo Scientific Nicolet spectrometer
model 6700 FTIR with 128 scans and a spectral resolution of 4 cm−1.
Each sample was  pressed in dried 1-wt% KBr (Merck) pellets.

FT-Raman spectra were recorded on a Bruker FRA 106/S
module attached to a Bruker Equinox 55 spectrometer
(128 scans and 4 cm−1 resolution). The laser excitation
(Nd:YAG = neodymium:yttrium aluminum garnet) and laser
power were 1064 nm and 250 mW,  respectively, and the signal
was detected by a liquid N2-cooled Ge detector. Samples without
any thermal treatment were packed into sample cups for analysis.
For liquid samples (reaction products), a 1-cm quartz cuvette with
a mirror surface toward the scattering direction was used.

Thermal analysis consisted of thermogravimetric (TGA), deriva-
tive thermogravimetric (DTG) and differential thermal analysis
(DTA). They were obtained in a simultaneous TG-DSC (TA Instru-
ments, model SDT 2960), with a heating rate of 10 ◦C min−1, from
room temperature (∼25 ◦C) up to 800 ◦C under a synthetic air
(80.0 ± 0.5% N2 and 20.0 ± 0.5% O2) flow of 110 mL  min−1.

2.3. Thermal activation of the catalysts

After preparation, the catalysts underwent different heating
treatments for the thermal stability studies: 200, 300, 450 and
650 ◦C for 4 h in a muffle furnace (EDG model EDG3PS) under static
air conditions at a heating rate of 10 ◦C min−1. Before the catalytic
tests, the materials were activated at 200 ◦C for 4 h in the same
furnace.

2.4. Gas phase adsorption of pyridine

Fresh pyridine (Vetec) was  purified by distillation over CaH2
(Merck) using a 12 in. Vigreux column and stored under 3A
molecular sieves. The gas-phase pyridine (Py) adsorption was con-
ducted simultaneously for all POMs. Platinum crucibles loaded
with the samples (∼20 mg)  were placed in a shallow porcelain
plate and inserted into a glass tube inside a tubular furnace (Ther-
molyne, model F21135). The catalysts were dehydrated in dried N2
(100 mL  min−1) at 200 ◦C for 1 h. The system was then cooled to
100 ◦C and gaseous pyridine diluted with N2 was  allowed to pass
through the samples for 1 h. Finally, the temperature was held at
150 ◦C under N2 for 2 h to remove any physically adsorbed pyridine.
The samples with adsorbed pyridine were analyzed by TG/DTG and
FTIR.

Acidity was obtained by TG/DTG data, as explained below. The
total number of acid sites (nPy) was  determined by quantitative
analysis of TG/DTG curves of the catalysts before (Sample) and after
pyridine adsorption (Sample-Py), according to Eq. (5)

nPy (mmol) =

Sample-Py
︷  ︸︸  ︷

(m700/(mtotal − m200)) −
Sample

︷ ︸︸  ︷

(m700/(mtotal − m200))
MMPy

×1000 (5)

First, it is determined the difference between the total mass
(mtotal) of a sample (containing pyridine) and the mass loss (m200)
between room temperature (25 ◦C) and 200 ◦C (i.e., the range of
temperature where there are losses of water and any remainder
physically adsorbed pyridine). This difference is related to the anhy-

drous sample with pyridine chemically adsorbed. Then, the mass
loss (m700) between 200 and 700 ◦C is normalized to a gram, divid-
ing this mass (m700) by that difference (mtotal − m200). Accordingly,
the same method is applied to the sample without pyridine (i.e.,
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and (NH4)1Cs1.5H0.5PW); 140 ◦C ((NH4)1.5Cs1H0.5PW); and 160 ◦C
((NH4)2Cs0.5H0.5PW). These maxima are associated with the forma-
tion of the anhydrous catalysts. This water probably desorbs from
the coordination sphere of the cations and the micropores of each
J.S. Santos et al. / Applied Cataly

ure sample before pyridine adsorption experiment). Thus, the sub-
raction of the normalized masses (SamplePy − Sample) gives the
dsorbed pyridine on the solid sample. Finally, the mass is con-
erted to mmol  of pyridine (nPy) dividing by the molar mass of
yridine (MMPy) and multiplying by 1000.

.5. Catalytic tests

Oleic acid (Vetec, 99%) was used without further purification.
thanol (Vetec, 99.8%) was further purified with 3A molecular
ieves (Aldrich) for at least 24 h before the experiments. The ester-
fication reaction was performed in a 50 mL  glass round-bottom
ask connected to a reflux condenser (kept at 15 ◦C by a refrigerated
irculating bath – Lauda, K-2/R). The system was kept stirring at
0 ◦C using an oil bath over a digital stirring hot plate (Corning, PC-
20D). The flask contained 1 g of oleic acid, 0.1 g of catalyst (10 wt%)
nd variable amounts of ethanol (4.89, 2.45 and 0.98 g) relative to
:30, 1:15 and 1:6 molar ratios (oleic acid:ethanol), respectively.
he course of the reaction was analyzed at different time periods
1, 2, 4 and 6 h). At the end of each reaction period, the system was
ooled to room temperature and the solid catalyst was filtered out
f the reaction products. The products were then extracted three
imes with a 5-wt% solution of NaCl, dried over magnesium sul-
ate and kept overnight in a desiccator to remove residual alcohol.
he conversion of oleic acid to ethyl oleate was  analyzed using a
aman/PLS calibration model, similar to that described by Ghesti
t al. [20]. The calculated conversions are within ±5% error (twice
he standard deviation of a triplicate determination). In all cases,
00% selectivity to ethyl oleate was observed for this reaction, as
hown by either GC/FID, GC/MS or 1H NMR  analyses.

The reactions were initially tested for mass diffusion limitations
sing different stirring rates. A stirring of 1000 rpm was enough to
eep the same yield for the model reaction studied. Also, different
mounts of catalyst were checked (10 and 15 wt%  catalyst) and the
esults did not show any mass transfer limitations (proportional
ields as the catalyst amount increased).

The calculation of the turnover frequency (TOF) was  based
n the following procedure: first, a curve of the yield of the
roduct (mmol) versus time (s) was plotted for each catalyst;
hen, the initial activity of each catalyst was determined from
hat plot of ester produced versus time, which was  fitted to

 third-order polynomial function. The obtained function was
ifferentiated, evaluated at t = 0 and divided by the number of
heoretical protons of each catalyst (taking into consideration the

olecular formula of each mixed oxide and the mass of the cat-
lyst in each reaction, i.e., 0.1 g) to determine the respective TOF
mmolethyl oleate (EO) mmol−1 proton s−1).

. Results and discussion

.1. Basic structural characterization

The integrity of the catalysts was evaluated by FTIR and FT-
aman spectroscopy. FTIR results show the maintenance of the
eggin structure through the fingerprint absorptions [19]: �as(P O)
t 1080 cm−1, �as(W O) at 983 cm−1, �as(W Oc W)  at 893 cm−1

nd �as(W Oe W)  at 798 cm−1. The ı(O P O) at 550 cm−1, N H
tretching at 1420 cm−1 and O H bending assigned to the pres-
nce of water in the outer solvation sphere around 1615 cm−1 lend
urther support to this observation.

The FT-Raman spectra of H3PW show a set of bands at 1011,

96, 900 and 550 cm−1 (Fig. 1). The first two bands are linked to the
ymmetric and asymmetric stretching of W Ot, while the other
ands are related to the bending modes of W Oc W and O P O,
espectively. These bands confirm the presence of the Keggin
Fig. 1. FT-Raman spectra of (a) H3PW,  (b) (NH4)0.5Cs2H0.5PW,  (c)
(NH4)1Cs1.5H0.5PW,  (d) (NH4)1.5Cs1H0.5PW and (e) (NH4)2Cs0.5H0.5PW,  all before
calcination.

structure in the synthesized materials [21,22].  A Raman vibration
band at 217 cm−1, which is correlated with the strength of W O W
bridges, was also observed [23]. This band allows the evaluation of
the bond strength of Keggin’s anion corner oxygen atoms, which
are related to the electrostatic interaction of the neighbor anions
with different cations [22].

3.2. Thermal stability

DTG (Fig. 2) and DTA (Fig. 3) curves were simultaneously
obtained for H3PW and its mixed salts. An initial mass loss in
the range of 25–110 ◦C is observed in all samples (Fig. 2), which
is related to the release of physically adsorbed water and part
of the hydrated water (e.g., formation of H3PW·6H2O and the
respective hydrated salts). The temperature range and the max-
imum mass loss temperature may  vary according to the amount
of water contained in each material because heteropolyacids are
known to absorb different amounts of water depending on prepa-
ration method and storage conditions [24]. The water desorption
process is endothermic, as exhibited by the DTA curve (Fig. 3). A
second mass loss occurs from 110 to 230 ◦C (Fig. 2), with about
the following maxima: 175 ◦C (H3PW); 150 ◦C ((NH4)0.5Cs2H0.5PW
Fig. 2. DTG curves of (a) H3PW,  (b) (NH4)0.5Cs2H0.5PW,  (c) (NH4)1Cs1.5H0.5PW,  (d)
(NH4)1.5Cs1H0.5PW and (e) (NH4)2Cs0.5H0.5PW,  all after calcination at 200 ◦C/4 h.
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Table 1
Properties of H3PW and the mixed salts of (NH4)xCs2.5−xH0.5PW after calcination at 200 ◦C for 4 h under air.

Catalyst SBET
a (m2 g−1) Smicro

b (m2 g−1) Smeso
c (m2 g−1) Ps

d (nm) Vp
e (cm3 g−1) nH2O

f (mol) Acidityg (mmol g−1) TOFh

H3PW 4.8 n.a. n.a. 7.1 n.a. 22.1 1.03 0.021
(NH4)0.5Cs2H0.5PW 33.5 27.0 6.5 2.2 0.001 4.7 0.36 0.039
(NH4)1Cs1.5H0.5PW 33.7 24.9 8.8 3.0 0.004 7.4 0.40 0.976
(NH4)1.5Cs1H0.5PW 44.0 26.3 17.7 3.2 0.014 5.5 0.39 1.293
(NH4)2Cs0.5H0.5PW 46.1 21.7 24.4 3.4 0.023 5.4 0.41 1.314

a Average error is less than ±4% for 3� (R2 = 0.999).
b Micropore area calculated by t-plot.
c Estimated as: Smeso = SBET − Smicro.
d BJH desorption average pore width (4V/A).
e BJH desorption cumulative volume of pores.
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[30]. The absorption at 1420 cm−1 is due to N H bending in the
f Actual number of moles of H2O before calcination of POMs, obtained by TGA.
g Total acidity calculated by pyridine desorption (TGA/DTG). For H3PW,  this is a t
h Turnover frequency = (molEO mol−1 proton s−1).

alt and it is also an endothermic step (Fig. 3). The total amount of
ater released is much lower for the mixed salts than H3PW,  as

xpected by their respective hydration degrees (Table 1). A third
ass loss takes place between 400 and 510 ◦C with a maximum

round 460 ◦C for pure H3PW.  This process has been associated
ith the initial decomposition of the Keggin structure by the release

f structural water, i.e., water originating from the oxygen of the
attice and acidic protons [24]. This mass loss ranges from 350 to
10 ◦C for the mixed salts and is related to the release of ammonia
rom ammonium decomposition. A fourth mass loss is observed for
he mixed salts in the range of 520–610 ◦C. The total decomposition
f the Keggin structure is represented in the DTA curves by sharp
xothermic peaks at maximum temperatures around 600 ◦C, which
orms the more stable oxides of Cs2O, WO3 and P2O5 [24–26].

Pure H3PW starts the Keggin anion decomposition at about
60 ◦C. The prepared mixed salts showed the analogue decomposi-
ion around 580 ◦C. This result was in agreement with others, which
eported that salts of potassium, cesium or ammonium derivatives
f H3PW are thermally more stable materials than the parent acid
27,28]. To check for structural changes on the mixed salts along
he range of temperatures covered by TGA/DTA experiments, FTIR
pectra of these materials were acquired after calcinations at 200,
00, 450 and 650 ◦C. A representative spectrum at each calcination
emperature is shown in Fig. 4 for (NH4)2Cs0.5H0.5PW salt. It was
bserved that the four Keggin bands (1080, 983, 893 and 798 cm−1)

ecreased their intensities as the calcination temperature raised. At
50 ◦C, these bands became very broad, which indicated a partial
ecomposition of the Keggin anion. The other characteristic that
hanged was the intensity of the N-H absorption at 1420 cm−1. At

ig. 3. DTA curves of (a) H3PW,  (b) (NH4)0.5Cs2H0.5PW,  (c) (NH4)1Cs1.5H0.5PW,  (d)
NH4)1.5Cs1H0.5PW and (e) (NH4)2Cs0.5H0.5PW,  all after calcination at 200 ◦C/4 h.
tical value.

temperatures above 300 ◦C this band started to decrease, indicat-
ing a decomposition of ammonium ion into ammonia keeping the
proton in the structure. The other mixed salts also showed similar
behavior (Figs. S1–S3). These data confirmed the TGA/DTA results
and indicated that the best choice to keep not only the integrity
of the Keggin anion, but also the correct stoichiometric composi-
tion of the salts should be calcination at temperatures up to 300 ◦C.
These structural behaviors upon thermal treatments have also been
observed for pure cesium salt derivatives of H3PW [29].

3.3. Gaseous pyridine adsorption

Samples of the mixed salts were submitted to adsorption of
gaseous pyridine and characterized by FTIR and TG to analyze
the nature of the acidic sites and to quantify the total amount of
pyridine adsorbed on each POM. The FTIR spectra of the mixed
salts after pyridine adsorption show that the structure was  main-
tained for all of the salts (Fig. S4), as attested by the Keggin
fingerprint and the ammonium-ion band for each salt. The typical
region of adsorbed pyridine (Fig. 5) is observed with the following
bands: 1638, 1610, 1540, 1487, 1420 and 1384 cm−1. The band at
1610 cm−1 is attributed to the second mode of pyridine adsorption
on Brønsted sites, which is reinforced by the presence of absorp-
tions at 1638, 1540 and 1487 cm−1 also related to this specific site
materials and its intensity is roughly proportional to the amount
of ammonium in the mixed salts. The absorption at 1384 cm−1 is
due to a pyridine molecule bonded to another pyridine molecule by

Fig. 4. FTIR spectra of (NH4)2Cs0.5H0.5PW after calcination at (a) 650 ◦C, (b) 450 ◦C
and  (c) 300 ◦C and (e) without calcination.
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ig. 5. FTIR spectra of the following mixed salts after pyridine adsorption treat-
ent: (a) (NH4)0.5Cs2H0.5PW,  (b) (NH4)1Cs1.5H0.5PW,  (c) (NH4)1.5Cs1H0.5PW and (d)

NH4)2Cs0.5H0.5PW.

ydrogen bonding, forming adducts such as Py–H+· · ·Py. This type
f vibrational band was also observed in the FTIR spectrum of pyri-
ine adsorbed on HZSM-5 [31] and on H3PW [32]. In addition, the

ntensity of the bands related to Brønsted sites increase slightly as
he amount of ammonium in the mixed salts increases. The pres-
nce of exclusively Brønsted sites in the mixed salts is in agreement
ith other studies that reported only this type of site for the pure

alts of (NH4)xH3−xPW and CsxH3−xPW [28,29].
To quantify the amount and strength of the sites detected by

TIR, a pyridine desorption experiment was prepared and fol-
owed by TG/DTG analysis. The DTG curve (Fig. 6) shows three

ass losses: (i) in the range of 25–120 ◦C (maximum peak ∼60 ◦C)
elated to the release of water physically adsorbed on the mixed
alts; (ii) in the range of 410–520 ◦C (maximum at ∼485 ◦C), pyri-
ine desorbed from the weakest Brønsted sites; and (iii) in the
ange of 520–600 ◦C (maximum around 549 ◦C), pyridine is des-
rbed from the strongest Brønsted sites. Because the latter two
vents simultaneously involve decomposition of ammonium ions

nd decomposition of the Keggin anion, respectively, the calcula-
ion of the total amount of pyridine desorption considered these
ffects. Actually, the number of moles of pyridine adsorbed on the
atalyst (npy) was calculated by the difference between the DTG

ig. 6. DTG curves of the following mixed salts after pyridine adsorption treat-
ent: (a) (NH4)0.5Cs2H0.5PW,  (b) (NH4)1Cs1.5H0.5PW,  (c) (NH4)1.5Cs1H0.5PW and (d)

NH4)2Cs0.5H0.5PW.
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curve of the mixed salts with and without pyridine for each mass
loss, according to the method developed earlier [33] and explained
by Eq. (5).

Preliminary FTIR results suggested that the total amount of
Brønsted sites increased slightly with an increase in ammonium
content. Considering that the mixed salts have about the same
amount of protons (0.5 mol  per mol  of salt, within the experimen-
tal error), the total acidity as determined by TGA/DTA shows that
not all protons have the same accessibility to pyridine molecules
(Table 1). Actually, the number of sites probed by pyridine is about
twice the number of protons obtained by the stoichiometric for-
mula (average of 0.164 mmol  g−1 of catalyst). This is consistent
with the FTIR spectra of pyridine adducts with mixed salts, which
showed the formation of hydrogen-bonded pyridine with a 2:1
ratio (Py–H+· · ·Py) in the protonic site. The higher accessibility
of pyridine to the protons of the salt (NH4)2Cs0.5H0.5PW may  be
related to its higher specific surface area and average pore size.
Pyridine is a small molecule that is able to reach all of the protons
in the secondary structure of the mixed POMs. However, a larger
and less basic molecule may  have more restrictions to react with
the active sites of these catalysts. Indeed, this was tested by an
esterification reaction.

3.4. Catalytic esterification

Esterification reactions have low equilibrium constants and
require the addition of an acid catalyst to reach high yields in a rea-
sonable amount of time. Although esterification can be conducted
using either Lewis or Brønsted acid, the later is more frequent [6,8].
Because oleic acid is one of the important components of many veg-
etable oils (e.g., 27 wt% in soybean oil), it was chosen as a model
reagent to measure the activity of these mixed salts, with sights on
further applications in soybean soapstock.

Esterification reactions are usually tested under a large excess of
alcohol to achieve higher conversions. Based on other studies devel-
oped in our laboratory [6,8,20], the reaction was tested with three
different ratios of oleic acid to ethanol: 1:30, 1:15 and 1:6. These
studies were also followed at different reaction times at a fixed
temperature (80 ◦C) and amount of catalyst (10 wt% related to lim-
iting reactant, i.e., oleic acid). An increase in the conversion of oleic
acid to ethyl oleate is observed at longer times, as is expected for
an esterification reaction, and also with lower oleic acid to ethanol
ratios (Fig. 7). Although it was  expected that an increase in ethanol
would produce more ester because of the Le Chatelier equilibrium
effect, the best results with a 1:6 molar ratio can be explained
based on the mechanism of the esterification reaction in the pres-
ence of a heterogeneous catalyst. The protonation of the acyl group
that belongs to the carboxylic acid gives rise to the formation of
a carbocation, which is attacked by the alcohol nucleophile. The
intermediate with tetra-coordinated structure eliminates water to
produce the ester (ethyl oleate) and to liberate the catalyst for
another cycle. This reaction takes place on the catalyst surfaces.
Both reactants could be adsorbed on the active sites of the cata-
lyst to further react and desorb the products, or only the acid could
be adsorbed, which leads the alcohol molecule to attack the car-
bocation from the solution. The amount of ethanol at higher molar
ratios limits the interaction of the acid with the catalyst, saturating
the surface active sites and leading to a limiting rate of the reac-
tion kinetics. This effect has been observed by other researchers
[34–36].

In addition, the conversion correlates reasonable well with
acidic characterization results, i.e., the ratio of conversion increases

monotonically as the amount and accessibility of the acid sites
increases. Nonetheless, to compare the intrinsic catalytic activity
of each material, the reaction kinetics should be measured at a low
conversion range. The best method involved the curve fitting of the
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ig. 7. Effects of the molar ratio of reactants in the conversion of oleic acid with eth

lot of ester produced (mmol) versus time (s) to a third-order poly-
omial function. This function was differentiated, evaluated at t = 0
nd divided by the number of theoretical protons of each catalyst
Table 1). This calculation based on the amount of protons is prob-
bly the most reliable method because it considers the maximum
mount of active sites per gram of catalyst. Besides, the larger size of
leic acid compared to pyridine implies that no more than one acid
olecule is likely to interact with each proton. Thus, the highest

ctivity of the mixed salts belongs to (NH4)2Cs0.5H0.5PW,  which is
n agreement with the previous evaluation using conversion values.

The slightly higher value of TOF for (NH4)2Cs0.5H0.5PW indicates
he high accessibility of the reactants to the secondary structure
f this mixed salt. This is probably due to the highest surface
rea, pore size and pore volume of this mixed salt and mainly
he amount of mesopores in the structure. According to Table 1,
he (NH4)2Cs0.5H0.5PW has the highest contribution of mesopores
n the series, based on the difference between BET surface area
nd micropore area (52.9% for (NH4)2Cs0.5H0.5PW versus 19.4%
or (NH4)0.5Cs1.5H0.5PW), and has the highest average pore size
3.4 nm). Thus, these set of textural properties may  explain the bet-
er accessibility of the protons in the secondary structure of this

ixed salt for the attack of the carboxylic acid and, as a result, a
igher activity.

The esterification reaction is a homogeneous process for pure
3PW because it is very soluble in ethanol. The data included

n Table 1 were obtained in a saturated solution of H3PW in
thanol (about 1:1 mass ratio H3PW:ethanol) and the same oleic
cid:ethanol molar ratio (1:6) [8]. The TOF was recalculated accord-
ng to the method explained in Section 2.5.  The reaction was  very
ast in these conditions and was complete in less than 1 h. Even
ith less H3PW (e.g., about 10 wt% in relation to oleic acid), a

onversion of 99% was reached in 1 h. Thus, the best mixed salt,
NH4)2Cs0.5H0.5PW,  is very efficient in a proton base quantity, i.e.,
t uses less hydrogen per mol, and has the advantages of a hetero-
eneous system.

In addition, a test in the solution [37] to make sure that only
eterogeneous catalysis was involved was carried out (data not

hown). For the mixture containing (NH4)2Cs0.5H0.5PW catalyst,
he reaction was  left for 1 h (under the same experimental con-
itions described above). The catalyst was filtrated out and the
olution was allowed to react up to 6 h. It was found that there
The conditions used included: 80 ◦C and 10 wt% catalyst in relation to the acid.

was no change in the conversion (∼63%) of oleic acid (i.e., the same
conversion was  obtained at 1 h and 6 h). Thus, no contribution of
homogeneous catalysis was  detectable.

3.5. Recycling and leaching tests of the catalysts

To evaluate the recycling potential of the prepared materials, the
catalyst (NH4)2Cs0.5H0.5PW was  chosen because of the best activity
in oleic-acid conversion. The catalyst was submitted to six reac-
tion cycles. It was  recovered by centrifugation (96–98%), washed
with ethanol, dried in an oven at 150 ◦C, calcined at 300 ◦C for 4 h
(right before the reaction), weighed and reinserted into the reac-
tion system. The reaction conditions included: 1 h; 80 ◦C; molar
ratio acid:ethanol = 1:6; 10 wt%  catalyst. The results showed that
the activity measured by the conversion of oleic acid was  practi-
cally constant (average = 62.9 ± 1.2%) for these tests. The accuracy
of these data was  obtained by replenishing with fresh catalyst in
each cycle, based on the mass recovered.

Another important issue related to POMs is solubility. The
solubility was  tested by a previously described procedure [8];
no solubility in oleic acid was  detected by UV–vis method;
the catalyst was suspended in ethanol, and the solution was
sampled for analysis at regular intervals (10 min). The analysis, car-
ried out by UV–vis spectrophotometry, used an analytical curve
(A = 4.2709 × 104[H3PW]  + 0.2542, � = 263 nm, R2 = 0.9998). No sig-
nificant leaching (∼1%) was detected for (NH4)2Cs0.5H0.5PW up to
1 h. A longer measurement at 6 h did not show any increase in the
concentration of the Keggin anion in ethanol (data not shown). This
result is also compatible with that obtained for CsxH3−xPW,  which
showed very low leaching [9] and confirms the insoluble nature of
these salts. This certainly helps to explain the good reproducibility
of the conversion results during reutilization of this catalyst.

4. Conclusions

This work described the preparation of a series of mixed
salt derivatives of H3PW12O40 (H3PW)  by the precipitation/ion

exchange method (addition of (NH4)2CO3 to H3PW followed by
Cs2CO3, leading to the salts (NH4)xCs2.5−xH0.5PW,  x = 0.5, 1, 1.5, 2).
The maintenance of the Keggin structure was confirmed by FTIR
and FT-Raman. The thermal stability of these mixed salts must be
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