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a  b  s  t  r  a  c  t

Titania  modified  by  tungstophosphoric  (TPA)  and  tungstosilicic  (TSA)  acid (30%  w/w)  were  synthe-
sized  by  the  sol-gel  method,  using  urea as  low  cost  pore-forming  agent  and  annealing  at  500 ◦C for
2  h (TiO2/TPA  and  TiO2/TSA  respectively).  The  obtained  materials  were  characterized  by 31P, 29Si, 1H
nuclear  magnetic  resonance  (31P, 29Si, 1H  MAS-NMR),  X-ray  diffraction  (XRD),  X-ray  photo-electron
spectroscopy  (XPS),  Raman  spectroscopy  (FT-Raman),  acid  strength  by  potentiometric  titration  with  n-
butylamine.  Mesoporous  materials  were  obtained,  without  important  microporosity,  as  determined  from
N2 adsorption-desorption  isotherms  by  the Brunauer-Emmett-Teller  (BET)  method.  The  XRD  patterns  of
the  modified  samples  exhibited  only  peaks  of anatase  phase.  According 31P/29Si MAS-NMR  and  XPS  stud-
ies,  the  main  species  present  in  the TiO2/TPA  and  TiO2/TSA  samples  are  the Keggin  anions  by  forming
surface  acid  species,  and  probably  surface  complex  between  Keggin  anion  and  titania  as  well.  Solids  were
evaluated  in  the  synthesis  of  2-phenoxyethyl-2-furoate,  by esterification  of 2-furoic  acid,  a  valuable  prod-
uct which  can  be  obtained  from  biomass,  with  2-phenoxyethanol,  where  TiO2/TPA  sample  showed  the

highest  catalytic  activity.  The  reaction  temperature,  molar  ratio  acid:alcohol  and  catalyst  amount  were
studied  as  variables  using  TiO2/TPA  sample.  Results  of catalytic  activity  and  diffuse  reflectance  infrared
Fourier  transform  spectroscopy  (DRIFT-FT-IR)  measurements  suggested  that  the  reaction  mechanism
may  involve  a protonated  intermediate  of  2-furoic  acid polarizing  the  C  O bond  of the  acid,  and  leaving
that  can  be  easily  attacked  by  2-phenoxyethanol.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

High Brönsted acidity, thermal stability, low volatility, fast and
eversible redox multielectronic transformations in mild condi-

ions, lead to the heteropolyacids (HPAs), such as tungstophospho-
ic (TPA) and tungstosilicic (TSA) acids, suitable features as catalysts
articipating in different organic reactions [1,2]. However, these

∗ Corresponding author.
∗∗ Corresponding author at: Centro de Investigación y Desarrollo en Ciencias Apli-
adas “Dr. J.J. Ronco” (CINDECA), Departamento de Química, Facultad de Ciencias
xactas, UNLP-CCT La Plata, CONICET, 47 No. 257, 1900 La Plata, Buenos Aires,
rgentina.

E-mail addresses: julianregifo@quimica.unlp.edu.ar (J.A. Rengifo-Herrera),
pr@quimica.unlp.edu.ar (G.P. Romanelli).

ttp://dx.doi.org/10.1016/j.molcata.2016.10.024
381-1169/© 2016 Elsevier B.V. All rights reserved.
compounds present two important drawbacks to overcome: (i)
their low surface area and (ii) the solubility in polar media, which
limit their use as heterogeneous catalysts [2]. In order to over-
come these problems, the HPAs have been supported on different
substrates such as silica, titania, activated carbon, zirconia among
others [3–8].

On the other hand, the esterification is one of the most important
reactions in drug synthesis and the organic esters are important
products and/or intermediates in the industrial production of fra-
grances, flavorings, polymers, polyesters, plasticizers, fatty acids,
biofuels and paints [9]. For these reasons, the searching of novel,
clean and sustainable methodologies for esters synthesis is a very

important issue [10]. Solvent-free reactions have advantages as
pollution reduction by organic solvents, and low costs due to the
less use of reactive and process simplification by decreasing steps,

dx.doi.org/10.1016/j.molcata.2016.10.024
http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molcata.2016.10.024&domain=pdf
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uch as removal of the solvent, which are important factors in the
ndustry [11]. Esters are often synthesized by condensation reac-
ions between carboxylic acids and alcohols using sulfuric acid,
-toluenesulfonic acid or phosphoric acid, all toxic and corrosive
cids [12].

The esterification of several acids such as formic [13], oleic [14],
cetic acid [6] using supported tungstophosphoric acid on zirconia
nd silica has already been reported on the literature, where capi-
al parameters such as acid:alcohol ratio, catalyst amount, reaction
emperature and catalyst recycle have been highlighted.

Furoic acid is a promising product in biomass valorization since
t can be used as intermediate in pharmaceutical, food, cosmetics
nd perfumery industries [15]. This acid is produced from lignocel-
ulosic material which comes from agricultural or forestry wastes
16].

In a previous study recently reported by some of us, TPA sup-
orted on zirconia was used as catalyst in esterification of 2-furoic
cid with different alcohols [17]. Esterification reaction of 2-fuoric
cid with 2-phenoxyethanol in the presence of TPA-zirconia cata-
ysts led to the formation of 2-phenoxyethyl-2-furoate (estimated
y GC–MS) and it was also found that parameters such as 2-fuoric
cid:alcohol molar ratio and reaction temperature played an impor-
ant role.

The aim of this study was to synthesize and characterize by
ultitechniques two catalysts based on tungstophosphoric and

ungstosilicic acid supported on titania, studying the stability of
mmobilized TPA and TSA by XPS, 31P/29Si MAS  NMR, FT-Raman.
n the other hand, the acidity and the presence of acid sites
ere studied by potentiometric titration and 1H MAS-NMR, respec-

ively. Furthermore, it was evaluated their catalytic activity in the
sterification of 2-furoic acid with 2-phenoxyethanol, taking into
ccount variables such as temperature, acid-alcohol ratio and cat-
lyst amount. Finally, the product 2-phenoxyethyl-2-furoate was
nalyzed by 1H and 13C NMR  in order to confirm its presence.

. Experimental section

.1. Materials

The chemical substances used to synthesize the TiO2-based
amples and photocatalytic tests were: titanium tetraipropoxide
99% Sigma-Aldrich), urea (99% Sigma-Aldrich), tungstophos-
horic acid (H3PW12O40·23H2O) and tungstosilicic acid
H4SiW12O40·23H2O) (99% Fluka), furoic acid (99% Sigma-Aldrich),
-phenoxyethanol (99% Fluka), ethanol (Merck grade absolute),
Cl (37% Carlo Erba). All chemicals were used as received.

.2. Samples preparation

Titanium isopropoxide (26.7 g) was mixed with absolute ethanol
186.6 g) and stirred for 10 min  to obtain a homogeneous solu-
ion under N2 at room temperature, then 0.33 mL  of 0.28 M HCl
queous solution was dropped slowly into the above mixture to
atalyze the sol–gel reaction and was left for 3 h. Then 120 g of
rea–alcohol–water (1:5:1 wt ratio) solution was  added to the
ydrolyzed solution under vigorous stirring, to act as template,
ogether with an ethanol solution of H3PW12O40·23H2O (TPA) or
4SiW12O40·23H2O (TSA). The amount of TPA or TSA solutions was
xed in order to obtain a concentration of 30% TPA or TSA (w/w).

The xerogels were dried at room temperature in a beaker. The
olids were ground into powder and extracted with distilled water

or three periods of 24 h to remove urea, in a system with contin-
ous stirring. Finally, the solids were thermally treated at 500 ◦C

or 2 h. The samples will be named TiO2-TPA and TiO2-TSA, respec-
ively.
Catalysis A: Chemical 425 (2016) 266–274 267

The TPA and TSA content on the TiO2/TPA and TiO2/TSA samples
were estimated as the difference between the W amount contained
in the heteropolyacid solution originally used for the impregna-
tion and the amount of W in the water solutions obtained after
the solid washing (in order to remove the urea). The W content
was determined by atomic absorption spectrometry using a Varian
AA Model 240 spectro-photometer as it was  already reported in a
previous study [18]. The calibration curve method was used with
standards prepared in the laboratory. The analyses were carried
out at a wavelength of 254.9 nm,  bandwidth 0.3 nm, lamp current
15 mA,  phototube amplification 800 V, burner height 4 mm,  and
acetylene–nitrous oxide flame (11:14).

2.3. Samples characterization

2.3.1. Nuclear magnetic resonance spectroscopy (NMR)
29Si and 31P MAS-NMR experiments were performed on a 9.4 T

Avance Bruker Spectrometer operating at 161.9 MHz  and 79.5 MHz
respectively. It was  used a 4 mm diameter rotor spinning at 10 kHz
and applied a Bloch decay (single pulse acquisition) with a radio-
frequency field of 100 kHz (31P) and 35 kHz (29Si) and pulse width
of 10◦. Due to the very small amount of NMR  active nuclei in the
sample, no relaxation time measurement could be performed and
it was chosen a recycle delay of 15 s (31P) and 1s (29Si) based on
various trials while accumulating between 21120 (3.7 days) and
642600 (7.5 days) scans, respectively. 1H MAS-NMR experiments
were performed on a 17.6 T Avance III Bruker spectrometer operat-
ing at 750.3 MHz. Hahn echo experiments were performed spinning
at 30 kHz to remove the large probe background using a delay of 5
rotor periods (160 �s) and a radio-frequency field strength of 100
kHz. 31P spectra have been referenced to a 1 M solution of H3PO4,
whereas 29Si and 1H ones have been referenced to tetramethylsi-
lane.

2.3.2. Fourier transform raman spectroscopy (FT-Raman)
Raman scattering spectra were recorded on a Raman Horiba

Jobin-Yvon T 64000 instrument with an Ar+ laser source of 488 nm
wavelength in a macroscopic configuration.

2.3.3. Acid strength by potentiometric titration
The solid (0.05 g) was  suspended in acetonitrile (Merck) and

stirred for 3 h. Then, the suspension was titrated with 0.05 N n-
butylamine (Carlo Erba) in acetonitrile using Metrohm 794 Basic
Titrino apparatus with a double junction electrode.

2.3.4. Atomic absorption spectrometry (AAS)
Tungsten (W)  determination was carried out using an atomic

absorption spectrometer Varian AA model 240 spectrophotometer.
Calibration method was  used with in house prepared standards.
Analysis were carried out at a wavelength of 254.9 nm, bandwidth
0.3 nm,  lamp current 15 mA,  phototube amplification 800 V, burner
height 4 mm,  and acetylene-nitrous (11:4).

2.3.5. Diffuse reflectance fourier transform infrared spectroscopy
(DRIFT-FTIR)

FTIR spectra were recorded on a FT-IR Perkin-Elmer Frontier
instrument equipped with a DRIFT (Perkin Elmer) accessory. Spec-
tra were recorded using 1024 scans having a resolution of 4 cm−1.

2.3.6. X- ray photoelectron spectroscopy (XPS)
XPS analyses were carried out with XPS Analyzer Kratos model
Axis Ultra with a monochromatic AlK� and charge neutralizer. The
deconvolution software program was provided by Kratos, the man-
ufacturer of the XPS instrument. All the binding energies were
referred to the C1s peak at 285 eV of adventitious carbon. Powder
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amples were prepared by deposition of the solid on carbon type
tuck to the sample holder.

.3.7. Textural properties
The specific surface area of the solids was determined from N2

dsorption–desorption isotherms at liquid-nitrogen temperature.
hey were obtained using Micromeritics ASAP 2020 equipment.
he samples were previously degassed at 100 ◦C for 2 h.

.4. Catalytic activity

A glass flask (10 mL  capacity) was used as reactor. Predeter-
ined amounts of the reactants were charged into the flask and the

emperature was raised to a prefixed value. Once the temperature
as attained, the catalyst was added, and initial time sample was
ithdrawn. Samples were withdrawn from the organic phase at

ifferent times (0.5, 1, 3, 5, 7, 9 and 24 h). Each sample volume was
0 �L and was diluted with 100 �L of ethanol. The effect of different
eaction temperatures, 2-furoic acid/2-phenoxyethanol molar ratio
nd catalyst amounts were studied. The blank experiment con-
itions were: 1 mmol  2-furoic acid, 10 mmol  2-phenoxyethanol,
25 ◦C, 24 h. The mixture was stirred at 700 rpm. The conversions
ere based on the limiting reactive determined by GC (Shimadzu,
odel 2014) using a FID detector and a capillary column (SPB-

, length 30 m,  I.D. 32 mm,  film thickness 1.00 �m)  by calibration
urve both the acid as the product. The product was  confirmed by
C–MS analysis (Perkin Elmer Auto System/Q-Mass910) and 1H
MR, 13C NMR  measurements (NMR Bruker Avance II-500 spec-

rometer).

.4. Characterization of 2-phenoxyethyl-2-furoate

2-Phenoxyethyl-2-furoate mp:  66–68 ◦C (ethanol); 1H NMR

500 MHz, CDCl3): ı 4.31 (t, 2H, J = 7 Hz), 4.68 (t, 2H, J = 7 Hz),
.53 (dd, 1H, J = 7.5 Hz, J = 7.5 Hz), 6.97 (m,  3H), 7.28 (m, 3H),
.61 (dd, 1H, J = 7.5 Hz, J = 1.5 Hz), 13C NMR  (100 MHz, CDCl3): ı
3.25, 65.80, 111.90,114.69, 118.43, 121.22, 129.53, 144.32, 146.55,

(a.1)

(a.2)

(a.3)

(a)

20 10 0 -10 -20 -30 -40 -50
31P Frequency (ppm)

-6

ig. 1. (a) 31P MAS-NMR spectra of (a.1) TiO2-TPA and (a.2) TPA samples along with (a.3)
b) 29 Si MAS-NMR spectra of (b.1) TiO2-TSA and (b.2) TSA samples along with (b.3) the 

nterpretation of the references to colour in this figure legend, the reader is referred to th
Catalysis A: Chemical 425 (2016) 266–274

158.47,158.59. IEMS: m/z (I%): 232 (2) M+., 139 (61), 95 (35), 77 (4),
51 (14), 44 (43), 39 (45), 32 (38), 28 (100).

2.5. Catalyst reuse

After the reaction, the catalyst was filtered, washed thoroughly
with toluene, dried in a vacuum oven at room temperature and
reused for the next reaction, following the procedure described
above.

2.6. Adsorption of 2-furoic acid on catalyst

The adsorption of 2-furoic acid on the TiO2/TPA catalyst was per-
formed by adding 50 mg  of TPA-TiO2 catalyst to a mixture of 1 mmol
of the acid and 1 mL  of ethanol and stirring for 24 h is maintained.
Then, the solid was  dried in a vacuum oven at room temperature
to remove the alcohol. Finally, the solid analyzed by DRIFT-FTIR.

3. Results and discussion

3.1. TiO2, TiO2-TPA and TiO2-TSA characterization

The TPA and TSA content in the TiO2/TPA and TiO2/TSA samples
was estimated as the difference between the W amount contained
in the TPA or TSA solutions and the remaining amount of W in the
solutions obtained during the washing of the xerogels. The results
revealed that the W content (coming from TPA and TSA) in the
samples was 22.6% (w/w)  and 23.2% (w/w) for the TiO2/TPA- and
TiO2/TSA samples, respectively, which agrees well with the initial
W amount added as TPA and TSA during the synthesis (22.9% TPA
(w/w) and 23.5% TSA (w/w) concentration).

Regarding the physical-chemical characterization, the MAS-
NMR  measurements of 31P, 29Si nuclei (Fig. 1a and b respectively)
revealed that TiO2/TPA and TiO2/TSA samples exhibit the presence

of Keggin anions of TPA and TSA. 31P spectrum of bulk TPA (Fig. 1a.2)
exhibited a doublet at −14.7 and −15 ppm, both signals are related
to the presence of hydrated Keggin anion of tungstophosphoric
acid [19,20]. On the other hand, the spectrum of TiO2/TPA sam-

(b.2)

(b.1)

(b.3)

(b)

29Si Frequency (ppm)
0 -80 -100 -140-120

 the three individual components of the simulation displayed as a red line in (a.1).
two individual components of the simulation displayed as a red line in (b.3). (For
e web version of this article.)
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-5051015
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.3) and (b.3) bulk TSA, and TiO2-TPA (a.1), and TiO2-TSA (b.1) samples.
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Fig. 2. 1H MAS-NMR spectra of pristine TiO2, (a.2, b.2) bulk TPA (a

le exhibited an intense signal at −13.5 ppm and also a broad peak
anging from 1 to −20 ppm (Fig. 1a.1). According to the decon-
olution, the latter wide signal (Fig. 1a.3) presented a maximum
t −12 ppm, and it was absent from the “blank” experiment per-
ormed on the pure TiO2 precursor. Signals at −13.5, −11.2 and
12 ppm were previously assigned to the presence of Keggin anion

21,22], the lacunar ([PW11O39]7−) and the dimeric [P2W21O71]6−

pecies [23], respectively, interacting with TiO2. The two latter
pecies should be formed by partial degradation of TPA. Regard-
ng the 29Si MAS-NMR measurements, bulk TSA showed a signal
t −84.7 ppm due to presence of TSA Keggin anion ([SiW12O40]4−)
Fig. 1b.2) and the TiO2-TSA sample exhibited a signal at −85 ppm
Fig. 1b.1) ascribed to the Keggin anion interacting with the TiO2
urface. It was also observed the presence of a broad peak between
100 and −120 ppm and centered at −110 ppm (Fig. 1b.2 and b.3),
hich could be assigned to silicate species or lacunary species (such

s [SiW11O39]8−) coming from partial degradation of TSA [24,25].
MAS-NMR for 1H nuclei analysis of bulk hydrated TPA and TSA

Fig. 2) revealed the presence of two signals at 7.5 and 6.8 ppm
or TPA and 7.8 and 6.9 ppm for TSA (Fig. 2a.3 and b.3), which
ould be related to interactions between water and Keggin anion
rotons by forming H3O+ species [20]. Pristine TiO2 samples exhib-

ted one intense and broad signal at 5.6 ppm and other small at
.5 ppm (Fig. 2a.2 and b.2), both corresponding to bridging and
erminal titanol groups (Ti OH) respectively [26]. TiO2/TPA sam-
le (Fig. 2a.1) showed the bridging Ti-OH signal broader than in
ristine TiO2 and with a chemical shift at 5.5 ppm while the tiny
ignal corresponding to terminal Ti OH groups was observed at
.6 ppm. TiO2/TSA samples (2b.1) showed more or less the same
hapes and chemical shift for bridging and terminal Ti-OH groups
5.5 and 1.7 ppm respectively), however, it was  revealed two  new
ignals at ca. 3.5 and 1.1 ppm which could be related with the pres-
nce of silanol (Si OH) groups in SiO2 [26]. Moreover, a very small
eak can also be observed on the left tail of the main component at
.8 ppm i.e. very close the position of the 1H peak of pure TSA.

Fig. 3 shows the spectra of the same compounds with a long
5 ms)  echo delay which removes all fast relaxing components such
s the strongly dipolar-coupled titanol groups while keeping the
solated or rapidly moving species. The above-mentioned tiny sig-

al is then observed in both TiO2/TPA and TiO2/TSA samples at
.8 ppm in agreement with the presence Keggin anions of TPA and
SA interacting with TiO2 surface and hence confirming the pres-
nce of acid Brönsted sites on the surface.
Fig. 3. 1H MAS-NMR spectra obtained using a long delay (5 ms) Hahn echo aquisition
selecting components with long (transverse) relaxation times.

It is also interesting to note the fact that for these surface species
are shown in the same long delay echo acquisition means that they
are very probably mobile, at least on the NMR  time scale.

On the other hand, characterization by XRD (Fig. 4) revealed
in all samples peaks corresponding to anatase TiO2 at 2� = 25.3◦,
37.9◦, 47.8◦ and 54.3◦ [27]. XRD peaks related to TPA or TSA were
not found, indicating that the heteropolyacids are highly dispersed
on the titania matrix or as a noncrystalline phase. However, the
TiO2/TPA and TiO2/TSA samples showed peak broadening and this
fact is narrowly linked to the presence of the heteropolyacids, since
previous studies have evidenced that the modification of TiO2 with
TPA or TSA retarded the crystallization of titania phase [21,28].

FT-Raman characterization showed the presence of anatase TiO2

since it were found six Raman active modes (A1g + 2B1g + 3Eg),
at 141.3 cm−1 (Eg), 197 cm−1 (Eg), 394.4 cm−1 (B1g), 516.1 cm−1

(A1g, B1g), and 636.7 cm−1 (Eg) [29] (Fig. 5a). Bulk TPA showed
intense Raman peaks typically assigned to the Keggin anion at 1080,
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Table 1
Specific surface area, average pore dimeter (Dp) and acid strength (initial potential
(Ei)).

Sample BET specific surface area (m2 g−1) Dp (nm)a Ei(mV)

TiO2 57 4.1 150
TiO2-TPA-30% 115 4.2 378
TiO -TSA-30% 126 4.3 398
Fig. 4. XRD spectra of TiO2, TiO2-TPA and TiO2-TSA samples.

90, 930, and 890 cm−1, which are attributed to antisymmetric
ibrations of P-O, W = O and W-O-W bonds [23] while bulk TSA
xhibited FT-Raman peaks at 1000 cm−1, 976 cm−1 and 926 cm−1

orresponding to �s (W-O), �as (W O) and �as (W O W)  respec-
ively which agree very well with those of the Keggin anion of TSA
24,30].
The TiO2/TPA and TiO2/TSA samples showed two interesting
aman features. The first one was an important blue shifting of
he most intense Raman peak of anatase TiO2 at 141 cm−1 and
ttributed to Ti O bonds (Fig. 5b). It was also found a strong peak

Fig. 5. FT-Raman spectra of TPA, TSA, TiO
2

a Average pore diameter calculated using the BJH formula from the desorption
branch.

broadening in the TPA and TSA signals between 1080 and 900 cm−1

(Fig. 5c) which were assigned to W-O  bonds. Both spectral changes
could be due to strong interactions between TiO2 and Keggin anions
as has already described on the literature [27,31].

The N2 adsorption–desorption isotherms of TiO2, TiO2/TPA and
TiO2/TSA samples (Fig. 6) can be classified as type IV, character-
istic of mesoporous materials. The hysteresis loop was very small
for TiO2/TPA and TiO2/TSA. These hysteresis loops (H2 type) are
observed for solids made by aggregates of spheroidal particles with
nonuniform size or shape pores [32].

The specific surface area (SBET) of the samples deter-
mined from the N2 adsorption–desorption isotherms using the
Brunauer–Emmett–Teller (BET) method, together with the aver-
age pore diameter (Dp), are shown in Table 1. As can be observed,
all the samples present mainly mesopores with a Dp in the range
4.1-4.3 nm.  According with the pore size distribution of the sam-

ples (Fig. 6 inset), the addition of TPA and TSA produce wither
mesoporos.

The pristine TiO2 sample showed specific surface area
lower (57 m2 g−1) than the TiO2/TPA (115 m2 g−1) and TiO2/TSA

2, TPA-TiO2 and TSA-TiO2 samples.
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Fig. 6. N2 adsorption–desorption isotherms o
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or dimeric species; this partial degradation could be due to the
ig. 7. Acid strength of TiO2, TiO2-TPA and TiO2-TSA samples by potentiometric
itration with n-butyl amine.

126 m2 g−1) samples. The higher SBET values of TiO2/TPA and
iO2/TSA samples could be due to a strong interaction of the het-
ropolyacid (TPA or TSA) with the Ti OH groups, which reduces

he surface diffusion of titania, and inhibits sintering [21,28,33].

Since acidity is a key factor in esterification reactions, the acid
trength was measured by potentiometric titration (Fig. 7). As a
f TiO2, TiO2-TPA and TiO2-TSA samples.

criterion to interpret the obtained results, it was  suggested that the
initial electrode potential (Ei) indicates the maximum acid strength
of the sites and the value of meq  amine g−1 solid where the plateau
is reached indicates the total number of acid sites. The acid strength
of these sites may  be classified according to the scale reported in
previous studies [34,35].

Bulk TPA and TSA have a very strong acidity since a high initial
potential (800 and 850 mV  respectively) was observed. In oppo-
site, anatase TiO2 revealed a lower strength acidity (Ei = 150 mV).
TiO2/TPA and TiO2/TSA samples showed a high acid strength with
Ei = 378 and 398 mV,  respectively. These initial potentials were
lower than those of bulk TPA and TSA but higher than pristine
anatase TiO2 sample. The lower acid strength of the TiO2/TPA and
TiO2/TSA samples compared to bulk HPA could be assigned to the
fact that the protons in the TPA and TSA are present as H+(H2O)n

species whereas in the titania modified samples they are interacting
with the oxygen of the Ti OH groups.

It is well known that very acid protons of Keggin anion of
TPA could easily interact with titanol (Ti OH) surface groups
of titania by protonating them and forming acid surface species
such as ( TiOH2

+)(H2PW12O40
−) and ( TiOH2

+)2(HPW12O40
2−)

[22,27]. However, not all TPA survives as Keggin anion since it
was found evidence about partial degradation producing lacunar
preparation method, where urea is used as forming pore agent
producing ammonia (coming from urea hydrolysis) and slightly
increasing pH solution or by thermal treatment [27,36]. Follow-
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a b

Fig. 8. W 4f XPS signal of (a) TiO2-TPA and (b) TiO2-TSA.

Table 2
Catalytic activity in conversion (%) of 2-furoic acid to 2-phenoxyethyl-2-furoate under different experimental conditions.

Entry Catalyst Type Temperature (◦C) Catalyst amount (mg) Molar ratio acid/alcohol (mmol) Conversiona (%)

1 – 125 – 1:10 15
2  TiO2 125 50 1:10 17
3  TSA/TiO2 125 50 1:10 57
4  TPA/TiO2 125 50 1:10 76
5  TPA/TiO2 125 50 1:5 77
6  TPA/TiO2 125 50 1:2 91
7  TPA/TiO2 110 50 1:2 77
8  TPA/TiO2 95 50 1:2 21
9  TPA/TiO2 140 50 1:2 95
10  TPA/TiO 125 25 1:2 80
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a Conversion of 2-furoic acid to 2-phenoxyethyl-2-furoate measured after 7 h of 

ng the previous statement and although TSA interactions with
iO2 has not been well described in the literature, it is possible
o suggest that acid protons of TSA could also interact with Ti-
H surface groups of the same way as TPA, forming surface acid

pecies ( TiOH2
+)x(H4-xSiW12O40

x−) [27,37,38]. TSA underwent
lso partial degradation since a wide NMR 29Si signal between
100 and −120 ppm was found. This signal could be due to the
resence of amorphous silica Q4 species or lacunar species such as
SiW11O39]8−.

High resolution XPS spectra of W 4f for TiO2/TPA and TiO2/TSA
amples (Fig. 8a and b respectively) revealed the presence of a dou-
let with binding energies at 38.2 and 36.2 eV corresponding to

 (VI) which is often present in TPA and TSA [39,40]. Literature
eports that Keggin anions of bulk TPA and TSA show also a doblet
n the W 4f signal at BE of 37.9 and 35.8 eV respectively. There is

 slight shifting between the signals reported for bulk TPA or TSA
nd those found in TiO2/TPA and TiO2/TSA samples. This shifting is
oo small for being attributed to a change in the oxidation state of

 atoms, and should be related to some interaction between the
eggin anion and the TiO2 surface. Furthermore, XPS results sug-
est that TPA and TSA Keggin anions should be present on the TiO2
urface.

.2. Catalytic tests: synthesis of 2-phenoxyethyl-2-furoate by
sterification of 2-furoic acid and 2-phenoxyethanol

The synthesis of 2-phenoxyethyl-2-furoate by esterification of
 mmol  of 2-furoic acid with 10 mmol  of 2-phenoxyethanol was
valuated using TiO2/TPA and TiO2/TSA samples as catalysts and
atalyst absence (blank) under solvent free conditions and heating

t 125 ◦C (Table 2). Apparition of 2-phenoxyethyl-2-furoate was
ollowed by gas chromatography (GC) and these results showed
hat TiO2/TPA sample exhibited the highest catalytic activity since

 2-furoic acid conversion of 77% was achieved after 7 h of reaction
1:2 90

tic reaction.

while TiO2/TSA sample exhibited a conversion percentage of 57%
(Table 2). The reaction in the absence of catalyst was also evalu-
ated, obtaining just 15% of conversion in the same time. Although
TiO2/TSA sample presented a slight high acid strength and higher
specific surface area than TiO2/TPA, it is probable that this latter
shows higher content of acid sites such as ( TiOH2

+)(H2PW12O40
−)

and ( TiOH2
+)2(HPW12O40

2−), this fact could explain its better cat-
alytic performance in comparison with TiO2/TSA sample.

Since the TiO2/TPA sample showed the highest catalytic activity,
it was proceed to evaluate this reaction upon different experimen-
tal conditions such as temperature, catalyst amount and molar
2-furoic acid to 2-phenoxyethanol ratio of in order to find the opti-
mal  reaction conditions.

When molar ratio acid:alcohol was 1:2 (Table 2), the catalytic
reaction showed a higher performance (91% of conversion) than
those obtained at molar ratios of 1:5 (77% of conversion) and 1:10
(76% of conversion). This was  probably due to the fact that high
alcohol content should act as a solvent, diluting the reagents and
producing a detrimental effect on the contact between the acid
and catalyst. In opposite, the molar ratio 1:2 might allow that the
reaction be carried out upon solvent free conditions.

The effect of the reaction temperature was evaluated fixing the
molar ratio at 1:2 (Table 2). At 95 ◦C, the catalytic performance was
poor since the percentage of conversion was around 21% after 7 h
under reaction. When temperature is risen to 110 ◦C, the conver-
sion increased to c.a. 77%. Further temperature rising up to 125 ◦C,
led to a conversion close to 91% after 7 h of reaction, however, when
temperature reached 140 ◦C it was  just observed an slight enhance-
ment on the catalytic activity since the conversion was also around
95% after 7 h of reaction. Since esterification reactions are reversible

and produce water as byproduct, at temperatures beyond 100 ◦C,
water should be evaporated displacing the equilibria to the ester
formation obtaining a high conversion.
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Fig. 9. 2-fuoric acid disappearance and 2-phenoxyethyl-2-furoate formation under
c
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Fig. 10. DRIFT-FT-IR spectra of 2-furoic acid (orange) and 2-fuoric acid adsorbed on
TiO2-TPA sample (red). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web  version of this article.)

perature and acid:alcohol molar ratio, were the most important
◦

atalytic test at the best conditions.

It was also studied the effect of the catalyst amount on the
eaction, fixing the reagents molar ratio at 1:2 and temperature
t 125 ◦C (Table 2). When catalyst amounts of 25, 50 and 100 mg
ere used, the percentage of 2-furoic acid conversion was 80, 91

nd 90%, respectively after 7 h of catalytic reaction. This suggests
hat catalyst amount (at least the amounts used in this study) was
ot a critical issue in the synthesis of 2-phenoxyethyl-2-furoate and
he amount of 50 mg  was chosen as the best.

Finally, and in order to observe simultaneously the disap-
earance of 2-furoic acid and the formation of 2-phenoxyethyl-
-furoate, GC experiments were carried out measuring both
ompounds (Fig. 9). It was clear that 2-fuoric acid disappears at
he same time that 2-phenoxyethyl-2-furoate starts its formation,
nd other byproducts were not observed. Characterization by 1H
nd 13C NMR  and mass spectrometry confirmed the presence of
-phenoxyethyl-2-furoate (section 2.5).

The 2-furoic conversion at different catalyst reusing cycles using
he optimal conditions of molar ratio, temperature and TiO2/TPA
ere measured. The results obtained show that in the first reusing

ycle conversion decreased from 98 to 92%, which may  be due either
o a loss of catalytic activity caused by poisoning of the catalyst
ctive sites or to TPA leaching. The latter could be the most prob-
ble cause since when a control experiment was  performed using
he reagents (2-fuoric acid and 2-phenoxyetanol) obtained after
he filtration of the catalyst, the conversion was slightly superior
o the control experiment performed in absence of catalyst (19%
s 11% after 7 h of reaction). This catalytic activity rising should be
elated to the presence of leached TPA leading to a homogeneous
atalytic esterification reaction. The two last reusing cycles did not
ndergo a remarkable loss of catalytic activity (85 and 84%, respec-
ively). This could be due to the weakly anchored TPA molecules
ere leached in the first two cycles remaining only on the solid

hose heteropolyacid molecules which are strongly anchored.
It was studied by DRIFT FT-IR spectroscopy, the interaction

etween 2-fuoric acid and TPA-TiO2 sample (Fig. 10). After 24 h
f contact between the acid and the TiO2/TPA sample, it was
bserved that the typical C O signal characteristic of organic acids
t 1700 cm−1 underwent a shifting towards 1650 cm−1, indicat-
ng that 2-furoic acid could be strongly interacting with TiO2/TPA
ample surface. This agree well with the proposed mechanisms
f esterification with acid solid catalysts, where the acid interacts

+ −
ith Brönsted acid sites, in this case ( TiOH2 )(H2PW12O40 ) and
 TiOH2

+)2(HPW12O40
2−) present on the TiO2/TPA sample. These

cid sites can lead the formation of protonated 2-fuoric acid species
Fig. 11. Suggested mechanism of esterification reaction of 2-furoic acid with 2-
phenoxyethanol.

polarizing the C O bond which may  easily react with the alcohol
producing the corresponding ester and water (Fig. 11).

4. Conclusions

Tungstophosphoric (TPA) and tungstosilicic (TSA) acid were suc-
cessfully immobilized on TiO2 supports (TiO2/TPA and TiO2/TSA
samples). The characterization revealed that the most part of
the heteropolyacids, either TSA or TPA could be present on
the support as Keggin anions exhibiting very acid sites such
as ( TiOH2

+)(H2PW12O40
−) and ( TiOH2

+)2(HPW12O40
2−) for

TiO2-TPA and ( TiOH2
+)x(H4-xSiW12O40

−x) for TiO2-TSA.
The obtained conversion, which was evaluated in the esterifica-

tion of 2-fuoric acid with 2-phenoxyethanol to lead the formation
of 2-phenoxyethyl-2-furoate showed that the TiO2/TPA sample led
to the highest catalytic activity probably due to the presence of
acid sites on the solid. The catalyst amount, temperature and molar
ratio acid:alcohol were evaluated as variables. The last two, tem-
variables. Temperatures beyond to 100 C allow evaporating the
water, displacing the equilibria to the ester formation and obtaining
a high catalytic activity. On the other hand, an acid:alcohol molar
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atio with low alcohol content (1:2) was found as optimal since at
igh alcohol content, this latter should act as a solvent, diluting the
eagents and producing a detrimental effect in the contact between
he acid and catalyst. At low alcohol contents, the reaction could be
arried out upon solvent free conditions.

Finally, DRIFT-FT-IR measurements gave evidence about
hat a strong 2-fuoric acid interaction with the acid sites
f the TiO2/TPA sample, such as ( TiOH2

+)(H2PW12O40
−) and

 TiOH2
+)2(HPW12O40

2−), should be an important step reac-
ion since it should polarize the C O bond, allowing the
-phenoxyethanol attack and achieving the esterification reaction.
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