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a  b  s  t  r  a  c  t

The  liquid-phase  dehydration  of  1-phenylethanol  (PHE)  over  different  solid  acids  was  studied  at  363  K
using  cyclohexane  as solvent.  It was  found  that  the  catalyst  activity  and  selectivity  strongly  depended
on:  (1)  the  nature,  strength  and density  of  acid  sites  and  (2)  the  textural  properties  of  the  catalyst.

Catalysts  containing  mainly  surface  Brønsted  acid  sites  of  medium–high  strength,  such  as  Amberlyst
15,  HPA/SiO2,  and  HMOR  zeolite,  showed  low  initial  styrene  (STY)  selectivity  because  the PHE dehydrated
to  alpha-methylbenzyl  ether  (AME)  at higher  or similar  rates  than  to STY.  Both  primary  products,  STY
and  AME,  were  consecutively  transformed  to  other  heavy  products  (HP).

Catalysts  containing  predominantly  Lewis  acid  sites,  such  as  ZnO/SiO2, Al-MCM-41  and  SiO2–Al2O3,
selectively  transformed  PHE  to AME.  The  ether  can  be  sequentially  converted  to STY  and  HP,  depending  on
the solid  acidity.  Solid  acids  having  strong  surface  Lewis  sites,  e.g.  SiO2–Al2O3, showed  high dehydration
rate  and HP  production.  Samples  containing  exclusively  weak  Lewis  acid  sites,  e.g.  �-Al2O3,  were  not
active  in  the PHE  dehydration  at 363  K.

Only zeolites  HZSM-5,  HBEA  and HY,  with  similar  surface  density  of  Brønsted  and  Lewis  acid  sites,
converted  selectively  PHE  into  STY,  giving  initial  STY selectivities  between  83  and  96%.  However,  HY
zeolite  was  rapidly  deactivated  due  to the  blockage  of  its  microporous  structure  by  bulky  compounds
formed  inside  the  large  cages  of 13 Å. Instead,  on HBEA,  STY  was  converted  to HP  that  can  diffuse  through
the  solid  microporous  structure.  Then,  the  selectivity  to STY was  drastically  reduced  with  time.  A  constant
and  high  STY  selectivity  at total  PHE  conversion  was  only  obtained  with  HZSM-5.  The pore  size  of this
zeolite  is enough  to  allow  the  diffusion  and  conversion  of  PHE  into  STY,  but it is  not  adequate  to  form  the
surface  intermediates  leading  to  AME  and HP.
Thus,  it was  proved  that:  (1)  the surface  Brønsted  to Lewis  ratio  strongly  influences  the  initial  selectivity
in  the  liquid-phase  PHE  dehydration;  (2)  a similar  Brønsted  to Lewis  ratio  on  the  solid  acid  surface  is
necessary  to obtain  high  initial  selectivity  to STY; and  (3)  the  right  porous  structure  is  crucial  to avoid  HP
production  and keep  constant  the STY selectivity  at high  PHE  conversion.  From  the  experimental  results
obtained  in  this  work,  a mechanistic  approach  was  proposed  in  order  to  explain  the influence  of  both
acid  site  nature  and  pore  size  on the selective  PHE dehydration  in  liquid  phase.
. Introduction

One powerful and usual method to obtain olefins in the chemi-
al industry is the alcohol dehydration, which can be performed in
ither gas or liquid phase. On the one hand, gas phase dehydration
f alcohols is a relatively benign process for the environment

hat was traditionally carried out using titania [1], alumina [2–4],
ilica–alumina [5] or zeolites [6,7] as catalysts, at temperatures
igher than 473 K. On the other hand, liquid-phase alcohol
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dehydration is generally carried out using traditional homoge-
neous catalysis, comprising strong acids such as H2SO4, KHSO4,
H3PO4 or p-toluensulfonic acid [8–10]. This technology has severe
drawbacks during both chemical reaction and catalyst recovering-
reuse, such as generation of large amount of byproducts, high
energy demand, serious corrosion in equipments and environmen-
tal problems due to catalyst leakages [11]. Consequently, it is of
great importance to find new active and selective catalysts for eco-
friendly liquid-phase alcohol dehydration. The main advantages of
heterogeneous catalysis over its homogeneous counterpart are: (1)

reduced equipment corrosion; (2) easy product and catalyst sepa-
ration; (3) low-cost recycle of catalysts; and (4) less contamination
in waste streams due to leakages of catalyst. Thus, heteroge-
neous catalysis offer relevant possibilities for sustainable olefin
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ig. 1. Reaction scheme for the 1-phenylethanol dehydration over acidic catalysts.

roduction, replacing environmental hazardous homogeneous
atalysis by processes that use solid acid catalysts [11,12].

In particular, intramolecular dehydration of 1-phenylethanol
PHE), a secondary aromatic alcohol, is of industrial interest in
rder to produce styrene (STY). This is a well-known reaction,
ecause 15% of the worldwide STY is produced by PHE dehydra-
ion, which is a byproduct obtained in the production of propylene
xide [13]. The PHE dehydration process is the most used when high
urity STY is needed [5]. This olefin is used as raw material for the
roduction of a wide variety of polymeric products, specially ther-
oplastics and elastomers, to produce goods such as furnitures,

anks, toys, etc. [14]. The liquid-phase PHE dehydration is also used
s test reaction for the synthesis of fine chemicals, such as indenes
rom indanols, widely used for the production of pharmaceuticals
nd polymerization catalysts [15–18]. Besides STY, and depend-
ng on the catalyst and operational conditions, alpha-methylbenzyl
ther (AME) can also be a primary product formed through inter-
olecular PHE dehydration (Fig. 1). Both AME  and STY can lead

onsecutively to the formation of heavy products (HP) over acidic
atalysts.

PHE dehydration in liquid phase using solid catalysts such as
l2O3, SiO2–Al2O3, zeolites or acidic resins have been reported

n previous works [19–24]. In all the cases, the reaction tem-
erature was always higher than 423 K. In general, selectivity to
TY was between 74 and 98%, depending on the experimental
onditions, though some deactivation of the catalyst took place.
ange and Otten studied the PHE dehydration under reactive dis-
illation conditions over microporous and mesoporous solid acids
t 443 K [22,23]. These authors remarked the importance of the
hape selectivity for obtaining high STY selectivity and observed
mportant deactivation of the catalysts. Recently, Pérez Valen-
ia et al. reported the selective 1-phenylethanol dehydration at
emperatures between 398 and 460 K using 1-methylimidazolium
ydrogen sulfate as catalyst in a bubble column reactor [25]. Only

ew papers dealing with the liquid-phase dehydration of PHE
t temperature lower than 373 K have been published [26–28].
arlani et al. dehydrated PHE at 353 K over H6P2W12O62 using
ichloroethylene as solvent, but they obtained mostly HP and only
races of STY [26]. In previous works, we have reported the success-
ul use of zeolites for the selective PHE liquid-phase dehydration
t 363 K [27,28]. Dealuminated mordenite-like zeolites were more
elective to STY than to AME, though their microporous structure
llows the formation of bulky products [27]. On the other hand,
TY selectivities higher than 92% were obtained over HZSM-5 and
 mechanistic LHHW kinetic model was proposed to interpret the
esults [28]. On the basis of the information found in the open lit-
rature, it was concluded that a more systematic and exhaustive
s A: General 458 (2013) 28– 38 29

study is necessary in order to explain the very changing selectivity
to styrene obtained with the different solid acids mentioned above.

From an industrial point of view, the successful use of solid acid
catalysts for eco-friendly processes is based on the understanding
of the influence of both acid and textural properties on the selec-
tivity. To our knowledge, there is very little information in the open
literature in which the influence of acidity and pore structure on the
selective liquid-phase PHE dehydration under mild conditions was
studied. In this work the liquid-phase dehydration of PHE was car-
ried out at 363 K using cyclohexane as solvent, employing several
selected acidic solids having different nature, strength and den-
sity of acid sites and with markedly different textural properties.
The aim is to investigate the influence of acidity and porous struc-
ture on the PHE dehydration rate and selectivity to STY. To achieve
this aim, mesoporous and microporous solids belonging to one of
the following three categories were employed as catalysts for the
liquid-phase PHE dehydration: (1) solid acids having mainly sur-
face Lewis acid sites; (2) solid acids having mainly surface Brønsted
acid sites; (3) solid acids having similar proportions of Brønsted and
Lewis acid sites on the surface. It was found out that high initial
selectivity to STY is obtained only when solids with similar surface
concentrations of Lewis and Brønsted acid sites are used as cata-
lysts. However, this high selectivity was preserved only if the pore
size is such that conversion of STY into HP can be inhibited. On the
basis of the experimental results obtained in this work, a mechanis-
tic approach was finally proposed in order to explain the influence
of both acid site nature and pore size on the selective PHE dehydra-
tion in liquid phase. The final goal is to determine the requirements
to perform an eco-friendly and sustainable olefin production from
a selective alcohol dehydration under mild conditions.

2. Experimental

2.1. Catalyst preparation

HPA/SiO2 and ZnO/SiO2 catalysts were prepared by incip-
ient wetness impregnation of commercial SiO2 (Grace G62,
99.7%, Sg = 230 m2/g, VP = 0.49 cm3/g) with aqueous solutions of
H3PW12O40 (99%, Merck) and ZnCl2 (99.5%, Aldrich), respectively.
The impregnated precursors were dried at 373 K for 12 h and then
calcined for 2 h in air at 573 K (HPA/SiO2) or 623 K (ZnO/SiO2). The
HPA and ZnO loadings were 28 and 20%, respectively.

Al-MCM-41 sample was  synthesized by the sol–gel method,
according to Edler and White [29]. Sodium silicate solution (14%
NaOH and 27% SiO2, Aldrich), cetyltrimethylammonium bromide
(Aldrich), aluminum isopropoxide (Aldrich), and deionizated water
were used as the reagents. The composition of the synthesis gel
was 7SiO2–xAl2O3–2.7Na2O–3.7CTMABr–1000H2O. The pH was
adjusted to 10 using a 0.1 M H2SO4 solution, and then the gel was
transferred to a Teflon-lined stainless-steel autoclave and heated to
373 K in an oven for 96 h. After crystallization, the solid was washed
with deionizated water, dried at 373 K and finally calcined in air at
773 K.

Commercial Amberlyst 15 resin (Rohm and Haas, 37 m2/g)
was treated in N2 at 373 K for 8 h before using in the catalytic
tests. Amberlyst 15 is a well-known resin based on polystyrene,
cross-linked with divinylbenzene (DVB) and sulfonated at a level
equivalent to one sulfonic acid group per STY/DVB unit [30]. HY
zeolite was obtained by triple ion exchange of a commercial NaY
zeolite (UOP-Y54) with an 1 M aqueous solution of NH4Cl at 353 K in
a rotavapor during 2 h and subsequent calcination in air at 773 K.
Commercial zeolites HZSM-5 (Zeocat Pentasil PZ-2/54, 0.43 wt.%
Na), HMOR (Zeocat HZM-760), HBEA (Zeocat PB), SiO2–Al2O3 (Ket-
jen LALPV) and �-Al2O3 (Ketjen CK-300) samples were calcined in a

dried air flow at 773 K before performing any characterization and
catalytic tests.
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tion and two weaker peaks at 3.7◦ and 4.3◦ corresponding to (1 1 0)
and (2 0 0) reflections, which are characteristic of the hexagonal
arrangement of this mesoporous solid [29].
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.2. Catalysts characterization

The crystalline structure of the calcined samples was verified
y X-ray diffraction (XRD) using a Shimadzu XD-1 diffractometer
nd Ni-filtered Cu-K� radiation (scan speed 2◦/min). Textural prop-
rties of solid acids were measured by N2 physisorption at 77 K
n a Quantochrome Corporation NOVA-1000 sorptometer. Specific
urface area (Sg) was determined by using the BET method. Pore
olumes (VP) and pore mean diameters (dP) were estimated by
pplying Barret–Joyner–Halender (BJH) calculations. Zeolite micro-
ore volumes were determined by the t-plot [31] method, using
arkins–Jura equation [32]. Elemental compositions were deter-
ined by atomic absorption spectroscopy (AAS).
The strength and density of surface acid sites were determined

y temperature-programmed desorption (TPD) of NH3 pread-
orbed at 373 K. The previously calcined samples (200 mg)  were
reated in He (60 cm3/min) at 773 K for 2 h, cooled down to 373 K,
nd then exposed to a NH3(1%)/He stream for 45 min. Weakly
dsorbed NH3 was removed by flushing with He at 373 K during

 h. Finally, the sample temperature was increased at 10 K/min and
he NH3 concentration in the effluent was measured by mass spec-
rometry (MS) in a Baltzers Omnistar unit.

The nature of surface acid sites was determined by Fourier trans-
orm infrared spectroscopy (FTIR) by using pyridine as a probe

olecule and a Shimadzu FTIR-8101 M spectrophotometer. Sam-
le wafers were formed by pressing 20–40 mg  of the catalyst at

 ton/cm2 and transferred to a sample holder made of quartz. An
nverted T-shaped Pyrex cell containing the sample pellet was  used
or the measurements. The previously calcined samples were ini-
ially outgassed at 723 K for 4 h and then a background spectrum
as recorded after cooling the sample at room temperature. Data
ere obtained after admission of pyridine, adsorption at room tem-
erature and evacuation at 423 K for 30 min. Spectra were always
ecorded at room temperature and the absorbance scale was  nor-
alized to 1-g samples.
The strength and density of surface basic sites were determined

y temperature-programmed desorption (TPD) of CO2 preadsorbed
t 298 K. Samples (50 mg)  were treated in air (60 cm3/min) at the
orresponding calcination temperature for 2 h, cooled down to
oom temperature, and then exposed to a 3% CO2/N2 stream for
5 min. Weakly adsorbed CO2 was removed by flushing with N2 at
oom temperature during 1 h. Afterwards, the sample temperature
as increased at 10 K/min and the gas effluent was  passed through

 methanator at 673 K to convert CO2 into CH4. Concentration of
H4 in the effluent was measured by gas chromatography using a
ame ionization detector (FID).

Coke formed during reaction on the catalysts was  determined
y Temperature Programmed Oxidation (TPO). The used catalyst
as separated by filtration from the reaction medium and dried

vernight a 393 K. Afterwards, the TPO run was carried out passing
n O2(1%)/N2 gas stream while heating from room temperature to
000 K, at 10 K/min. The evolved carbon oxides were converted to
H4 at 673 K over Ni(40%)/Kieselghur and monitored using a flame

onization detector (FID). Data acquisition was carried out by using
eak 356 software.

.3. Catalytic tests

The liquid-phase dehydration of PHE was carried out at 363 K
n a 600 ml  autoclave (Parr 4843), using dehydrated cyclohexane
99%, Merck) as solvent. The autoclave was loaded under inert
tmosphere with 150 ml  of solvent and 0.5 g of catalyst previously

alcined and then heated while stirring up to the reaction temper-
ture. Then 3.0 ml  of PHE (99%, Aldrich) were introduced to the
eactor and the pressure was raised up to 2 bar in N2 to start the
eaction. Stirring speeds of 600 rpm and particle diameters lower
s A: General 458 (2013) 28– 38

than 100 �m (catalyst powder) were used to avoid mass transfer
limitations.

The concentrations of unreacted PHE and products were fol-
lowed during the reaction by ex situ gas chromatography using
an Agilent 6850 chromatograph equipped with flame ionization
detector and a 30 m Innowax capillary column with a 0.25 �m coat-
ing. Liquid samples were withdrawn from the reactor by using
a loop under pressure in order to avoid flushing. The loop was
designed to ensure that the total liquid volume withdrawn dur-
ing the whole run was less than 5% of the initial reaction volume.
The analysis was  performed using n-dodecane (Sigma Aldrich,
>99%) as an internal standard. Main reaction products were STY
and AME, but three other minor chromatographic peaks were also
detected, probably corresponding to dimers and oligomers, formed
from STY [22,23], and other heavy compounds, formed from AME,
that are named here as HP (heavy products). In order to perform
carbon balance calculations, it was considered that these three
compounds had the same carbon number and chromatographic
response factors than AME, based on the proposed structure for
these compounds given by other authors [23].

Conversion of PHE (XPHE, mol  of PHE reacted/mol of PHE fed)
was calculated as XPHE = 100 · (C0

PHE − CPHE)/C0
PHE, where C0

PHE is the
initial PHE concentration and CPHE is the PHE concentration at the
reaction time t. Selectivities (Sj, mol  of product j/mol of PHE reacted)
at t > 0 were calculated as Sj = Cj/�Cj, where Cj is the concentration
of product j in solution at the reaction time t. Yields (�j, mol  of
product j/mol of PHE fed) were calculated as �j = 100 · Cj/C0

PHE.

3. Results

3.1. Catalyst characterization

XRD was firstly performed in order to qualitatively determine
the influence of calcination in dried air flow at 773 K on the zeo-
lite crystalline structure. The XRD diffraction patterns obtained
for calcined zeolites HBEA, HMOR, HY and HZSM-5 (Fig. 2) were
similar to those reported in literature, indicating that zeolite crys-
talline structures were preserved after calcination. As well, the
X-ray diffractogram of Al-MCM-41 is shown in Fig. 2. This XRD
exhibited a strong diffraction peak at 2.2◦ arising from (1 0 0) reflec-
10 20 30 40 50 60 70

2 θθ ( °)

Fig. 2. XRD patterns for the calcined samples.
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Table 1
Chemical composition and textural properties of the catalysts.

Catalyst Si/Ala Sg (m2/g)b VP (cm3/g) dP (Å)d Channel dimensions (Å)

Amberlyst 15 – 37c – 240c

HPA/SiO2 – 209 0.51d 180
SiO2–Al2O3 11.2 462 0.74d 59
Al-MCM-41 20 925 0.68d 30
ZnO/SiO2 – 220 0.47d 170
�-Al2O3 0 180 0.25 41
HBEA  12.5 560 0.17e 6.6 × 6.7; 5.6 × 5.6
HZSM-5 20 350 0.16e 5.1 × 5.5; 5.3 × 5.6
HY  2.4 660 0.26e 7.4
HMOR 60 610 0.28e 6.5 × 7.0; 3.4 × 4.8; 2.6 × 5.7

a Chemical composition determined by AAS.
b Specific surface area determined by the BET method.
c Proprietary information.
d Pore volume and diameter determined by the BJH method.
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(b)
e Pore volume determined by the t-plot method.

The textural properties (specific surface area, pore volume,
ean pore diameter) and Si/Al ratio of the calcined samples are

hown in Table 1. The specific surface area of HPA/SiO2 (209 m2/g)
nd ZnO/SiO2 (220 m2/g) samples were similar than that of silica
upport (230 m2/g). Mesoporous Al-MCM-41 exhibited the highest
urface area (925 m2/g), while SiO2–Al2O3 showed an intermediate
alue (462 m2/g). BET surface areas of zeolites HBEA (560 m2/g) and
MOR (610 m2/g) were higher than that determined for HZSM-5

350 m2/g). HY (660 m2/g) showed a BET surface area some higher
han HMOR but lower than the value of the starting NaY zeolite
700 m2/g).

Acid density and relative acid strength of previously calcined
amples were probed by TPD of NH3 preadsorbed at 373 K. The
btained TPD curves are shown in Fig. 3. The amount of desorbed
H3 was determined by deconvolution and integration of the TPD
urves of Fig. 3 and it was taken as a measure of the acid site density,
a. The resulting na values are reported in Table 2 in �mol/m2 units.

ZnO/SiO2 showed an intense and broad desorption band
etween 493 and 773 K with a maximum at 573 K, reflecting the
resence of surface acid species that bind NH3 with different
trengths (Fig. 3a). Similarly, the NH3 desorbed from SiO2–Al2O3
ave rise to a peak at 483–493 K and a broad band at higher
emperatures, also indicating the presence of surface sites of
ifferent acidity. In contrast, Al-MCM-41 did not exhibit the high-
emperature NH3 band but a single asymmetric broad band with

 maximum around 482–496 K. For �-Al2O3, only a small peak
ith a maximum at 473 K was observed, revealing that only weak

cid sites are present on the surface of this oxide. The TPD curve
f HPA/SiO2 presented a broad desorption band in the range of
00–900 K with a peak at 846 K. On unsupported HPA, NH3 des-
rbs in a single sharp peak at about 900 K [33] which accounts for
he strong Brønsted acid sites present on this material. The broad
trength distribution observed here for HPA/SiO2 is probably the
esult of the HPA spreading on the silica surface that generates
ighly support interacting heteropolyacid species. The na values
etermined by integration of TPD curves in Fig. 3a are presented

n Table 2. According to the literature [30], Amberlyst 15 con-
ained the highest densities of surface acid sites (na = 126 �mol/m2)
mong the samples, followed by ZnO/SiO2 (na = 10.2 �mol/m2).
n an areal basis, the na values followed the order: Amberlyst
5 > ZnO/SiO2 > SiO2–Al2O3 > HPA/SiO2 > Al-MCM-41 > �-Al2O3.

The TPD curves obtained for HZSM-5, HY, HBEA and HMOR
eolites are presented in Fig. 3b. Consistently with previous work

27], the evolved NH3 from mordenite HMOR gave rise to a low
emperature peak between 400 and 550 K, assigned to weak acid
ites, and a broad high temperature band (673–873 K) that reflects

Fig. 3. TPD profiles of NH3 [WCAT = 200 mg;  gas: NH3(1%)/He; heating rate:
10  K/min]: (a) non-zeolitic solids and (b) zeolites.
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Table  2
Acid–basic properties of the catalysts.

Catalyst Acid site density (na)a Basic site density (nb)b Acid site naturec nb/(na + nb)

T > 573 K (�mol/m2) Total (�mol/m2) T > 573 K (�mol/m2) Total (�mol/m2) L/(L + B) T > 573 K Total

SiO2 – – 3.28 × 10−1 3.95 × 10−1 – – –
HPA/SiO2 5.53 × 10−1 7.83 × 10−1 1.12 × 10−1 1.51 × 10−1 0.20 0.17 0.16
SiO2–Al2O3 1.27 2.23 6.81 × 10−2 8.49 × 10−2 0.75 0.05 0.04
Al-MCM-41 1.57 × 10−1 3.72 × 10−1 1.85 × 10−2 6.97 × 10−2 0.81 0.11 0.16
ZnO/SiO2 6.80 10.2 5.21 × 10−1 6.19 × 10−1 1.00 0.07 0.06
�-Al2O3 1.12 × 10−2 1.13 × 10−1 6.14 × 10−2 1.42 × 10−1 1d 0.86 0.56
HBEA  3.04 × 10−1 8.91 × 10−1 3.82 × 10−2 6.43 × 10−2 0.55 0.11 0.07
HZSM-5 9.92 × 10−1 2.20 1.02 × 10−2 3.13 × 10−2 0.50 0.01 0.01
HY  1.27 2.09 7.44 × 10−3 3.92 × 10−2 0.60 0.01 0.02
HMOR 1.14 × 10−1 2.01 × 10−1 ∼= 0 1.46 × 10−2 0.14 ∼= 0 0.07

a Determined by TPD of NH3.
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Fig. 4b shows the IR spectra obtained on zeolites HY, HBEA,
HZSM-5 and HMOR. On HY, the pyridine absorption bands asso-
ciated with Brønsted and Lewis acid sites appeared at 1542 and
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he presence of strong acid sites. The TPD curve corresponding to
BEA exhibited an asymmetric desorption band with a maximum
t about 500 K, and is qualitatively similar to those reported for
eolites HBEA of similar Si/Al ratios [34]. The desorbed NH3 pro-
les from HZSM-5 and HY are quite similar and showed a peak
t about 520 K and a broad band between 583 and 773 K. On an
real basis, the na values showed that the surface acid sites density
f the zeolites followed the order: HZSM-5 ∼= HY > HBEA > HMOR
Table 2).

The nature of surface acid sites was determined by FTIR of pyri-
ine adsorbed on the previously calcined samples. The FTIR spectra
1400–1700 cm−1) obtained after admission of pyridine, adsorp-
ion at room temperature and evacuation at 423 K are shown in
ig. 4. The pyridine adsorption bands at around 1540 cm−1 and
etween 1440 and 1460 cm−1 arise from pyridine adsorbed on
rønsted (B) and Lewis (L) sites, respectively [35–38]. The rela-
ive contributions of Lewis and Brønsted acid sites were obtained
y deconvolution and integration of pyridine absorption bands at
round 1450 and 1540 cm−1 in Fig. 4 and the results are summa-
ized in Table 2.

The FTIR spectrum of ZnO/SiO2 in Fig. 4a exhibited only two
verlapping absorption bands due to pyridine adsorbed on Lewis
cid sites. Similarly, in a previous paper, the characterization by
TIR of adsorbed pyridine on commercial �-Al2O3 showed that this
aterial contains only Lewis acid sites [39]. Instead, both Lewis and

rønsted acid sites are present on Al-MCM-41 and SiO2–Al2O3 sur-
ace. The coordinately bound pyridine band appears at 1455 cm−1

eflecting the adsorption of pyridine on Lewis acid sites associ-
ted with tricoordinate Al atoms [40]. The band at 1543–1545 cm−1

eveals the adsorption of pyridine on Brønsted acid sites. On the
ther hand, the areal peak relationship between Lewis and total
ites, L/(L + B), was slightly higher on Al-MCM-41 (L/(L + B) = 0.81)
han on SiO2–Al2O3 (L/(L + B) = 0.75). The HPA/SiO2 sample also
howed two pyridine absorption peaks at 1451 and 1539 cm−1,
ndicating the presence of both Lewis and Brønsted surface sites
Fig. 4a). However, The L/(L + B) ratio obtained for HPA/SiO2 was
.20, which is rather lower than in the case of SiO2–Al2O3 and
l-MCM-41 (Table 2). The fact that HPA/SiO2 displayed IR bands
ue to both Brønsted and Lewis acid sites suggests that, upon

mpregnation of HPA on SiO2, the Keggin structure, that accounts
or the Brønsted acid species, partially transforms giving rise to
acunary or unsaturated species of Lewis acid character formed
y interaction with the silica support [41,42]. Sample Amberlyst
5 was not characterized by FTIR of adsorbed pyridine because

f its low thermal stability. However, it is well known that this
ulfonic resin contains only Brønsted acidity, ascribed to the pres-
nce of sulfonic groups (–SO3H) [43,44]. Thus, the L/(L + B) ratio of
mberlyst 15 was  assumed to be equal to 0 (Table 2). In summary,
the L/(L + B) ratio followed the pattern: ZnO/SiO2 ∼= �-Al2O3 > Al-
MCM-41 > SiO2–Al2O3 > HPA/SiO2 > Amberlyst 15.
υυ (cm
-1
 )

Fig. 4. FTIR spectra of pyridine adsorbed at 298 K and evacuated at 423 K for 0.5 h:
(a)  non-zeolitic solids and (b) zeolites.
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ig. 5. Product and reactant dimensionless concentration profiles as a function of tim
1;  and (e) ZnO/SiO2 [T = 363 K, WCAT = 0.5 g, PHE/cyclohexane = 3:150 (ml), stirring 

454 cm−1, respectively. These two bands were present even
fter evacuation at 723 K (spectra not shown here), indicating
hat zeolite HY contains strong Brønsted and Lewis acid sites,
n agreement with TPD of NH3 (Fig. 3b). The L/(L + B) ratio for
Y was 0.60 (Table 2). On HBEA, the IR bands due to pyridine
dsorbed on Brønsted and Lewis acid sites appeared at 1542 and
455 cm−1, respectively. The L/(L + B) ratio obtained for HBEA was
.55 (Table 2). On HZSM-5, it is observed that the 1440–1460 cm−1

and was split in two overlapping peaks corresponding to pyri-
ine adsorbed on Al (1450 cm−1) and Na (1445 cm−1) Lewis acid
ites [45]. An infrared band at 1542 cm−1, due to pyridine adsorbed
n Brønsted acid sites, was also observed. The concentration of
rønsted and Lewis acid sites was the same on HZSM-5 sur-

ace (L/(L + B) = 0.5, Table 2). Zeolite HMOR showed both Lewis
nd Brønsted pyridine adsorption bands at 1453 and 1544 cm−1,
espectively. From the integration of these bands, a L/(L + B) ratio
qual to 0.14 was obtained (Table 2). Thus, the L/(L + B) ratio for the
our zeolites followed the order: HY ∼= HBEA ∼= HZSM-5 > HMOR.

Basic properties were probed by TPD of CO2 preadsorbed at
oom temperature on the previously calcined samples. The total
mount of desorbed CO2 was determined by numerical integra-
ion of the TPD profiles. The values thus obtained were taken as an
ndication of the basic site density, nb. Besides, the amount of CO2
esorbed at temperature higher than 573 K was discriminated, as
n indication of the density of strong basic site. The resulting val-
es are reported in Table 2 in �mol/m2 units. It was observed that,
or all the samples except �-Al2O3, the total amount of desorbed
O2 was between one and two orders of magnitude lower than
he amount of desorbed NH3. The ratio nb/(na + nb) is also given in
able 2 as an indicator of the basic/acid balance in the samples. It

s very clear from these values that both the strong basic site den-
ity (T > 573 K) and the total basic site density are much lower than
he corresponding acid site density; in general the nb/(na + nb) ratio
as lower than 0.17. Even more, the nb/(na + nb) ratio was lower or
 non-zeolitic samples: (a) Amberlyst 15; (b) HPA/SiO2; (c) SiO2–Al2O3; (d) Al-MCM-
 600 rpm].

equal than 0.1 in the case of zeolites. Only in the case of �-Al2O3
the total basic site density was  similar to the total acid site density.

In summary, catalyst characterization results showed that the
density, nature and strength of surface acid sites are very different
when comparing the catalysts used in this work. On  the other hand,
in all of the cases excepting �-Al2O3, the concentration of basic sites
was considerably lower than the acid site density. Thus, the results
showed in general a clear acidic character of the samples used in
this work.

3.2. Catalytic tests

The evolution of the reactant and product concentrations as a
function of reaction time for all the catalysts used in this work,
excepting �-Al2O3, are presented in Fig. 5 (non-zeolitic samples)
and Fig. 6 (zeolites). Amberlyst 15 formed initially STY and AME
at similar rates (Fig. 5a) and then both products were progres-
sively converted to HP, in agreement with the reaction network
depicted in Fig. 1. The initial AME  formation rate on HPA/SiO2 was
clearly higher compared to that of STY; then, both primary prod-
ucts were rapidly transformed into HP (Fig. 5b). Over SiO2–Al2O3
(Fig. 5c), PHE was essentially converted to AME  via an intermolec-
ular dehydration mechanism; then AME  was transformed into STY
and HP following the reaction pathways (3) and (5) of Fig. 1,
respectively. Similarly to SiO2–Al2O3 sample, Al-MCM-41 produced
initially almost exclusively AME  that was  slowly converted to STY
(Fig. 5d); however, Al-MCM-41 did not convert AME  to HP. Finally,
the ZnO/SiO2 sample produced selectively AME  during the 9-h cat-
alytic test (Fig. 5e), reaching the maximum theoretical AME  yield
that corresponds to the stoichiometry of the intermolecular dehy-

dration.

Regarding the catalytic results obtained on zeolites, Fig. 6a
shows that zeolite HBEA converted PHE essentially to STY, but STY
reached a maximum concentration since it was then converted
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ig. 6. Product and reactant dimensionless concentration profiles as a function of
HE/cyclohexane = 3:150 (ml), stirring rate = 600 rpm].

o HP through secondary reactions. Instead, zeolite HZSM-5 was
ighly selective to the formation of STY during the whole run
Fig. 6b). Zeolite HMOR formed initially AME  and STY at similar
ates but then AME  was slowly converted to STY and HP (Fig. 6c).
imilarly to HBEA, HY converted selectively PHE into STY but only
0% PHE conversion was reached in about 2 h and then no further
onversion was observed with time, indicating a rapid deactivation
Fig. 6d) as it was suggested in a previous work [46].

In order to obtain quantitative data for comparing the catalysts
ctivity and selectivity, the initial PHE conversion rates (r0

PHE) were
etermined from the curves of Figs. 5 and 6 by applying numerical
olynomial fitting and subsequent differentiation of the obtained
olynomial at zero time. The initial selectivity (t = 0) to STY was

alculated as S0

STY = r0
STY/(r0

STY + 2 · r0
AME). The values obtained for

0
STY (%) and for r0

PHE per gram of catalyst (mol/min g) and per �mol
f adsorbed NH3 (mol/min �mol  NH3) are shown in Table 3. The

able 3
atalytic results in the liquid phase dehydration of 1-phyenylethanol [T = 363 K, WCAT = 0.

Catalyst r0
PHE

a

(mol/min g) × 103 (mol/min �mol  NH3) × 103

Amberlyst 15 0.71 0.15 

HPA/SiO2 6.56 40.20 

SiO2–Al2O3 2.46 2.96 

Al-MCM-41 0.67 1.95 

ZnO/SiO2 0.19 0.08 

HBEA 3.04 6.09 

HZSM-5 1.90 2.47 

HY  0.29 0.21 

HMOR 2.38 19.50 

a Initial PHE conversion rate.
b Initial selectivity to STY.
c Selectivity to STY at XPHE = 90%.
d Carbon balance at XPHE = 90%.
for zeolites: (a) HBEA; (b) HZSM-5; (c) HMOR; and (d) HY [T = 363 K, WCAT = 0.5 g,

styrene selectivity (SSTY) and carbon balance obtained at 90% con-
version of PHE were also included in Table 3. It is observed that
HPA/SiO2, SiO2–Al2O3, Al-MCM-41 and ZnO/SiO2 are not selec-
tive for the formation of styrene; the S0

STY and SSTY values were
in fact lower than 11% in all the cases. Amberlyst 15 promoted bet-
ter the styrene selectivity (S0

STY = 35.6%) but exhibited low activity
for converting PHE; for example, the r0

PHE value per gram of cat-
alyst was  one order of magnitude lower on Amberlyst 15 than
on HPA/SiO2 (Table 3). The highest initial selectivities to styrene
were obtained on zeolites HBEA (S0

STY = 96.4%) and HZSM-5 (S0
STY =

94.2%),  but HBEA was more active than HZSM-5. However, the
selectivity to styrene decreased with the progress of the reac-
tion on HBEA (S = 77.5%) while remained practically constant
STY
on HZSM-5 (SSTY = 92.6%). HY gave a high initial selectivity to STY
(S0

STY = 82.7%),  but it was less active than HBEA and HZSM-5, prob-
ably because it deactivated from the very beginning of the reaction.

5 g, PHE/cyclohexane = 3:150 (ml)].

S0
STY

b (%) SSTY
c (%) Carbon balanced (%)

35.6 40.9 98.3
10.0 10.9 98.5

2.5 4.5 99.8
2.5 4.9 100
0 0 99.8

96.4 77.5 63.8
94.2 92.6 75.3
82.7 – –
29.1 35.4 88.4
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eolite HMOR was clearly less selective to the initial formation of
tyrene (S0

STY = 29.1%) than HBEA or HZSM-5, but exhibited higher
ctivity per acid site (r0

PHE = 19.50 mol/min  �mol  NH3). Finally,
ata in Table 3 show that the carbon balance was close to 100% on
on-zeolitic samples but decreased significantly on zeolites, proba-
ly reflecting a strong adsorption of reactant and product molecules
n the zeolite surface followed by formation of coke precursors. In
act, it has been reported that the strong adsorption of STY on zeo-
ites leads to formation of dimers and oligomers [22,23]. Similarly,
HE adsorption can produce AME. All of these compounds can be
ormed in the micropores of HBEA and HMOR or in the channel
ntersections of HZSM-5, but they cannot easily diffuse through-
ut the zeolite micropores [47]. Thus, large amounts of HP can be
etained inside microporous structure and form coke precursors,
hereby explaining the carbon unbalance observed in Table 3 for
eolite samples. The TPO profile obtained for used HZSM-5 sample
Fig. 10) is consistent with this assumption. At least two types of
arbonaceous compounds were burnt in the TPO experiment: (a)
he first one between 473 and 673 K, with a maximum at 533 K; (b)
he second one between 673 and 973 K, in agreement with results
ound in previous works [48]. The total carbon content was  about
2.3 wt.%, indicating that a large amount of carbon compounds was
etained inside the zeolite microporous structure. To obtain more
nsight on the effect of coke formation on catalyst deactivation
wo consecutive catalytic tests were performed on zeolite HZSM-5.
he procedure was as follows: immediately after PHE was  com-
letely converted in the first test, the same amount of initial moles
f PHE was introduced to the reactor (without opening it) and a
econd consecutive test was carried out. It was found that the ini-
ial PHE conversion rate dropped from 1.9 × 10−3 mol/min g (first
est) to 1.3 × 10−3 mol/min g (second test). Consistently, complete
HE conversion in the first and second runs was achieved in 60 min
nd 90 min, respectively. However, the maximum yield in STY was
lmost the same with both fresh and used catalyst.

It is worth noticing that among the non-zeolitic samples, �-
l2O3 showed no catalytic activity in the liquid-phase dehydration
f PHE in these experimental conditions. This catalyst is one of the
ost traditionally used to perform gas phase alcohol dehydrations

t temperatures higher than 473 K [2–4]. However, the weak Lewis
cid sites in �-Al2O3, strong enough to dehydrate alcohols in gas
hase at high temperature, are too weak to perform the same task

n liquid-phase, showing that the acid requirements change signif-
cantly, when we change from gas phase (T > 473 K) to liquid phase
T ≤ 373 K).

. Discussion

The most important factors that influence the selectivity during
n alcohol dehydration reaction are acid and textural properties
f the catalyst. Among them, density, strength and nature of the
cid sites are very important. However, textural properties of the
atalyst might also strongly influence the selectivity in the case of
icroporous solids [49].
In order to analyze the influence of the nature of the catalyst

cid sites on the STY selectivity, the results were arranged accord-
ng to the L/(L + B) ratio as variable to assess the catalysts. The initial
electivity to STY, S0

STY, and the selectivity at maximum yield in STY,
STY(�max

STY ), were represented against the L/(L + B) ratio for the active
atalysts and the results are shown in Fig. 7a and b, respectively.
n both figures it is possible to identify three different catalyst cat-
gories according to the values of L/(L + B) ratio and selectivity to

TY: (1) catalysts with L/(L + B) ≥ 0.75, showing low initial selectiv-
ty to STY; (2) catalysts with L/(L + B) ≤ 0.20, showing medium initial
electivity to STY; and (3) catalysts with L/(L + B) ∼= 0.5–0.6, showing
igh initial selectivity to STY.
Fig. 7. STY selectivity as a function of L/(L + B) ratio: (a) initial STY selectivity and
(b)  STY selectivity at maximum yield.

It is well accepted that the adsorption of an alcohol over either
Lewis or Brønsted acid sites (identified with A in Fig. 8) may  be
schematically represented as in Fig. 8a [1,50]. Thus, this scheme
counts for the two alternatives depending on the nature of acid
site A: (1) PHE adsorbs on a Lewis acid site through the interac-
tion between the oxygen atom of the –OH functional group and
the electron-deficient Lewis site and (2) PHE interacts through the
oxygen atom of the –OH functional group with the proton of the
Brønsted site [1].

In the case of catalysts containing not only acid but also basic
sites, the generally accepted alcohol adsorption mode is the one
shown in Fig. 8b [51–53]. In this case, the alcohol adsorption can

take place through the simultaneous interactions of the oxygen
atom of the –OH functional group with the acid (A) site and one
hydrogen atom of the –CH3 group with the basic (B) surface site. In
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ig. 8. Proposed 1-phenylethanol adsorption mode over: (a) acid sites and (b) acid
nd basic sites [A: acid site; B: basic site].

rinciple, this will be the main adsorption mode only if the surface
oncentration of acid and basic sites is approximately the same.
owever, for all of the samples used in this work, TPD of CO2

howed that the surface basic site density was between one and
wo orders of magnitude lower than the surface acid site density
Table 2). Then, it is likely that the adsorption mode represented in
ig. 8b is not significant for the analysis that follows, due to the low
ossibility of finding neighboring basic and acid sites.

The initial STY selectivity over the catalysts with L/(L  + B) ≥ 0.75
Fig. 7a) was practically null, which can be explained consider-
ng the PHE selective adsorption on Lewis sites, as described in
ig. 8a. Then, AME is formed by nucleophilic attack to the electron-
eficient C atom of this surface species by either a PHE molecule in

iquid phase, through an Eley-Rideal mechanism (Fig. 9a), or a PHE
olecule adsorbed on a neighbor site [27]. As a consequence, AME
as the main primary product when solid acids with L/(L + B) ≥ 0.75
ere used as catalysts. Even more, if the catalyst contains exclu-

ively weak Lewis acid sites, such as �-Al2O3, PHE is not activated
roperly and the solid shows no catalytic activity at the experimen-
al conditions used in this work.
On the other hand, when the catalysts have mainly Brønsted acid
ites (L/(L + B) ≤ 0.20), both the intermolecular and intramolecular
ehydration take place and thus AME  and STY are initially obtained
Fig. 7a, Tables 2 and 3). The formation of AME  can occur in a

ig. 9. Proposed mechanisms for: (a) intermolecular 1-phenylethanol dehydration into �
ehydration into styrene over a catalytic surface with similar density of Lewis and Brønst
Fig. 10. TPO profile [WCAT = 12 mg;  gas: O2(1%)/N2; heating rate: 10 K/min] for the
used HZSM-5 catalyst after liquid-phase dehydration of 1-phenylethanol at 363 K.

similar way  to that described above. However, catalysts contain-
ing mainly surface Brønsted acid sites and very low basic site
concentration produce also STY as primary product. In this case,
both the simultaneous formation of the good leaving group H2O+

and the abstraction of a hydrogen atom from the methyl group
are necessary to produce STY. The hydrogen abstraction from the
–CH3 group of PHE adsorbed on Brønsted sites has been proposed
in previous works assuming the formation of a six-membered ring
intermediate [27,28]. This mechanism explains: (1) the formation
of the H2O+ leaving group; (2) the abstraction of a hydrogen atom
from the methyl group; and (3) the regeneration of the catalytic
site. Similar surface intermediates have been previously proposed
for the dehydration of other alcohols over solid acids [1,50].

Finally, initial selectivities to STY higher than 80% (Fig. 7a)
were obtained when the catalysts have a similar surface den-

sity of Lewis and Brønsted acid sites (0.5 ≤ L/(L + B) ≤ 0.6). In this
case, there is a large probability of finding neighboring Lewis
and Brønsted sites. Then, the adsorption of PHE can take place

-methylbenzyl ether on surface acid sites and (b) intramolecular 1-phenylethanol
ed acid sites.
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hrough the simultaneous interaction of: (1) the oxygen atom
f the –OH functional group with a Lewis acid site and (2) one
ydrogen atom of the methyl group with the oxygen of a neigh-
oring Brønsted site (Fig. 9b). Hence, both the formation of the
2O+ leaving group and the abstraction of a hydrogen atom from

he –CH3 group are possible. The probability to form this sur-
ace intermediate when 0.5 ≤ L/(L + B) ≤ 0.6 would be higher than
hen L/(L + B) ≤ 0.20. Therefore the intramolecular dehydration

s promoted when the Lewis and Brønsted site density on the
atalyst surface is similar, boosting the initial selectivity to STY.

ater evolved in this reaction can be either desorbed or remain
dsorbed, depending on the strength of the Lewis acid site. If it
emains adsorbed, this water molecule modifies the solid acid sur-
ace producing a new strong Brønsted site. In this last case, the new

echanism on the modified surface will become the one previously
roposed for PHE dehydration during a long catalytic test [28].

It is worth noticing that HY zeolite, with L/(L + B) = 0.6 and high
oncentration of strong surface acid sites (Table 2 and Fig. 3),
howed an initial selectivity to STY of about 84% (Fig. 7a). How-
ver, the evolution of the PHE conversion as a function of time
howed that an important deactivation takes place on this catalyst.
Y zeolite presents a faujasite structure with a three-dimensional
hannels network and a pore diameter of 7.4 Å (12 members ring)
54]. These channels intersect each other forming cages with an
nside diameter of 13 Å, which contains the strongest Brønsted acid
ites. Then, it is highly probable that large amounts of HP are formed
nside the HY cages, becoming larger than the pores. These HP com-
ounds will remain inside cages, blocking the channels structure
nd the strongest acid sites, as it was proposed in a previous work
46]. Then, PHE interacted preferentially with the weak acid sites
resent on the external surface and it was slowly converted into
ME. As a consequence, the selectivity to STY diminished during
un from 84 to 55% (Fig. 7b).

HBEA zeolite (L/(L + B) = 0.55) was the most active zeolite in the
HE dehydration with an initial selectivity to STY equal to 96%
Fig. 7a). However, selectivity to STY decayed with time to reach 53%
t maximum yield in STY (Fig. 7b) due to an important HP formation
rom STY (Fig. 6a). This molecular sieve has a three-dimensional
orous network of 6.6 × 6.7 Å and 5.6 × 5.6 Å, formed by 12 member
ing [54]. In this case, the pore size is large enough to allow the for-
ation of HP from STY and their diffusion outside the micropores,

iminishing thus the selectivity to STY.
Although the acid properties of HBEA and HZSM-5 are quite

imilar regarding the nature and strength of the acid sites, the prod-
ct distribution observed over these samples after a period of time
ere rather different (Figs. 6 and 7). The more likely explanation

or this fact can be found in the different microporous structure
f HBEA and HZSM-5 zeolites. HZSM-5 has a three-dimensional
orous network of medium pore size (5.1 × 5.5 Å and 5.3 × 5.6 Å)
ormed by 10 members ring [54], big enough to accommodate only
ome monoaromatic compounds. As a consequence, in contrast
ith HBEA, HZSM-5 structure avoids the formation of bulky reac-

ion intermediates inside the channels to produce HP from STY [55].
n this way, the selectivity to STY was kept at 92% during the whole
xperiment (Fig. 7b).

In summary, from the previous analysis we can say that, cat-
lysts with strong acid sites and a similar density of Lewis and
rønsted sites (HZSM-5, HBEA, HY) show the highest initial selec-
ivity to STY, whereas AME  is preferentially formed on the solid
cids having mainly surface Lewis acid sites (SiO2–Al2O3, Al-
CM-41, ZnO/SiO2) or Brønsted acid sites (Amberlyst 15, HMOR,
PA/SiO2). However, high selectivity to STY, i.e. higher or equal
o 90%, at total PHE conversion was only achieved over HZSM-
, which has the most appropriate microporous structure. Thus,
hape selectivity plays a very important role avoiding AME  and HP
ormation.
s A: General 458 (2013) 28– 38 37

5. Conclusions

The influence of the nature and strength of surface acid
sites and that of the porous structure on the liquid-phase 1-
phenylethanol dehydration were determined by performing a
systematic and exhaustive study that covered a wide range of micro
and mesoporous solid acid catalysts and different characterization
techniques.

It was  found out that the initial selectivity of the solid acid cat-
alysts in the liquid-phase 1-phenylethanol dehydration strongly
depends on the surface Brønsted to Lewis ratio. On this basis, three
different categories of solid acid catalysts are proposed: (1) with
major proportion of surface Brønsted acid sites; (2) with major pro-
portion of Lewis acid sites; and (3) with comparable proportions of
surface Brønsted and Lewis acid sites.

Catalysts having mainly surface Brønsted acid sites give
alpha-methylbenzyl ether as major product of 1-phenylethanol
dehydration and styrene in minor grade. If the acid sites are strong
enough, these primary products are converted at high rate into
heavy products.

When the catalysts have mainly surface Lewis acid sites of
medium-high strength, 1-phenylethanol is selectively dehydrated
into alpha-methylbenzyl ether through an intermolecular dehy-
dration. This type of dehydration is favored by the preferential
interaction of oxygen atom of the –OH group of 1-phenylethanol
with the Lewis acid site. The ether thus formed is consecutively
converted into styrene and heavy products. The formation of both
styrene and heavy products from the ether increases as the surface
Brønsted acid sites proportion raises.

High initial selectivity to styrene is only achieved when the cata-
lysts have similar surface concentrations of Lewis and Brønsted acid
sites. This is suggesting that when 1-phenylethanol is interacting
simultaneously with Lewis and Brønsted sites, the intramolecular
dehydration to styrene is favored by the formation of a surface
cyclic intermediate. However, this high initial selectivity to the
olefin is maintained during the run only if a medium pore size zeo-
lite, as HZSM-5, is employed as catalysts. Pore sizes larger than the
one of HZSM-5 allow the formation of surface bulky intermedi-
ates to produce heavy products. These heavy products can diffuse
through the porous structure diminishing thus the selectivity to the
desired product. Then, shape selectivity plays a key role in the selec-
tive liquid-phase dehydration of 1-phenylethanol into styrene.

These concluding remarks could be of importance for the design
of heterogeneous catalytic process to be employed in the dehydra-
tion of 1-phenylethanol and other alcohols with similar structure,
avoiding thus expensive and difficult separation processes and
the negative environmental impact associated with homogeneous
catalysis.
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