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SAPO-34  molecular  sieves  have  been  synthesized  with  different  structure  directing  agents.  Although
materials  with  the  same  framework  structure  (CHA  type)  are  obtained  in  all cases,  they  possess  different
physicochemical  properties,  especially  textural  parameters  and  crystal  size.  These  catalysts  have  been
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tested  in  the  MTO  process.  All  the  samples  exhibited  high  activity  and  selectivity  to short  chain  olefins
at  the  initial  stages  of  the reaction,  but  they  deactivate  rapidly  with  time  on  stream,  especially  at  high
space  velocity.  It has been  observed  an  important  influence  of  the  external  surface,  crystal  size  and
acidity  on  the  activity,  selectivity  and  lifetime  of  the  different  samples.  Thus,  the  sample  synthesized  with
tetraethylammonium  hydroxide  as  structure  directing  agent  rendered  the  best  catalytic  performance
owing  to its  higher  external  surface,  smaller  crystal  size  and  higher  acidity.
. Introduction

The increasing demand for olefins has renewed the interest
n the methanol-to-olefins (MTO) process as a route to obtain
hese valuable petrochemicals from carbon sources alternative
o petroleum. Methanol can be efficiently produced from syngas
btained by natural gas reforming or carbon gasification, and it
ight even provide an environmentally carbon neutral alternative

o fossil carbon sources [1],  if produced by chemical recycling of
arbon dioxide via hydrogenation [2] or from syngas obtained by
iomass gasification [3].  This reaction is efficiently catalysed by
arious solid acids. The conversion of methanol over medium-pore
eolites (such as ZSM-5) normally produces extensive amounts
f aromatics and paraffins (MTG process), and in the case of
arge-pore zeolites, rapid coke formation [4–6]. On the contrary,
mall-pore molecular sieves generate higher proportion of C2–C4
lefins, due to the diffusion properties and dimensions of the
avities of zeolitic materials (because if bulkier species are formed
nternally, they cannot diffuse out). However, the porous structure
s not the only factor that determines the high selectivity to C2–C4
lefins, as high selectivities to light paraffins (mainly propane) can
lso be obtained with small-pore size zeolites. Decreasing the con-
entration of strong acid sites, which are responsible for hydrogen

ransfer reactions, is a key factor in reducing the conversion of
lefins into paraffins. The methods used to reduce the concentra-
ion of strong acid sites on zeolites (and thus avoid these hydrogen
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transfer reactions) are dealumination, cation exchange and
isomorphous substitution of aluminium by other trivalent cations.

The conditions of synthesis, cation exchange and dealumination
seem to be very important to obtain catalysts that can function
effectively in the conversion of methanol into light olefins. More-
over, the ratio between the number of acid sites in the external
surface and those located on the intracrystalline pore surface plays
an important role in this reaction. Therefore, the reaction yields are
affected by the crystal size, for the external to internal acid sites
ratio increases with decreasing the size of the crystals.

Silicoaluminophosphate materials (SAPO) have a mild acid-
ity and, therefore, they present a very interesting alternative to
obtain high selectivity towards light olefins in the MTO pro-
cess. Zeolite-type small-pore microporous silicoaluminophosphate
SAPO-34 (chabazite type of structure) has been proven an excellent
catalyst for the MTO  process, showing exceptionally high selectiv-
ity to lower olefins, with reported selectivities to C2–C4 olefins over
80% [7–10].

It is well known that templates play important roles in the syn-
thesis of molecular sieves (structure-directing, space filling and
charge compensation roles) [11,12]. One template may produce
molecular sieves with different structures if the synthetic condi-
tions are varied; in addition, one type of molecular sieve can also
be synthesized with different organic templates [11]. The physic-
ochemical properties of a given molecular sieve may  also change
with the use of different templates. In consequence, the catalytic

performance of the materials could be different. Some years ago,
Vomscheid et al. [13] demonstrated that, in the synthesis of SAPO-
34 with morpholine and TEAOH, the importance of the template
appears not only in its role of directing the structure but also of

dx.doi.org/10.1016/j.cattod.2011.07.038
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:esastre@icp.csic.es
dx.doi.org/10.1016/j.cattod.2011.07.038
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Table 1
Gel composition and experimental synthesis conditions for the different SAPO-34 materials.

Catalyst Synthesis gel composition (molar basis) pH Temperature (K) Time (h)

S-1 1Al2O3:0.8P2O5:0.6SiO2:50H2O:3TEA 10.3 473 120
S-2 1Al2O3:1P2O5:0.6SiO2:30H2O:1TEAOH 6.8 423 120
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S-3 1Al2O3:1P2O5:0.6SiO2:40H2O:1TEAOH:0.6MA 

S-4  1Al2O3:1P2O5:0.6SiO2:20H2O:2DPR 

S-5  1Al2O3:0.8P2O5:0.6SiO2:50H2O:2DEA 

overning the distribution of Si in the framework, which clearly
ffects the catalytic properties of the samples. In a previous paper,
ilson and Barger [8],  studied the synthesis of SAPO-34 with

EAOH and determined the influence of the different character-
stics which affect the catalytic performance in the MTO  process,
.e. shape selectivity, acid site strength, acid site density, particle
ize and Si content. Lee et al. [14] have observed that it is possi-
le to vary the morphology and crystal size of SAPO-34 catalysts
y using a mixture of morpholine and TEAOH as the synthesis
emplate. When the mixture is used for the synthesis of SAPO-34,
he crystal size is decreased to sub-micrometer size and the mor-
hology of the particles is changed to spherical type formed by
ggregation of nano-sized crystals. Although all the SAPO-34 cata-
ysts showed similar activity and product distribution in the MTO
eaction, the catalyst obtained using the mixture of 75% morpholine
nd 25% TEAOH exhibited a lifetime five times longer than that of
he catalyst synthesized with 100% morpholine. In this sense, very
ecently, Ye et al. [15] have also studied the synthesis of SAPO-34
y hydrothermal method using different combinations of TEAOH
nd DEA as template. They obtained typical cubic shape SAPO-34
rystals, which size increased with the content of DEA in the gel.
he authors concluded that the nature of the template used in the
ynthesis determines the morphology of final crystals because it
nfluences the rate of crystal growth. In MTO  conversion, the cat-
lyst obtained using the mixture of 50% TEAOH and 50% DEA gave
he longest lifetime due to optimal crystal size. Other authors [16]
ave described the synthesis of pure SAPO-34 using DEA as a tem-
late. Those catalysts presented a good catalytic performance in
TO  reaction and a maximum of 81.5% selectivity to light olefins

C2H4 + C3H6) with 100% methanol conversion was obtained. It was
lso observed that an increase of the silicon content in SAPO-34
ynthesized with DEA produced a gradual decrease in the catalysts
ifetime and olefins selectivity.

Although some other papers have reported on the influence of
he template in the catalytic properties of SAPO-34 for MTO  [17–21]

 systematic comparison of the physicochemical properties of the
atalysts was not carried out. In this sense, the aim of this paper
s the analysis of the effect that different templates used to syn-
hesize SAPO-34 has on the parameters which affect the catalytic
roperties of these materials in the MTO  reaction, namely silicon

ncorporation into the framework, acidity and crystal size.

. Experimental

.1. Synthesis of SAPO-34 molecular sieves

SAPO-34 catalysts were synthesized by a hydrothermal
ethod using different organic templates at temperatures ranging

23–473 K. The molar composition of the reaction mixtures and the
ynthesis conditions for the different SAPO-34 materials obtained
re given in Table 1.

Pseudoboehmite or aluminium hydroxide hydrate, 85% phos-

horic acid and silica sol (30%) were used as sources of the
ramework elements. Different amines and derivatives have been
sed in the synthesis experiments as structure directing agents
SDA): triethyl amine (TEA), tetraethyl ammonium hydroxide
6.8 443 48
7.3 473 120
7.0 473 120

(TEAOH), methylamine (MA), dipropyl amine (DPR) and diethyl
amine (DEA). Experimental conditions (temperature and crystal-
lization times) have been adjusted in order to obtain pure phases
of SAPO-34 in all the cases. The same silicon to aluminium ratio
(0.6) was used for all the synthesis gels prepared with different
templates.

In a typical synthesis to get pure SAPO-34, the aluminium source
– pseudoboehmite or aluminium hydroxide – was added slowly
to a dilute phosphoric acid solution, and the mixture was vigor-
ously stirred for 2 h to obtain a uniform gel. Silica solution was
then added dropwise to this mixture followed by addition of the
template. Finally, the mixture was  stirred for about 4 h. The gel was
then transferred into Teflon-lined stainless steel autoclaves with
a capacity of 40 cm3, which were heated statically at the required
temperature under autogeneous pressure for the specified period
of time.

The resulting solids were collected by centrifugation, washed
with water and ethanol and dried at room temperature overnight.
The organic template and the water trapped within the micropores
of the as-synthesized solids were removed by calcination at 823 K
prior to catalyst testing. Complete removal of the organic molecule
was assessed by thermogravimetric analysis.

2.2. Characterization

Powder X-ray diffraction (XRD) patterns of as-synthesized and
calcined samples were recorded on a Philips X’PERT diffractome-
ter using CuK� radiation with a nickel filter. The textural data (pore
volume and BET surface area) were determined by nitrogen adsorp-
tion measurement using a Micrometrics ASAP 2010 volumetric
apparatus. Previous to measure the nitrogen adsorption/desorption
isotherms samples were degassed at 623 K under vacuum for at
least 20 h. The crystal size morphology was analysed by scanning
electron microscopy (SEM) using a JEOL JSM 6400 or a Philips XL30
microscopes, both operating at 20 kV.

The organic content of the samples was  studied by elemental
analysis with a Perkin-Elmer 2400 CHN analyser and by thermo-
gravimetric analysis (TGA) using a Perkin-Elmer TGA7 instrument.
TG analyses were carried out at a heating rate of 20 K/min under air
flow. Elemental analysis for Al, P and Si was  done for calcined sam-
ples by inductively coupled plasma optical emission spectrometry
(ICP-OES, Perkin-Elmer 3300DV instrument) after sample dissolu-
tion by alkaline fusion.

For FTIR measurements, the powdered samples were pressed
into self-supporting pellets and placed in a quartz cell, which allows
thermal treatments in a vacuum. The samples were activated under
vacuum (10−1 Pa) increasing the temperature slowly from 393 K
to 823 K in the quartz cell used for FTIR measurements. CO was
dosed on the pre-activated samples at a nominal temperature of
77 K. Then, the pressure of CO was  reduced to obtain a sequence of
FTIR spectra with different coverage. Spectra were collected on a
Brucker FTIR 66 spectrometer equipped with a MCT  cryodetector

working at 2 cm−1 resolution, and normalized to a pellet thick-
ness of 4 mg/cm2. It was verified that the normalized spectra of
all samples showed similar intensity of the framework vibrations
combination bands in the region 1800–2000 cm−1.
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29Si CP/MAS NMR  spectra were recorded at room temperature
sing a Bruker AV-400-WB spectrometer operating at 79.5 MHz,
ith a 4 mm  probe spinning at 10 kHz. A �/2 pulse of 3 �s, contact

ime of 6 ms  and recycle delay of 5 s was used. The chemical shifts
ere referenced to tetramethylsilane (TMS).

.3. Catalyst testing

Methanol conversion to olefins was tested at 673 and 723 K
n a laboratory scale reactor set-up with a continuous down
ow packed bed reactor fully automated and controlled from

 personal computer (PiD Eng&Tech Microactivity Reference),
perating at atmospheric pressure. Catalyst weight (between 0.5
nd 1.0 g; 20–30 mesh pellets size) and methanol flow rate
0.150–0.025 ml/min) were varied in order to obtain different
eight hourly space velocities (WHSV) between 1.2 and 14.2 h−1.

revious to the reaction, samples were pre-treated under nitrogen
ow at 723 K for 1 h. During the reaction, nitrogen was  used as an

nert diluent gas and co-fed with methanol into the reactor with
 constant methanol/nitrogen ratio of 1/1 mol. The reaction prod-
cts were analysed on-line by gas chromatography using a Varian
P3800 gas chromatograph equipped with flame ionization (FID)
nd thermal conductivity (TCD) detectors, with a Petrocol DH50.2
apillary column and a Porapack Q 80-100 mesh packed column for
eparation of hydrocarbons and oxygenates, respectively.

. Results and discussion
.1. Crystalline and morphological analysis

The X-ray powder diffraction patterns of the as-synthesized
amples (Fig. 1) confirmed the structure type SAPO-34 (CHA

Fig. 2. SEM images of calcined sampl
Fig. 1. XRD patterns of as-synthesized samples.

structure) in all the materials. The patterns and peak positions
match the patterns reported for this structure [17]. Practically
no loss in crystallinity was  observed when the as-synthesized
samples were heated at 823 K in order to remove the organic
molecules (Supplementary information, Fig. I), confirming their
thermal stability under calcination conditions.

Comparison of XRD patterns of different samples evidences

that there are some differences in peak width. In particular, sample
S-2 (synthesized with TEAOH) exhibits the least intense reflections
and a relatively ill-defined pattern. This fact suggests that sample

es, S-4 (top) and S-2 (bottom).
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Table 2
Textural properties of calcined materials.

Sample Surface area (m2/g) Pore volume (cm3/g)

Smicro Sext Stotal Vmicro Vext Vtotal

S-1 611 0 609 0.26 0.09 0.35
S-2  608 44 652 0.26 0.29 0.55
S-3  571 12 583 0.24 0.10 0.34
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S-4 657 0 649 0.27 0.06 0.33
S-5 543 12 555 0.23 0.08 0.31

repared with tetraethylammonium hydroxide could present
rystal size significantly smaller than the rest of samples.

Some selected scanning electron microscopy (SEM) pho-
ographs of SAPO-34 materials synthesized with two  different
emplates are presented in Fig. 2. In the case of sample S-4,
ynthesized with DPR, the typical cubic-like rhombohedra mor-
hology can be clearly observed, which is quite similar to natural
habacite. The average crystal size of prisms is approximately
0 �m × 20 �m × 5 �m.  Similar morphology is observed for sam-
les S-1, S-3 and S-5 (Supplementary information, Fig. II). However,
ample S-2, synthesized with TEAOH presents a quite different crys-
al shape and size. As it can be observed in the micrograph (Fig. 2),
ample S-2 presents small plate-like crystals with smaller size,
round 0.5 �m × 0.3 �m.  These observations are in good agreement
ith XRD data previously presented, confirming the smaller crystal

ize of sample S-2.

.2. Textural properties

Calcined materials were analysed by nitrogen
dsorption–desorption at 77 K in order to determine their textural
roperties. All the samples present type I isotherms (according
o the IUPAC classification [22]), corresponding to microporous

aterials (Fig. III in Supplementary information). Data of pore vol-
me  and surface area calculated from the isotherms are collected

n Table 2. It can be observed that all the samples have surface area
n the range 550–650 m2/g. The sample with larger crystal sizes
ossess similar pore volume, around 0.35 cm3/g, negligible values
f external surface area and very low non-microporous pore vol-
me. Only sample S-2, synthesized with TEAOH and having small
rystal size, presents higher value of pore volume (0.55 cm3/g),
on-microporous pore volume (0.29 cm3/g) and external surface
44 m2/g). These differences can be explained in base to the smaller
rystal size and the higher intercrystalline porosity.

.3. Thermogravimetric and elemental analysis
Thermogravimetric analyses (TGA) were performed aiming to
erify the incorporation of the SDA molecules in the structure of
he as-made samples and their subsequent complete elimination

able 3
lemental (CNH) and thermogravimetric analyses of the as-synthesized samples.

Sample Weight loss (%)a Org

I II III wt%

<473 K 473 K–823 K >823 K 

S-1 6.2 8.7 3.6 11.
S-2  3.1 14.2 1.8 13.
S-3  5.0 12.1 2.4 13.

S-4  3.1 7.6 5.2 11.
S-5 4.7  11.0 3.5 13.

a From TGA analyses.
b From chemical analyses.
Fig. 3. Thermo gravimetric analyses (up) and derivative thermal analyses (down)
of  the different as-synthesized samples.

after calcination prior to the use of SAPO-34 materials in the cat-
alytic reactions. The TGA profiles of the samples studied are plotted
in Fig. 3. These results show three different weight loss steps. The
first weight loss (I), at temperatures below 473 K, can be attributed
to adsorbed water desorption. The second weight loss (II), between
473 and 823 K, is due to the decomposition of the template. Finally,
the third weight loss (III), at temperatures higher than 823 K, is
associated with the further removal of organic residues occluded
in the channels and cages of the SAPO-34 caused by oxygen com-
bustion. Data of the different weight losses are presented in Table 3.

From the derivative plot presented in Fig. 3, it can be observed
that the decomposition of the template occurs in a different way
for sample S-2. While for the rest of the samples the decomposition

process is associated to a single peak centred at 723 K, for S-2 the
decomposition occurs in, at least, three different steps, beginning
at ca. 623 K and finishing at ca. 773 K. The fact that the template
decomposition began at lower temperature in this sample could be

anic contentb

 C/N Moles of template per
cage

Exper. Theor.

3 5.1 6 1.0
9 7.3 8 1.0
0 5.6 8 (TEAOH)

1 (MA)
1.2 (0.76 TEAOH;
0.39 MA)

7 5.3 6 1.0
1 3.7 4 1.6
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Table 4
Elemental composition.

Sample Molar composition Si/(Al + P)gel Si/(Al + P)solid Si incorporationa

S-1 Si0.14Al0.48P0.38O2 0.17 0.16 0.98
S-2 Si0.17Al0.43P0.40O2 0.15 0.21 1.31
S-3 Si0.13Al0.45P0.41O2 0.15 0.15 0.85
S-4  Si0.13Al0.47P0.40O2 0.15 0.15 1.00
S-5 Si0.16Al0.56P0.24O2 0.17 0.20 1.21
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a The level of silicon incorporation is defined as the molar ratio of:
Si/(Si + Al + P)solid]/[Si/(Si + Al + P)gel].

ossibly attributed to its smaller crystal size and the lesser diffu-
ional problems derived from it. However, it cannot be excluded
hat this effect be also due to a different mechanism of decompo-
ition of the quaternary ammonium template respect to amines.

When the weight losses determined by TGA associated to the
emplate elimination (steps II and III) are compared with the results
f the organic content obtained from CHN elemental analyses
Table 3), a nice correlation is observed, confirming the previous
eight losses assignment. The results obtained with both tech-
iques were in good agreement. Moreover, the experimental C/N
atios determined for the different samples were very similar to
he calculated theoretical values. This represents an additional evi-
ence of the incorporation of the SDA to the zeolitic structure.
ample S-3, synthesized with two templates, presents a C/N ratio
ntermediate between the ratios which correspond to the two
tructure directing agents used. From this ratio it is possible to esti-
ate the relative proportion of each SDA which is incorporated to

he structure of the SAPO-34, being close to two TEAOH molecules
er one MA  molecule (Table 3).

Based on the topological structure of SAPO-34 molecular sieve,
he average number of template molecules per cage in the different
amples was calculated (Table 3). For samples synthesized with the
ulkier templates (TEAOH, DPR and TEA), one molecule of SDA per
nit cell is incorporated to the solid. Sample S-5, synthesized with
he smaller template, is able to incorporate more than 1.5 molecules
f DEA per unit cell.

The chemical composition of samples obtained by ICP-OES is
resented in Table 4. In all the cases, the Si/Al + P ratio of the sam-
les is close to that of the synthesis gels, although this value is
lightly higher for samples synthesized with tetraethyl ammonium
ydroxide (S-2) and diethyl amine (S-5).

.4. 29Si MAS  NMR

The incorporation of Si to the SAPO-34 framework has been
tudied by 29Si MAS  NMR  (Fig. 4). It has been described that when
he amount of silicon incorporated to the SAPO framework is low,
i atoms are located in a unique Si(4Al) environment resulting from
he substitution of phosphorous by silicon in the aluminophosphate
ramework [23]. However, if the silicon content is higher, multi-
le silicon environments can occur. This can be observed in Fig. 4,
here various distinct positions can be distinguished in the range
89 to −110 ppm, attributed to Si(nAl) environments (n = 0–4),
s shown in the figure. It is important to notice that sample S-2
resents a clearly different spectrum than the other four samples.
amples S-1, S-3, S-4 and S-5 present only a broad band centred
t −89 ppm attributed to Si(4Al) environments, indicating that the
i atoms are in phosphorous positions, and therefore the silicon
ubstitution is occurring solely via mechanism 2 (SM2: a phospho-
ous atom substituted by a silicon atom). This mechanism leads
o Si surrounded by 4 Al atoms in the second coordination shell,

nd creates a negative charge per every Si atom in the framework,
hich is usually balanced by the positive charge of the organic
olecules occluded within the microporous structure. However, in

he case of sample S-2, in addition to this band, centred at −89 ppm,
δ (ppm)

Fig. 4. 29Si CP/MAS NMR  spectra of the calcined samples.

at least three new bands can be clearly observed at −100, −106
and −110 ppm, which have been previously attributed to Si(2Al),
Si(1Al) and Si(0Al), respectively. The presence of these bands can
be explained if the silicon is incorporated into the framework via
substitution mechanism 3 (SM3), in which the incorporation of Si
occurs via a simultaneous substitution of a pair of adjacent Al and P
atoms by two Si atoms. Due to the instability of Si–O–P bonds, this
mechanism is always accompanied by a certain extent of SM2  sub-
stitution, thus giving rise to aluminosilicate domains (commonly
referred to as Si islands) in the SAPO network. The simultaneous
occurrence of both mechanisms results in the presence of differ-
ent Si environments Si(nAl), where n varies between 1 and 3 at
the border of the Si island. Depending on the ratio of SM3 to SM2
substitutions, the size and concentration of the Si islands will be
different [24–26].  Some authors have proposed that the strength
of the acid sites generated at the border of the Si islands is higher
than that of the acid sites created by the isolated Si atoms, and
that the strength increases as the value of n in the Si(OAl)n(OSi)4−n
environments decreases [24]. Thus, a higher number of acid sites
are generated through the SM2  mechanism, while substitution via
SM2  + SM3  yields less but stronger acid sites. The control of Si incor-
poration through the different mechanisms would therefore enable
to modulate the acidity of these materials, which would affect cat-
alytic behaviour. The different Si distribution that we have observed
for sample S-2 could be attributed to its higher Si content, as it
would favour the formation of silicon islands. Nonetheless, it has
been shown that template properties such as size and morphol-
ogy strongly affect the Si distribution in SAPO-34 [13]. Therefore, it
can be speculated that TEAOH is the template that tend to promote
most the substitution mechanism SM3.

3.5. Acidity

The FTIR spectrum in the OH stretching region (�OH) of the sam-
ples outgassed at 823 K is shown in Fig. 5. At 3747 and 3677 cm−1

two very week bands can be observed which are attributed to
Si–OH and P–OH species located on the external surface of the
sample particles, respectively. Sample S-2 presents a more intense
peak at 3747 cm−1, indicating the presence of an important amount
of terminal silanols in this sample, which could be explained in
base to its higher external surface. Two  additional peaks with
intense adsorption and maxima at 3630 and 3600 cm−1 can also be

observed for all the samples. These bands correspond to bridging
hydroxyl groups (Si–OH–Al) associated to the Brönsted acid centres
of these materials [27–32]. These hydroxyls have been also named
respectively species A and C (OHA, OHC) in the literature and they



32 T. Álvaro-Muñoz et al. / Catalysis Today 179 (2012) 27– 34

340034503500355036003650370037503800

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

 S-2
 S-4
 S-1
 S-3

A
bs

or
ba

nc
e

-1

w
[

t
1
s
t

S
s
T
p
t
S
h
a

i
C
T
b
a
a
r
n
t

3200330034003500360037003800

ΔνC

A
bs

or
ba

nc
e

Wavenumber (cm-1 )

0.25

ΔνΑ
ΔνB

a

b

d

c

T
R

T

Wavenumber (cm )

Fig. 5. Normalized FTIR spectra of calcined samples outgassed at 823 K.

ere explained in terms of different crystallographic positions
32,33].

The type of template used in the synthesis was shown to affect
he population of acid sites. Sample obtained with triethyl amine (S-
) exhibited the highest content of hydroxyl groups, while sample
ynthesized with tetraethyl ammonium hydroxide (S-2) displayed
he lowest content of them.

A higher number of acid sites are generated in samples S-1 and
-3, through silicon substitution mechanism SM2, as compared to
ample S-2 for which both mechanisms, SM2  and SM3, take place.
he simultaneous occurrence of both mechanism results in the
resence of silicon islands that give rise to stronger acid sites than
hose associated to the isolated Si species created via mechanism
M2. Therefore the sample prepared with tetraethyl ammonium
ydroxide (S-2) possessed the lowest content of acid sites but with
n expected higher average strength.

In order to characterize the strength of the acid centres, exper-
ments of adsorption of a weak base (CO) have been carried out.
O can react with acidic OH species forming an OH· · ·CO adduct.
his H-bonding interaction produces a frequency shift, large
roadening and increase of intensity of bands corresponding to
cidic OH species [34–36].  Therefore, the adsorption of increasing

mounts of CO progressively erodes the infrared bands in the
egion 3630–3600 cm−1 and gives rise to the development of
ew bands at approximately 3300–3400 cm−1. Fig. 6 presents
he FTIR spectra of the different samples before and after CO

able 5
esults of the MTO  reaction carried out with the different samples. Selectivity and metha

Sample S-1 S-2 

TOS (min) 5 min  60 min  5 min  60 min  

Methane 1.5 0.2 2.6 1.7 

Ethylene 37.2 0.2 42.6 20.8 

Ethane  1.2 0 0.4 0.1 

Propylene 32.6 0.2 32.6 20.2 

Propane 0 0 2.1 0 

Dimethyl ether 18.4 98.6 0.1 49.6 

1-Butene + iso-butene 2.4 0 3.0 1.8 

n-Butane 0 0 0.2 0 

Trans-2-butene 3.4 0 3.8 2.8 

Cis-2-butene 1.7 0 2.8 1.4 

C5–C7 1.5 0.2 3.7 1.0 

C8+ 0.1 0.6 6.2 0.6 

Methanol conversion 89.9 45.0 99.2 80.8 

est conditions: WHSV = 14.22 h−1, T = 723 K, catalyst weight = 0.5 g.
Fig. 6. Normalized FTIR spectra of calcined samples (a) S-3 (TEAOH and MA), (b)
S-1 (TEA), (c) S-2 (TEAOH) and (d) S-4 (DPR) outgassed at 823 K (solid lines) and in
contact with 0.25 mbar CO (dotted lines). Spectra were recorded at 77 K.

adsorption (0.25 mbar) at 77 K. The shift of bands revealed a third
component (OHB) at ca. 3610 cm−1 (Fig. 6), which exhibited the
strongest acidity (largest band shift), assigned to OH groups in
the border of silicon islands. The magnitude of the batochromic
shift produced for component B upon CO adsorption (around
320 cm−1) is similar to that observed for Brönsted sites in H-ZSM-5
(335 cm−1). This is an indication of the strong acid character of
OHB sites compared to components A and C, which presented a
milder acidity [30]. Although the large band width of these bands
makes band deconvolution results rather unreliable, a tentative
deconvolution of these bands suggests that the percentage of the
B type acid centres is higher for sample S-2, synthesized with
TEAOH.

3.6. Catalytic activity

The catalytic activity of these materials in the MTO  reaction was
studied at 673–723 K and different WHSV, as it has been described
previously in Section 2.

When high temperature and high WHSV conditions (723 K

and 14.2 h−1, respectively) are used, the catalysts deactivate very
rapidly (Table 5). Although at the initial stage of the reaction
(5 min  of time-on-stream) all the catalysts present a complete
conversion of methanol and high selectivity towards short chain

nol conversion (%) vs. time-on-stream (TOS).

S-3 S-4 S-5

5 min  60 min  5 min  60 min 5 min 60 min

1.2 0.1 2.7 0.3 2.3 0.2
39.8 0.8 47.0 0.2 28.6 0.1

0.8 0 2.2 0 2.7 0
37.7 0.9 34.7 0.1 21.8 0.1

0.4 0 2.5 0 0.2 0
8.1 97.5 1.4 98.0 39.8 99.0
2.3 0.2 2.3 0.5 1.0 0
0.7 0 0.4 0 0.2 0
4.5 0.1 3.7 0 1.8 0.2
2.2 0.1 1.9 0 0.8 0
2.1 0.1 1.2 0.3 0.5 0
0.4 0.3 0.1 0.5 0.3 0.5

95.2 68.1 98.5 28.0 78.5 64.7
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ental conditions: WHSV = 1.2 h−1, T = 673 K, catalyst weight = 1.0 g.

lefins (C2–C4), after 1 h of TOS, the catalysts deactivate and the
onversion decreases appreciably. In the case of samples S-1 and
-4 methanol conversion goes down to less than 50%, samples S-3
nd S-5 to ca. 65% and only sample S-2, synthesized with TEAOH,
aintains the conversion above 80%, although the selectivity to

2–C4 olefins decreases from 85% to 47%. All the catalysts, after
 h of TOS present a high selectivity to dimethyl ether (DME),
rimary product of the reaction which can be easily obtained
rom methanol dehydration by using catalysts with lower acidity,
uch as �-Al2O3 [37]. This high proportion of DME  after a short
eaction time, can be attributed to the selective deactivation of the
tronger acid centres of the catalysts, which are able to produce
he dehydration of DME  to render the short chain olefins.

As it was mentioned previously, the main problem of this
ind of catalyst in the MTO  process is the rapid deactivation
ttributed to the deposition of high molecular weight hydrocarbons
n the pore entrances. In this study, sample S-2 synthesized with
etraethyl ammonium hydroxide, under the experimental condi-
ions explored, presents an improved stability in this reaction. This
an be attributed to two different factors: first, the smaller crys-
al size and high external surface which allows the rapid diffusion
f the products to the reaction media, avoiding subsequent trans-
ormations of the olefins to heavier products which deactivate the
atalyst; second, the presence of stronger acid centres in this sam-
le as suggested by 29Si MAS  NMR  and FTIR characterization. Both
arameters can justify the higher stability of this sample.

In order to compare all the catalysts under more favourable con-
itions, experiments with a lower WHSV have been carried out.
esults of conversion and selectivity to C2–C4 olefins are presented

n Figs. 7 and 8. Again, sample S-2 presents the best results in terms
f stability and selectivity. While samples S-1, S-3, S-4 and S-5 ren-
er methanol conversions below 70% after not more than 2 h of TOS,
ample S-2 is able to maintain the total conversion of methanol for
ore than 5 h (Fig. 7). In addition, sample S-2 presents a much

igher selectivity to short chain olefins during the overall reac-
ion test, obtaining values above 90% for up to 6 h of TOS (Fig. 8).
he rest of catalysts only produce DME  after 3 h of TOS, due to the
omplete deactivation of the strongest acid centres. The combina-
ion of high external surface and small crystal size, facilitating the

ccessibility of the reactant molecules to the acid sites, together
ith the stronger acidity of sample S-2 could be the reasons to

xplain the better catalytic performance of this catalyst prepared
ith tetraethylammonium hydroxide.

[

Fig. 8. Selectivity to short chain olefins (C2–C4) in function of the time on stream for
the different samples in the MTO  reaction. Experimental conditions: WHSV = 1.2 h−1,
T  = 673 K, catalyst weight = 1.0 g.

4. Conclusions

SAPO-34 molecular sieves synthesized with different structure
directing agents are shown to exhibit different physicochemical
properties, especially textural parameters and particle size. These
catalysts exhibited a high activity in the MTO  process, with high
selectivity to short chain olefins, at the initial stages of the reac-
tion, but they deactivated rapidly with time-on-stream, especially
when the reaction was carried out at high space velocity. The
external surface, crystal size and acidity strongly influenced the
activity, selectivity and lifetime of the different catalysts. The sam-
ple synthesized with tetraethylammonium hydroxide as structure
directing agent has rendered the best catalytic performance based
on its higher external surface, smaller crystal size and higher acid-
ity.
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