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A B S T R A C T   

Hierarchical SAPO-5 molecular sieves were synthesized with three different mesopore structure-directing agents 
(meso-SDAs) (cetyltrimethylammonium bromide (CTAB), myristyltrimethylammonium bromide (MTMAB) and 
[3-(trimethoxysilyl)propyl] dimethyloctadecylammonium chloride (TPOAC)) based on a soft-template hydro
thermal synthesis procedure. To investigate the modified porosity of the hierarchical SAPO-5s, they were 
characterized thoroughly with the results being compared to the conventional microporous SAPO-5. Nitrogen 
sorption measurements revealed considerable hysteresis loops for the hierarchical SAPO-5s as well as larger 
mesopore volumes (�0.15 cm3 g-1) compared to the conventional SAPO-5 (0.05 cm3 g-1). The relative number of 
acid sites for each sample was calculated from FTIR adsorption data and was in the order of C-SAPO-5>H- 
CTAB>H-MTMAB>H-TPOAC. The hierarchical SAPO-5s had a significantly increased lifetime (>150 h) in the 
methanol to hydrocarbons (MTH) model reaction compared to the conventional SAPO-5 (<10 h), with TPOAC 
producing the most stable catalyst and MTMAB producing the catalyst with the largest product distribution. The 
modified porosity of the hierarchical SAPO-5s was additionally verified by an enhanced lifetime and increased 
production of large products in a shape selective process as well as a lower rate of coke formation compared to 
the conventional SAPO-5.   

1. Introduction 

The silicoaluminophosphate-5 (SAPO-5) with the AFI framework 
type is an acidic, microporous zeotype which is composed of 12- 
membered rings aligned in parallel, thus being a large-pore, one- 
dimensional structure where the micropores have a diameter of 7.3 Å [1, 
2]. Catalytically, SAPO-5 is a well-studied material known to be active in 
the isomerization of xylene, the methanol to hydrocarbons (MTH) re
action and in the cumene synthesis [3,4]. While the microporous 
SAPO-5 has unique shape selective properties, it suffers inherently from 
mass transfer limitations due to pore clogging (e.g. by coking) and 
generally low rates of diffusion [5,6]. In an effort to ameliorate this, the 
introduction of larger pores (typically mesopores) into the microporous 
structures to make so-called hierarchical materials has recently gained 
traction [7]. These hierarchical materials typically have a bimodal pore 
distribution where the larger mesopores are thought to act as diffusion 
highways for reactants and products to easily diffuse into and out of the 

structure, respectively. 
There are several pathways to make hierarchical SAPOs, often 

divided into either top-down or bottom-up approaches. Examples of the 
former include post-synthesis modification by e.g. dealumination or 
desilication, while examples of the latter include hard- or soft- 
templating techniques [8,9]. In the bottom-up approaches, the larger 
pore system is typically introduced into the structure during synthesis 
with large molecular templates or so-called structure-directing agents 
(SDAs). Several mesopore SDAs (meso-SDAs) have been employed as 
soft-templates during hydrothermal synthesis of hierarchical SAPOs, 
among which are the organosilane TPHAC ([3-(trimethoxysilyl)propyl] 
hexadecyldimethylammonium chloride) and the quaternary ammonium 
surfactant CTAB (cetyltrimethylammonium bromide) [3,10]. Danilina 
et al. [3] have previously attempted to do comparison studies between 
different surfactants (organosilane and quaternary ammonium), how
ever syntheses with the quaternary ammonium surfactant did not yield 
phase pure SAPO-5 and the sample was therefore not further analyzed. 
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Consequently, there has yet to be a thorough characterization and 
comparison of the porosity resulting from applying different meso-SDAs 
for the synthesis of hierarchical SAPO-5. 

In addition to alleviating diffusion limitations, the mesopores in hi
erarchical SAPOs may accommodate additional acid sites and increase 
the accessibility of acid sites located intrinsically in the micropores [11]. 
Consequently, these favourable properties may lead to increased cata
lyst lifetime, catalytic activity and product distribution [12]. Earlier 
studies on one-pot, hydrothermally synthesized hierarchical SAPO-5 
using an organosilane surfactant as a meso-SDA for example, show 
that the hierarchical analogue displays a higher conversion and reaction 
rate for the alkylation of benzyl alcohol than its purely microporous 
counterpart [3]. Hierarchical SAPO-5 also shows an improved perfor
mance in the Beckmann rearrangement of bulky products [13] as well as 
a higher catalytic cracking activity for 1, 3, 5-triisopropylbenzene [11]. 
Studies done on other one-pot, hydrothermally synthesized hierarchical 
SAPOs such as SAPO-34 and SAPO-11, show similar trends. Hierarchical 
SAPO-34 synthesized with polymers as meso-SDAs for instance, displays 
an increased lifetime for the methanol to olefins (MTO) reaction while 
maintaining a conversion and shape selectivity that is comparable to 
that of the conventional microporous SAPO-34 [14,15]. As for SAPO-11, 
the bimodal pore system of hierarchical SAPO-11 synthesized with an 
organophosphate surfactant has been shown to significantly improve the 
mass transfer and selectivity towards more branched products for 
n-octane isomerization [16]. 

In this study, three different meso-SDAs (soft-templates) for the hy
drothermal synthesis of hierarchical SAPO-5 were investigated and 
subsequently, the resulting porosity was evaluated and compared to the 
conventional SAPO-5. CTAB, MTMAB (myristyltrimethylammonium 
bromide) and TPOAC ([3-(trimethoxysilyl)propyl] dimethyloctadecy
lammonium chloride) were selected as meso-SDAs, where TPOAC was 
chosen as an organosilane surfactant for evaluation of template type, 
while CTAB and MTMAB were employed as quaternary ammonium 
surfactants for evaluation of the effects of template chain length. 

The synthesized SAPO-5s were comprehensively analyzed to verify 
phase purity, surface and pore characteristics as well as properties of 
acid sites. The MTH reaction was employed as a model reaction to 
monitor the catalytic performance and product selectivity of the pore 
modified molecular sieves, while post-catalytic characterization was 
included to further characterize the pore topology. 

2. Experimental 

2.1. Synthesis of samples 

2.1.1. Conventional SAPO-5 
The conventional SAPO-5 was hydrothermally synthesized using a 

modification of the procedure described by Mathisen et al. [17]. An 
initial solution of pseudo-boehmite (Al2O3, 5.00 g, Sasol, 71.8%) in 
deionized water (H2O, 35.52 g) and orthophosphoric acid (H3PO4, 8.12 
g, Merck, 85%) was prepared and stirred for 3.5 h. Subsequently, 
colloidal silica AS-40 (SiO2, 2.13 g, Sigma Aldrich, 40 wt%) was added, 
and the resulting mixture was stirred for 45 min after which the 
microporous template, triethylamine (TEA, 4.25 g, Riedel-de Ha€en, 
purum), was introduced dropwise under stirring. The final gel, with a 
theoretical composition of 1.0Al: 1.0P: 0.2Si: 0.6TEA: 30H2O, was aged 
for 30 min under stirring before being poured into a 60 mL Teflon-lined 
stainless steel autoclave for crystallization at 200 �C for 24 h. After 
quenching, the resulting powder was washed four times with 150 mL 
deionized water. The final product was dried for 72 h at 70 �C in air, 
calcined at 550 �C for 5 h in air and labelled C-SAPO-5. 

2.1.2. Hierarchical SAPO-5 
Hierarchical SAPO-5 was synthesized by adding 0.05 equivalents of 

meso-SDA to the synthesis procedure of the conventional material (vide 
supra) where the meso-SDA was one of the following (see also Table 1): 

cetyltrimethylammonium bromide (CTAB, Sigma Aldrich, >99%), 
myristyltrimethylammonium bromide (MTMAB, Sigma Aldrich, >99%) 
and [3-(trimethoxysilyl)propyl] dimethyloctadecylammonium chloride 
(TPOAC, Sigma Aldrich, 42 wt%). The meso-SDA was added dropwise 
after addition of the microporous template TEA. For CTAB and MTMAB, 
the template (e.g. CTAB, 1.25 g) was dissolved in heated deionized water 
(8.59 g, ~50 �C) prior to addition to the mixture. The water used for the 
template solution was subtracted from the initial amount of added water 
to maintain the composition ratio, which was 1.0Al: 1.0P: 0.2Si: 0.6TEA: 
0.05meso-SDA: 30H2O for the final gels. The washing, drying and 
calcination procedures were the same as for the conventional SAPO-5, 
and labelling was done in the manner of “H” denoting hierarchical fol
lowed by the name of the meso-SDA used in the synthesis, resulting in 
the materials H-CTAB, H-MTMAB and H-TPOAC. 

2.2. Characterization 

X-ray powder diffraction (XRD) patterns were recorded on a Bruker 
D8 Focus X-ray Diffractometer with a CuKα radiation source (1.5406 Å) 
and LynxEye™ SuperSpeed Detector. The diffractograms were recorded 
from 5 to 60� with a step size of ~0.01�. A fixed 0.2 mm divergence slit 
was used throughout the run. Relative crystallinities were calculated 
according to the previously reported methods [18,19] using the 
following reflections of 2θ: 7.5�, 14.9�, 19.8�, 21.1�, 22.5� and 26.0�. 

Nitrogen sorption analysis was performed on a Micromeritics Tristar 
3000 Surface Area and Porosity Analyzer at � 196 �C. The materials 
were degassed under vacuum at 250 �C prior to the measurements using 
a Micromeritics VacPrep 061 Sample Degas System in order to remove 
water and other volatile adsorbates. The specific surface area was 
determined by the BET (Brunauer-Emmett-Teller) method while the 
micropore and external area were estimated using the t-plot method. 
Finally, the specific pore volumes were obtained by BJH (Barrett-Joy
ner-Halenda) analysis. 

Thermogravimetric analyses coupled with mass spectrometry (TGA- 
MS) were carried out with 10–15 mg of filtered particle size (212–425 
μm) on a Netzsch Jupiter STA 449 equipped with a QMS 403 A€elos 
quadrupole mass spectrometer. The flow consisted of 45 mL min� 1 air 
and 25 mL min� 1 argon while the temperature program started at 35 �C, 
subsequently heated to 550 �C at a rate of 2 �C min� 1 and held for 8 h 
before finally cooling down to room temperature at a rate of 2 �C min� 1. 

Scanning electron microscopy (SEM) was performed on a Hitachi 
S–3400 N where the samples were gold coated by sputtering using an 
Edwards Sputter Coater (S150B) prior to imaging. Images were captured 
in secondary electron (SE) mode while particle sizes were determined 
using the software ImageJ (version 1.52a) [20]. 

Carbon monoxide (CO) adsorption was performed with a Bruker 
Vertex 80 FTIR spectrometer equipped with an LN-MCT detector from 
Kolmar Technologies and a custom-built transmission cell. Measure
ments were conducted at an aperture setting of 4 mm, a scanner velocity 
of 20 kHz and a resolution of 4 cm� 1. Samples were pressed into self- 
supported wafers (10–13 mg) and pre-treated for 1 h at 500 �C under 
vacuum to remove adsorbed water and impurities. Afterwards, the cell 
was cooled to � 196 �C before slowly introducing CO (AGA). Finally, 
stepwise desorption of CO was conducted by gradually lowering the 
pressure in the system until the initial spectrum was recovered. 

Inductively Coupled Plasma Mass Spectrometry (ICP-MS) was con
ducted using a High Resolution Inductively Coupled Plasma Element 2 
in combination with an ICP-MS triple quad Agilent 8800. Samples 
(20–40 mg) were decomposed with concentrated nitric acid (HNO3, 1.5 
mL, 65%) and concentrated hydrofluoric acid (HF, 0.5 mL, 40%). The 
final solutions were diluted with deionized water and filled into 16 mL 
sample tubes. 

2.3. MTH model reaction 

The methanol to hydrocarbons (MTH) model reaction was carried 
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out in a tube reactor (ID: 4 mm). The reaction products were analyzed 
with a gas chromatograph equipped with a flame ionizing detector (FID) 
coupled to a mass spectrometer (GC-MS, Agilent 7890A coupled to an 
Agilent 5975C inert XL MSD). 

In a typical experiment, 36 mg of filtered particle size (212–425 μm) 
of calcined SAPO-5 was loaded into the reactor before heating the 
reactor to 500 �C for 1 h to remove water and other adsorbed impurities. 
The reaction was performed at 400 �C by sending chilled methanol (0 �C, 
VWR, �99.8%) carried by helium into the reactor at a Weight Hourly 
Space Velocity (WHSV) of 1.8 gMeOH gcat

� 1 h� 1. 

3. Results 

3.1. General characterization 

Earlier reports on hydrothermally synthesized hierarchical SAPO-5 
have shown that structural aspects such as phase purity [3] and sam
ple matrix composition [13] may change or be influenced by the 
introduction of mesopores into the system. Danilina et al. [3] for 
example, found that the AFI phase collapsed when using a quaternary 
ammonium surfactant meso-SDA, while Newland et al. [13] found that 
using an organosilane surfactant produced a high silicon content hier
archical SAPO-5 due to silicon-leaching. As such, in order to evaluate 
how different meso-SDAs may affect the structural properties of hier
archical SAPO-5, a thorough general characterization is needed. Spe
cifically, XRD was employed to confirm the phase purity and 
crystallinity of the samples, whereas ICP-MS was used to obtain infor
mation about the structural composition of the SAPOs. Nitrogen 
adsorption was used to provide invaluable information on the mesopore 
formation in the hierarchical SAPOs and finally, SEM was conducted to 
reveal the morphology of the samples as well as the particle size 
distributions. 

The XRD patterns of the calcined conventional and hierarchical 
SAPO-5s are stacked together with the simulated AFI pattern in Fig. 1 
[21]. 

The diffractograms of the SAPOs displayed a crystalline AFI phase 
and all hierarchical SAPOs were phase pure whereas the conventional 
SAPO showed a slight impurity (denoted with an asterisk in Fig. 1) 
ascribed to the competing CHA framework (SAPO-34) [22,23]. 
Furthermore, H-CTAB, H-MTMAB and H-TPOAC had slightly lower 
crystallinities (80, 77 and 85% respectively) when compared to 

C-SAPO-5 (100%) as given in Table 2, which is in accordance to previous 
observations made for both hierarchical SAPO-5 and SAPO-34 [7,24, 
25]. 

ICP-MS results (Table 2) revealed that the hierarchical SAPO-5 ma
terials contained more than twice as much Si as the conventional SAPO 
did, with the amount of incorporated silicon decreasing in the order of 
H-TPOAC>H-CTAB�H-MTMAB>C-SAPO-5, where C-SAPO-5 had a Si/ 
Al ratio of 0.07. While there are few reports on hydrothermal synthesis 
of hierarchical SAPO-5 with quaternary ammonium surfactants, a pre
vious study on SAPO-34 showed that the Si/Al ratio of hierarchical 
SAPO-34 with CTAB as a meso-SDA was larger than the Si/Al ratio of the 
conventional SAPO [10]. The authors attributed this to an increased 
incorporation of Si on addition of CTAB. As CTAB and MTMAB both are 
quaternary ammonium surfactants and gave roughly the same Si/Al 
ratio in this study (~0.14), it is presumed that these surfactants facilitate 
the incorporation of Si in the SAPO-5 structure to a comparable extent. 
As for the organosilane surfactant, TPOAC gave a Si/Al ratio (0.31) that 
was larger than the theoretically calculated value (0.2). This has pre
viously been reported for SAPO syntheses using TPOAC [26,27] and is 
most likely due to an interaction between the main silicon source (here 

Table 1 
An overview of the surfactants employed as SDAs in this study and some of their known effects on the synthesis of SAPO materials.  

Parameter Surfactant property 

Abbreviation CTAB MTMAB TPOAC 
Name Cetyltrimethylammonium 

bromide 
Myristyltrimethylammonium 
bromide 

[3-(trimethoxysilyl)propyl] dimethyloctadecyl ammonium 
chloride 

Structure 

Surfactant type Quaternary ammonium Quaternary ammonium Organosilane 
Known effects on resulting 

materials 
Controls particle sizea,b [10,48, 
56] 

Controls particle sizea [48] Si-leaching [3,13] 

a,bParticle size effects are known [10,48,56] to occur for syntheses of SAPO-11a and SAPO-34b. 

Fig. 1. XRD patterns of C-SAPO-5, H-CTAB, H-MTMAB and H-TPOAC with the 
AFI structure as a reference. The asterisk denotes a small impurity resulting 
from the competing CHA phase. 
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colloidal silicon, AS-40) and the silicon head group of TPOAC. 
The results from nitrogen adsorption analyses (Table 2) showed that 

the synthesized SAPO-5s had surface areas ranging from 257 to 332 m2 

g� 1, well within the reported range (245–377 m2 g-1) for this material in 
the literature [3,28,29]. Furthermore, the conventional SAPO-5 had a 
larger micropore area (222 m2 g� 1) and a smaller external surface area 
(58 m2 g� 1) than the hierarchical SAPO-5s. The total surface areas 
increased in the order of H-CTAB<H-MTMAB<C-SAPO-5<H-TPOAC, 
where H-TPOAC had the largest total (332 m2 g� 1) and external surface 
area (127 m2 g� 1). H-TPOAC also deviated from the other hierarchical 
SAPO-5s by being the only hierarchical sample that had a larger total 
surface area than the conventional SAPO-5 (280 m2 g-1), matching 
previous reports on hierarchical SAPO-5 synthesized with organosilane 
surfactants [3,27]. On the other hand, the lower total surface areas of 
H-CTAB (257 m2 g-1) and H-MTMAB (263 m2 g-1) were comparable to a 
previous study on hierarchical SAPO-34 with a quaternary ammonium 
surfactant (CTAB) as a meso-SDA [30], where increasing the content of 
CTAB corresponded to a decrease in the total surface area. 

As for the pore volumes, the micropore volumes of the SAPO-5s were 
quite similar (ranging from 0.09 to 0.11 cm3 g� 1), however the hierar
chical SAPO-5s displayed more than three times the mesoporous volume 
(0.15–0.19 cm3 g� 1) compared to the conventional SAPO-5 (0.05 cm3 

g� 1) which has also been observed in the literature [3,27]. Notably, even 
though H-TPOAC had the largest external surface area of 127 m2 g� 1, 
H-MTMAB had the greatest mesopore volume of 0.19 cm3 g� 1. It should 
be noted that even though the surface areas of H-TPOAC matched 
literature reports, the mesopore volume (0.16 cm3 g� 1) was in the lower 
range of what has previously been reported (0.16–0.30 cm3 g� 1) for 
hierarchical SAPO-5 synthesized with TPOAC [13,27]. Collectively, the 
increased external surface areas and mesopore volumes of the hierar
chical SAPO-5s compared to the conventional SAPO-5 strongly suggest 
the presence and incorporation of mesopores into the hierarchical 
structures [3]. 

The BET isotherms of the SAPO-5 samples are given in Fig. 2A, while 
Fig. 2B gives an overview of the pore size distributions. Generally, the 
isotherms were altogether comparable to the ones shown in literature 
[3,31]. C-SAPO-5 displayed a type Ia isotherm, characteristic for ma
terials with narrow micropores, with a small H4 hysteresis loop, char
acteristic for aggregated SAPO particles or the presence of mesoporosity, 
as defined by IUPAC [32]. The isotherms for H-CTAB and H-MTMAB 
were quite similar and matched a plateau-less type IV isotherm, char
acteristic for meso- and macroporous adsorbents. The hysteresis loops 
for both samples were composites of H3 and H4 loops, where H-CTAB 
showed a larger influence of the H4 hysteresis loop, while H-MTMAB 
showed a larger influence of the H3 hysteresis loop which typically in
dicates the presence of macroporosity [32]. The isotherm of H-TPOAC 
was a composite of type I and II with an H4 hysteresis loop, again 
indicating the presence of voids among aggregated particles or 
mesoporosity. 

Regarding the pore size distributions (Fig. 2B), C-SAPO-5 showed a 
typical pore size distribution for microporous materials with no prom
inent features and pores wider than 2 nm were ascribed to intercrys
talline voids between the particles. For the hierarchical samples, H- 

TPOAC displayed a clear maximum at a pore width of 3.5 nm, while H- 
CTAB and H-MTMAB both displayed a shoulder at 3.5 and 3.0 nm, 
respectively, possibly indicating the presence of aptly sized mesopores. 
Others have reported similar results when using CTAB and TPOAC as 
SDAs for synthesizing hierarchical SAPO-5 [13,33]. 

The SEM images of the synthesized SAPO-5s are shown in Fig. 3. The 
average particle sizes matched previous reports [3] and were 21, 19, 23 
and 18 μm for C-SAPO-5, H-CTAB, H-MTMAB and H-TPOAC, respec
tively. All samples displayed agglomerates of smaller plate-like or hex
agonal rod-like particles which is in good accordance with the literature 
reports [2,31]. 

Table 2 
Summary of XRD, ICP-MS and nitrogen sorption characterization results for the SAPO-5s.  

Sample RCa Si/Altheory
b Si/AlICP

c Surface area (m2 g� 1) Pore volume (cm3 g� 1) 

(%) Equivalents SBET Smicro Sext Vmicro Vmeso 

C-SAPO-5 100 0.2 0.07 280 222 58 0.11 0.05 
H-CTAB 80 0.2 0.14 257 166 91 0.09 0.15 
H-MTMAB 77 0.2 0.13 263 168 95 0.09 0.19 
H-TPOAC 85 0.2 0.31 332 205 127 0.10 0.16  

a Relative crystallinity. 
b Theoretically calculated gel composition. 
c Sample composition obtained by ICP-MS element analysis for calcined samples. 

Fig. 2. Nitrogen sorption isotherms (A) and pore size distributions (B) for all 
synthesized SAPO-5s. For the pore size distributions, the adsorption branch of 
the BJH method was used. 
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3.2. Acid characterization by FTIR spectroscopy with CO adsorption 

Previous reports on the SAPO-5 system [13,24] have indicated that 
the number of acid sites may decrease when modifying porosity for the 
purpose of creating hierarchical systems. Thus, in order to determine if 
the introduction of mesopores to SAPO-5 altered the number and 
strength of acid sites, the acid properties of the SAPOs were character
ized using CO as a molecular probe. 

The results of the CO adsorption are depicted in Fig. S1 as normalized 
difference spectra, where the clean vacuum spectra before CO adsorp
tion have been subtracted from the spectra fully perturbed by CO. All 
samples displayed the typically reported bands [29,34] for SAPO-5: 
silanol (Si–OH) sites at 3745 cm� 1, surface groups (terminal 
P–OH/Al–OH) at 3679 cm� 1, high frequency Brønsted acid sites (BAS) at 
approximately 3629 cm� 1 and low frequency BAS at 3515 cm� 1. It 
should be mentioned that H-MTMAB had BAS located at a slightly higher 
frequency (~3641 cm� 1) compared to the other samples. The high fre
quency BAS are situated in the larger 12-membered rings while the low 
frequency BAS are situated in the smaller 6-membered rings of SAPO-5 
which were found to be inaccessible to CO, in accordance with previous 
reports [4,29,34]. 

Table S1 gives an overview of the location of the observed bands for 
each sample and the shifts, ΔνOH, between the high frequency BAS 
(νBrønsted) and the BAS perturbed by CO (νBrønsted*). The shifts of the 
samples were found to be between 254 cm� 1 and 266 cm� 1, where a BAS 
shift between 254 and 268 cm� 1 is an average value for SAPO-5 ac
cording to the literature reports [4,35]. Thus, the acid strength of 
SAPO-5 was not significantly affected by the introduction of mesopores, 
matching previous reports [3] on the hierarchical SAPO-5. 

By integrating the area under the peaks of the FTIR spectra and 
setting the number of sites present in the conventional sample to 1, a 
relative estimate on the total number of acid sites in each sample was 
obtained (Table S2). The conventional SAPO-5 contained the most BAS, 
matching earlier reports [13], followed by H-CTAB, H-MTMAB and 
H-TPOAC (0.55, 0.22 and 0.15, respectively). Whereas all samples 
contained approximately the same number of surface groups, H-TPOAC 
contained a slightly higher relative number of silanol groups (1.01) 
compared to H-CTAB and H-MTMAB (0.77 and 0.81, respectively). 
Conclusively, while the silanol groups are affected to a varying degree, 

the introduction of mesopores causes a considerable drop in the total 
number of Brønsted acid sites that is larger than previous reports on 
hierarchical SAPO-5 [24]. 

3.3. Methanol to hydrocarbons (MTH) model reaction over SAPO-5 

The activity of a catalyst in the MTH reaction depends on many 
factors including acid strength, acid density, acid site location, particle 
size and pore topology [28,36–39]. While the acid strength and density 
as well as the particle size may be evaluated using other techniques (vide 
supra), the pore topology and acid site location may be evaluated by 
utilizing the MTH reaction. Specifically for this model reaction, the 
modification of the pore topology by introduction of intraconnected 
mesopores and micropores may result in alleviated diffusion limitations 
and reduced deactivation as coke precursors may easily diffuse out of the 
system, leading to an increased catalyst lifetime [7]. Furthermore, 
should the Brønsted acid sites be situated in, or close to, spacious mes
opores, the product distribution of the MTH reaction may be shifted 
towards the formation of larger products [38,39]. Finally, the presence 
of weak acid sites (silanols) in spacious mesopores may also increase the 
lifetime of reactions that utilize these weak acid sites [13], e.g. the 
dehydration of methanol to dimethylether (DME) [28,40]. Thus, the 
methanol to hydrocarbons reaction was used to elucidate the pore to
pology of the hierarchical samples as well as to get a preliminary indi
cation of the acid site locations in the samples. 

The methanol conversion for the samples is displayed in Fig. 4. The 
catalysts were deemed to be deactivated after falling below an arbi
trarily chosen conversion of 60%. 

The stability and lifetimes of the hierarchical SAPO-5 samples were 
greatly enhanced compared to the conventional SAPO-5 sample. Spe
cifically for the samples C-SAPO-5, H-CTAB, H-MTMAB and H-TPOAC, 
the corresponding initial conversions were 82%, 82%, 86% and 78%, 
while the 20 h conversions were 47%, 77%, 76% and 80%, respectively. 
Even though the initial conversion and lifetime of the conventional 
SAPO-5 matched previous reports at similar conditions [4], the hierar
chical SAPOs had more than ten times the conversion of the conven
tional SAPO after ~110 h on stream. The minor differences in stability 
within the hierarchical SAPO-5 samples indicated that H-TPOAC was the 
most stable catalyst followed by H-CTAB and finally H-MTMAB. 

Fig. 3. SEM micrographs of C-SAPO-5 (1), H-CTAB (2), H-MTMAB (3) and H-TPOAC (4), showing a typical particle for each sample.  
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Nevertheless, the hierarchical samples predominantly retained their 
stability and high activity even after 180 h on stream, whereas C-SAPO-5 
deactivated after approximately 10 h on stream. 

As for the product distribution, the hierarchical samples all produced 
larger and more branched products than C-SAPO-5, ranging from 
branched polymethylbenzenes (e.g. 1-ethyl-2,3,4,5,6-pentamethylben
zene) to heavily methylated naphtalenes (e.g. 4-(1-methylethyl)-1,6- 
dimethylnaphthalene). Furthermore, H-CTAB and H-MTMAB produced 
significantly increased amounts of polymethylbenzenes (peak values of 
17% and 35%, respectively) as further evidenced by Fig. 5 and Table S3. 
The minimal production of polymethylbenzenes for the conventional 
SAPO-5 (peak value of 11%, see Fig. S2) matched previous reports 
conducted at various conditions [4,41,42], further solidifying the 
exceptional properties of the hierarchical SAPO-5s. 

3.4. Post-catalysis characterization 

To further elucidate the pore topology of hierarchical SAPO-5, 
several post-catalysis characterizations were performed. Post-catalysis 
XRD was done in order to exclude phase collapse as a reason for deac
tivation, while nitrogen sorption would clarify if the pores of the SAPO-5 
were congested. Finally, TGA-MS was performed to quantify the amount 
of retained coke in the samples after the MTH model reaction as well as 
to calculate the rate of coke formation. 

Post-catalysis XRD showed that albeit losing some crystallinity, the 
major phase for all samples was still the AFI phase (Fig. S3), confirming 
that the samples did not collapse during the reaction. Nitrogen adsorp
tion on spent samples (Fig. 6) confirmed that the conventional SAPO-5’s 
pores were indeed completely congested, whereas the hierarchical 
samples H-TPOAC and H-CTAB retained at least 50% of their initial 
external surface areas and 60% of their initial mesoporous volumes. For 
H-MTMAB however, the retained external surface area and mesoporous 
volume was less than 30%, indicating that a significant portion of the 
mesopores in the catalyst had been congested. 

The initial mass loss observed in the TGA-MS results after catalysis 
(Fig. S4) was attributed to the loss of water, while the second and larger 
mass loss occurring after approximately 250 min (~500 �C) was 
attributed to the oxidation and loss of coke as carbon dioxide (CO2, m/z 
¼ 44). With these considerations, the conventional SAPO-5 lost more 
water and less coke (approximately 8.6%) than the hierarchical SAPO-5s 
(approximately 10%). Furthermore, when considering the total reaction 
time for the catalysts it becomes clear that the generation of coke per 

hour (Table S4) was much lower for the hierarchical samples (0.01–0.02 
mgcoke h� 1) compared to the conventional sample (0.03 mgcoke h� 1). 

4. Discussion 

The main goal of this study was to characterize and compare the 
porosities of hierarchical SAPO-5 synthesized with different meso-SDAs 
to each other, and to the conventional SAPO-5. The discussion will be 
divided in three parts where firstly, the structural effect of the inclusion 
of the three meso-SDAs will be discussed as well as whether or not these 
meso-SDAs in fact produced hierarchical SAPO-5 samples. Secondly, the 
pore topology of the SAPO-5 catalysts will be discussed in conjunction 
with the activity and location of the weak acid sites (WAS, silanols). 
Finally, the product distribution from the methanol to hydrocarbons 
(MTH) reaction will be considered together with the Brønsted acid site 
(BAS) location in the SAPO-5 samples. 

4.1. Evaluation of various meso-SDAs for synthesis of hierarchical SAPO- 
5 

In this study, three different meso-SDAs, CTAB, MTMAB and TPOAC, 
were employed for the synthesis of hierarchical SAPO-5. The meso-SDAs 
were chosen and compared in such a way that the effect of template 
chain length and template type could be studied. The former was eval
uated by comparing the slightly longer chained surfactant CTAB to the 
shorter MTMAB, while the latter was evaluated by comparing the qua
ternary ammonium surfactants CTAB and MTMAB to the organosilane 
surfactant TPOAC. 

The relative crystallinities, Table 2, did not differ significantly be
tween the three meso-SDAs and all hierarchical SAPO-5s were of 
comparably high purity and crystallinity (~80%). As for the textural 
properties, the quaternary ammonium surfactants (CTAB and MTMAB) 
produced SAPO-5 with similarly small overall surface areas (~260 m2 g- 

1) compared to the organosilane surfactant TPOAC (332 m2 g-1), sug
gesting that organosilane surfactants are favourable for synthesizing 
large surface area hierarchical SAPO-5. Interestingly, while H-TPOAC 
also displayed the largest external surface area, H-MTMAB had the 
largest mesopore volume. While the mesopore volume of H-TPOAC (vide 
supra) was in the lower region of earlier reports on hierarchical SAPO-5 
[13,27], the increased mesopore volume of H-MTMAB may also be due 
to the wider distribution of mesopores for H-MTMAB as seen from the 
BJH in Fig. 2. In fact, both H-CTAB and H-MTMAB had a wider 

Fig. 4. Methanol conversion for C-SAPO-5, H-TPOAC, H-CTAB and H-MTMAB.  
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distribution of mesopores compared to H-TPOAC, which had a relatively 
uniform distribution of mesopores. 

The total number of Brønsted acid sites in the SAPO-5 system is 
related to the average acid strength of the system, with earlier studies 
[33,43–46] reporting an increase in acid strength as the number of 
Brønsted acid sites is increased. On the other hand, one study [47] re
ported a decrease in acid strength as the number of Brønsted acid sites 
increased, while another study [13] reported no change in the acid 
strength as the number of Brønsted acid sites changed. The total number 
of Brønsted acid sites in SAPO-5 is also related to the amount of incor
porated silicon in the system, with previous reports [46,47] indicating 
that an increased incorporation of Si causes a reduction in the total 
number of acid sites. The incorporation of large amounts of silicon may 
also form silica islands, decreasing the number of acid sites while the 
acid strength remains the same [28,46]. 

For the hierarchical SAPO-5s made with quaternary ammonium 
surfactants, CO adsorption showed that H-MTMAB had fewer acid sites 
(0.22) than H-CTAB (0.55) and a slightly increased acid shift (Table 3). 
This is contradictory to what previous comparisons [48] between CTAB 
and MTMAB as SDAs for SAPO-11 have shown, where MTMAB produced 

the SAPO-11 with the largest number of Brønsted acid sites. Regarding 
the increased acid shift of H-MTMAB, the results match one previous 
report [47] claiming that when the number of acid sites in the SAPO-5 
system decreases, the average strength of the acid sites increases. This 
apparent trend in acid strength is not applicable for H-TPOAC however, 
which through CO adsorption was shown to have fewer acid sites (0.15) 
than H-MTMAB but a similar acid shift, thus matching a previous report 
[13] indicating that the acid strength remains constant regardless of the 
number of acid sites in the samples. 

Moreover, ICP-MS results showed that the hierarchical SAPO-5s had 
more incorporated silicon than the conventional SAPO-5. An increased 
incorporation of silicon has as mentioned been shown to cause a 
reduction in the number of Brønsted acid sites [46,47]. Thus, rather than 
directly being an effect of the introduction of mesopores, it is likely that 
the increased incorporation of silicon in the hierarchical SAPO-5s has 
contributed to the loss of Brønsted acid sites for these samples. 
Furthermore, CO adsorption indicated that H-TPOAC had slightly more 
silanol groups than H-CTAB and H-MTMAB. This indicates the presence 
of silica islands or perhaps an increased amount of silanol sites situated 
within the mesopores [13]. It is therefore possible that the reduced 

Fig. 5. Initial (top) and 20 h (bottom) product distributions for the MTH model reaction, where ‘PolyMB’ are polymethylbenzenes (tetra-, penta- and hexame
thylbenzene (HMB)). Detailed values have been given in Table S3 in the supplementary information. 
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number of Brønsted acid sites for H-TPOAC is also due to the presence of 
a larger number of silanol sites compared to H-CTAB and H-MTMAB. 

In summary, the employed surfactants produced crystalline SAPO-5 
with a significant portion of mesopores, as indicated by the textural 
properties. The number of Brønsted and weak acid sites differed ac
cording to surfactant type and chain length, where the long chained 
quaternary ammonium surfactant CTAB gave the largest number of BAS, 
followed by MTMAB and finally the organosilane surfactant TPOAC, 
giving the smallest number of BAS but the largest number of weak acid 
sites. 

4.2. Activity and location of WAS and pore topology of hierarchical 
SAPO-5 

The lifetime of a catalyst in the MTH reaction mainly depends on the 
factors given in Table 4, namely the acid strength, acid density, particle 
size and pore topology [28,36–38]. While a higher acid strength and 
density is known to cause a rapid catalyst deactivation due to an 
increased production of coke, smaller particles increase the lifetime of 
the catalyst [28,37,38]. Moreover, whereas the production of 

hydrocarbons in the MTH reaction is mainly catalyzed by BAS, the 
production of DME proceeds at weaker acid sites (WAS) such as silanols 
and surface groups [28,40]. As these weaker acid sites only catalyze the 
simple dehydration of methanol, they are not expected to be directly 
blocked by deposits of carbonaceous species, i.e. coke. In the micropores 
of a conventional SAPO however, WAS may be indirectly blocked by 
coke produced by the stronger BAS, leading to pore congestion and a 
shorter lifetime for DME production. On the other hand, if WAS are also 
located in spacious mesopores, the lifetime of DME production would be 
expected to increase due to limited pore congestion. 

When comparing the lifetimes of the catalysts for DME production, it 
becomes clear that all hierarchical SAPO-5 samples have a much longer 
lifetime than the conventional SAPO-5, with H-TPOAC being the most 
stable catalyst. Hajfarajollah et al. [42] reported that for SAPO-5 cata
lysts in the methanol to olefins (MTO) reaction, an increased lifetime 
may be expected for smaller particles, however SEM results showed that 
the average particle size of the samples in this study were of similar size 
(~20 μm). The variations in acid strength are likely not a factor here 
either as the acid shifts of the samples in this study are quite similar, in 
particular when considering that the isotopological SSZ-24 zeolite has 
an acid shift of 317 cm� 1 [49]. The relative number of acid sites how
ever, indicates that the conventional SAPO-5 has a larger number of BAS 
than the hierarchical SAPO-5s. As previously mentioned, an increased 
density of acid sites is known to cause a more rapid catalyst deactivation 
due to a larger production of coke [38], however this alone does not 
explain why the production of DME decreased rapidly for C-SAPO-5. 
Post-catalysis nitrogen adsorption results (Fig. 6) indicated that the 
micropores in fact were congested and as expected, the observed deac
tivation of C-SAPO-5 was caused by weak acid sites in the micropores 
being blocked due to production of coke by the stronger BAS. On the 
other hand, for the hierarchical SAPO-5s the conversion and production 
of DME was more or less stable for over 150 h. Post-catalysis nitrogen 
adsorption (Fig. 6) indicated that the hierarchical samples retained a 
relatively large portion of their external surface areas and mesoporous 
volumes after the catalytic reaction. These results may be explained by 
recognizing the presence of easily accessible weak acid sites in the 
spacious mesopores of H-CTAB, H-MTMAB and H-TPOAC. 

As a final note on pore topology, previous reports on the rate of coke 
formation in the MTH reaction [14,15], show that hierarchical SAPOs 
with an intracrystalline pore structure have decreased rates of coke 
formation compared to their microporous analogues. This is typically 
attributed to the reduction of mass transfer limitations by the presence 
of larger, intracrystalline mesopores in the hierarchical systems which 
allow coke precursors to promptly diffuse out of the micropores. In other 
words, a low rate of coke formation suggests intraconnectivity between 
the micro- and mesopores, where the latter should also be accessible 
from the surface of the catalyst particle. Thus, the formation rate of coke 
would be expected to be lower for hierarchical systems than for purely 
microporous systems due to an increased mass transport throughout the 
hierarchical systems [50]. 

Specifically for SAPO-5, deactivation in the MTH reaction has been 
shown to occur due to accumulation of coke through blockage of the 
one-dimensional pore network by formation of large molecules [51]. 
The presence of intracrystalline mesopores would allow these large 
molecules to diffuse out of the structure, thus reducing the formation 
rate of coke. Promisingly, the hierarchical SAPO-5s had lower rates of 

Fig. 6. Results from surface area (top) and pore volume (bottom) measure
ments via nitrogen adsorption on spent SAPO-5 samples. 

Table 3 
Summary of SEM and FTIR characterization results for the SAPO-5s.  

Sample Particle size (μm) BAS shift (ΔνOH, cm� 1) ρa (BAS) (a.u.) ρ (WAS) (a.u.) 

C-SAPO-5 21 254 1 1 
H-CTAB 19 258 0.55 0.77 
H-MTMAB 23 266 0.22 0.81 
H-TPOAC 18 264 0.15 1.01  

a Relative density of acid sites. 
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coke formation (Table S4) compared to the conventional SAPO-5, 
further solidifying the presence of alleviated diffusion limitations and 
pore intraconnectivity. 

4.3. Product distribution of the MTH reaction and BAS location in 
hierarchical SAPO-5 

The main factors that affect the product distribution in the MTH 
reaction are the particle size, pore topology, acid site location, acid 
strength and acid density (see also Table 4) [39,42,49,52]. Specifically 
for the SAPO-5 however, Hajfarajollah et al. [42] did not observe any 
significant variation in the product distribution of DME nor aromatics 
for differently sized SAPO-5 particles. As for the pore topology, the size 
of the pore channels and apertures influences the size of the products 
that are able to enter, pass through and exit the structure [49]. For the 
conventional SAPO-5, the product distribution typically ranges from 
ethene as the smallest product, to hexamethylbenzene (HMB, kinetic 
diameter of ~8 Å [53,54]) as the largest and most branched product that 
is observed in significant quantities [4,55]. For structures with more 
space due to cages and/or cavities, e.g. mordenite (MOR), larger prod
ucts such as 2-ringed aromatics (naphthalenes) may form in small 
quantities [39]. Similarly, products larger than HMB may form in the 
hierarchical SAPO-5 provided that Brønsted acid sites are present in the 
mesopores. Furthermore, the product distribution is also highly depen
dent on the acid strength of the catalyst [4,28]. The production of aro
matics for instance, is typically associated with elevated acid strength, 
and the strongly acidic AFI zeolite SSZ-24 has previously been reported 
[49] to produce larger amounts of aromatics than the conventional 
SAPO-5. As previously mentioned however, the acid shifts of the sam
ples in this study are quite similar, especially when compared to more 
acidic isostructural zeolites [49]. The same authors also concluded that 
for SAPO-5, the product selectivity in the MTH reaction is not 

significantly influenced by differences in acid density [49]. 
To summarize and as Table 4 outlines, considering that the acid 

strengths and particle sizes of the SAPO-5s synthesized in this study are 
constant, any differences in the product distribution cannot be ascribed 
to variations in these parameters. Finally, as differences in acid density 
do not affect the product distribution of the SAPO-5 system [49], a po
tential discrepancy in the product distribution between the conventional 
and hierarchical SAPO-5s has to be caused by the location of the BAS. 

While the initial products for the conventional SAPO-5 were princi
pally light olefins (propene and ethene), all hierarchical samples pro
duced significant quantities of DME and the quaternary ammonium 
surfactant-synthesized H-CTAB and H-MTMAB produced considerable 
quantities of polymethylbenzenes as well. More importantly and as 
previously mentioned, the hierarchical SAPO-5s produced larger prod
ucts than what was expected of the AFI framework, including branched 
polymethylbenzenes (e.g. 1-ethyl-2,3,4,5,6-pentamethylbenzene) as 
well as heavily methylated naphtalenes (e.g. 4-(1-methylethyl)-1,6- 
dimethylnaphthalene). This indicates that a portion of the Brønsted acid 
sites must be located inside the mesopores, especially for H-CTAB and H- 
MTMAB, with peak production values reaching 8% and 14% respec
tively compared to 1.5% for H-TPOAC (Fig. 7). 

The product distribution in Fig. 7 shows that both H-CTAB and H- 
MTMAB produce significantly larger quantities of larger products 
compared to H-TPOAC. Furthermore, while H-TPOAC produces less 
overall hydrocarbons, the catalyst has a larger initial production of DME 
compared to H-CTAB and H-MTMAB (Fig. 5). This may suggest that the 
organosilane surfactant TPOAC promotes the formation of silanols in the 
mesopores rather than BAS, which seems to be more prevalent for the 
quaternary surfactants. The post-catalysis nitrogen adsorption results 
(Fig. 6) further substantiate this assumption, indicating that the meso
pores of H-MTMAB and H-CTAB are more congested than that of H- 
TPOAC. This is most likely the result of H-MTMAB and H-CTAB having a 

Table 4 
An overview of the parameters known to affect a catalyst’s activity, lifetime and large product 
selectivity in the MTH reaction as well as how they relate to the SAPO-5s synthesized in this study. 
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larger number of BAS located in the mesopores compared to H-TPOAC. 
Interestingly, although the quaternary surfactants used for synthesis 

were fairly similar, there was a substantial difference in the product 
distribution for H-CTAB and H-MTMAB. Clearly, both H-CTAB and H- 
MTMAB produced considerable quantities of products larger than HMB 
compared to the other catalysts, however H-MTMAB produced almost 
twice as much as H-CTAB. Even though Guo et al. [48] did comparison 
studies on SAPO-11 synthesized with CTAB and MTMAB, they did not 
observe such a dramatic difference in the product distribution of n-oc
tane isomerization over SAPO-11. This is a significant result, as the main 
difference between H-CTAB and H-MTMAB in this study was the vari
ation in surfactant length between CTAB and MTMAB, suggesting that 
this variation caused a fundamental shift in the properties of the syn
thesized hierarchical SAPO-5s. This, as previously mentioned, is further 
reflected in the post-catalysis nitrogen adsorption (Fig. 6) and TGA-MS 
measurements (Fig. S4), where H-MTMAB both had a lower retained 
overall surface area as well as a lower generation of coke compared to 
H-CTAB. Conclusively, it is likely that the short-chained surfactant 
MTMAB produces a hierarchical SAPO-5 with both a better intra
connectivity of the pore network, and a greater number of BAS situated 
in the mesopores compared to CTAB and TPOAC. 

5. Conclusion 

The XRD results confirmed that the AFI structure was obtained in all 
the SAPO-5 samples and the BET results confirmed the presence of both 
micropores and mesopores for the hierarchical SAPO-5s. While CO 
adsorption confirmed that comparably strong acid sites were present in 
all samples, the relative number of acid sites in the samples varied ac
cording to the type and length of meso-SDA that was used, with the 
quaternary ammonium surfactant CTAB giving the largest and organo
silane surfactant TPOAC giving the smallest number of Brønsted acid 
sites. The catalytic results demonstrated the exceptional properties of 
the mesopores in the hierarchical SAPOs through a considerably 
increased lifetime and production of larger products than the conven
tional SAPO-5. Post-catalysis TGA-MS furthermore indicated that the 
hierarchical SAPO-5 samples had lower rates of coke formation 
compared to the conventional analogue. In combination with the cata
lytic findings, this suggested that the mass transfer limitations were 
reduced due to an overall better diffusion throughout the hierarchical 
catalyst particles, correspondingly indicating the presence of intra
connected micro- and mesopores in the hierarchical SAPO-5s. Lastly, the 
quaternary ammonium surfactants seemed to direct the formation of 
Brønsted acid sites towards the mesopores to a greater extent compared 
to the organosilane surfactant TPOAC. 
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