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ABSTRACT: Controlling the location of acid sites in zeolites can 
have a great impact on catalysis. In this work we face the objective 
of directing the location of Al into the 10R channels of ZSM-5 by 
taking advantage of the structural preference of B to occupy certain 
positions at the channels intersections, as suggested by theoretical 
calculations. The synthesis of B-Al-ZSM-5 zeolites with variable 
Si/Al and Si/B ratio, followed by B removal in a post synthesis 
treatment, produces ZSM-5 samples enriched in Al occupying po-
sitions at 10R channels. The location of the acid sites is determined 
on the basis of the product distribution of 1-hexene cracking as test 
reaction. The higher selectivity to propene and lower C4=/C3= ratio 
in the samples synthesized with B and subsequently deboronated 
can be related to a larger concentration of acid sites in 10R channels, 
where monomolecular cracking occurs. Finally, several ZSM-5 
samples have been tested in the methanol to propene reaction, and 
those synthesized through the B assisted method show longer cata-
lytic lifetime, higher propene yield and lower yield of alkanes and 
aromatics.  
KEYWORDS: Zeolites, DFT, Al-siting, Boron ZSM-5, MTO, cat-
alytic cracking. 

INTRODUCTION 
Controlling the location of acid sites in zeolites can have a great 
impact on their catalytic behavior. The Brönsted acidity in zeolites 
is associated to protons compensating the negative charge gener-
ated by the presence of framework Al in tetrahedral T sites. The 
complexity of the crystal structure in zeolite frameworks generates 
multiple topologically distinguishable T sites that, when occupied 
by Al, originate Brönsted acid sites with the protons facing differ-
ent cavities or channels. The intrinsic acid strength of Brönsted 
sites associated to Al located at different T positions is similar when 
described rigorously by deprotonation energies (DPE), 1-5 but their 
catalytic behavior in terms of activity and selectivity can differ with 
the location, due to the influence of confinement effects on inter-
mediates and transition states.6-10  
A paradigmatic case in where the control of the acid site distribu 
tion can have important practical implications is the MFI frame-
work, whose aluminosilicate form is the medium pore ZSM-5 zeo-
lite. The channel system of MFI is composed by interconnected 

straight (10R-str) and sinusoidal (10R-sin) ten-membered ring 
channels of ⁓ 5.0 Å diameter, that intersect forming larger void 
spaces of ⁓ 7.0 Å diameter (see Figure 1). The Brönsted acid sites 
resulting from isomorphic substitution of Al by Si in ZSM-5 can 
point towards the channels or towards the open space generated at 
the channels intersection depending on Al location. Despite the fact 
that both types of acid sites can interact with a given reactant mol-
ecule, the molecular confinement and therefore the enthalpic and 
entropic effects on the adsorbed reactant and on the transition state 
in the two environments will not be necessarily the same.7-13 

 

 
 
Figure 1. Crystallographic T positions in MFI framework. 
 
ZSM-5 is one of the two zeolites used in the industrial transfor-
mation of methanol to olefines (MTO), the other one being SAPO-
34 with the CHA structure. The MTO process is an efficient way 
to obtain light olefins, such as ethene and propene, by successive 
methylation and cracking of the so-called hydrocarbon pool (HP) 
organic intermediates that act as co-catalysts of the reaction.14-16 
The detailed reaction mechanism, product distribution and catalyst 
deactivation are closely related to the zeolite topology and pore ar-
chitecture. In the larger channels and cavities of BEA and CHA 
catalysts, polymethylbenzenes (PMB) are the main HP species, and 
the side-chain route  generating both ethene and propene is the most 
probable pathway. In MFI, a dual-cycle mechanism has been pro-
posed, according to which ethene is formed via the aromatics-based 
HP mechanism while propene and higher alkenes are formed 



 

through methylation/cracking of C3+ alkene intermediates.14,15,17-19 
The suppression of the aromatics-based cycle in H-ZSM-22 zeolite 
containing an unidirectional system of non-intersecting straight 
10R channels20 suggests that, in H-ZSM-5, the polymethylbenzene 
HP species are formed in the channels intersections, while the al-
kene-based cycle is active within the 10R channels. Therefore, it is 
inferred that the propene/ethene selectivity in the MTO process, as 
well as the amount of aromatics and alkanes resulting from bimo-
lecular hydrogen transfer processes preferentially occuring at the 
channels intersections, could be modified by controlling the loca-
tion of the Brönsted acid sites within the MFI framework.  
Researchers have attempted to tune acid site location in FER,21,22 
CHA,23,24 RTH25 and MFI26-32 zeolite frameworks by developing 
new synthetic strategies that combine different aluminium or sili-
con sources, organic structure directing agents (OSDAs) and inor-
ganic compensating cations.  Despite changes in catalytic perfor-
mance associated to the synthetic route employed have been re-
ported several times, only in some cases the origin of the catalytic 
diversity could be identified, and related either to the presence of 
Al at particular cavities or channels21,22 or to its nature as isolated 
or paired Al centres.24 The unambiguous identification of the Al 
siting in the 12 distinct T sites of H-ZSM-5 zeolite is particularly 
challenging, and has been attempted by means of 27Al-MAS-NMR, 
UV-Vis of Co2+, chemical adsorption and catalytic experiments.26-

32 Deconvolution of the 27Al-MAS-NMR spectra of ZSM-5 into 
different peaks has allowed to demonstrate that Al siting in this ze-
olite varies with the synthesis conditions, and that several different 
T sites are occupied by Al even in samples with high Si/Al ratio.33-

35 However, while different deconvolution patterns are indicative 
of a different Al distribution within the MFI framework, a clear as-
signation of the peaks to particular positions is not established yet. 
Another aspect considered in relation to Al distibution is the prox-
imity between Al atoms, and their local arrangement as isolated, 
paired - defined as framework Al atoms separated by either one or 
two Si atoms [Al-O(-Si-O)x-Al, x=1,2]- or unpaired species, which 
are separated by more than three Si atoms but are close enough to 
compesate the charge of a divalent cation. The concentration of Al 
in each of the three arrangements can be estimated by combining 
Co2+ and Na+ ion-exchanging capacity, and the characterization of 
the paired species as α, β and γ can be determined by deconvolution 
of the diffuse reflectance UV-Vis spectra of dehydrated Co2+ ex-
changed samples.26,27,30,36 

Another strategy to control the Al distribution within a given zeo-
lite framework is based on isomorphous substitution with a second 
trivalent heteroatom, usually boron, that might preferentially com-
pete with Al for some T sites. The succesful regulation of the Al 
siting through competitive incorporation of B has been recently 
achieved in H-MCM-22 zeolite. The preferential location of B in T 
positions facing the surface pockets and supercages of the MWW 
structure, prone to carbonaceous depositions, concentrates the 
Brönsted acid sites associated to Al into the 10R sinusoidal chan-
nels, where the alkene-based cycle is sterically favored. As a con-
sequence, the modified catalyst exhibits a high selectivity to pro-
pene and butenes, and an improved long-term stability.37,38  
There are some examples in the literature reporting an enhanced 
stability against deactivation by coke formation in B-modified 
ZSM-5 catalysts, which has been attributed to an increase in the 
amount of weak acid sites associated to B.39-42 However, no clear 
trends in the propene/ethene selectivity have been observed, and no 
direct relationship between B or Al siting and catalytic performance 
has been established. 
In this work we use the competitive Al and B incorporation in the 
ZSM-5 framework as starting working hypothesis to preferentially 
locate Al atoms and the associated Brönsted acid sites in the 10R 
channels of ZSM-5, with the final objective of increasing the selec-
tivity to propene, reducing the amount of aromatics and alkanes, 
and improving the catalyst stability. 

To achieve this goal, we have first studied by Density Functional 
Theory (DFT) the preferred location, if there is any, of Al and B in 
the MFI structure. Then, Al-B-ZSM-5 zeolites with different Si/Al 
and Si/B ratios have been synthesized and characterized, and in a 
second step B has been selectively removed by post synthesis treat-
ments. To determine the relative population of Brönsted acid sites 
associated to the remaining Al in the 10R channels or at the chan-
nels intersections we have used the product selectivity obtained in 
a test reaction, 1-hexene cracking, that undergoes different mono- 
and bimolecular reactions depending on the space available around 
the active sites. Comparison with the results obtained using a uni-
dimensional 10R pore zeolite (Theta-1) leads to the conclusion that 
the method proposed allows to modify the relative amount of Al 
atoms, and consequently of acid sites, within the channels versus 
channels intersections, and that it is possible to prepare, on those 
bases, improved catalysts for the conversion of methanol to pro-
pene. 

 
RESULTS AND DISCUSSION 
DFT study of Al and B location in ZSM-5  
The hypothesis that B and Al tend to occupy different T positions 
in ZSM-5 was investigated by means of DFT calculations (see 
Computational Details in the Supporting Information). Among the 
twelve non-equivalent tetrahedral T sites present in the orthor-
rombic structure of ZSM-5, T4 and T10 are located in the sinusoi-
dal 10R-sin channel, T8 and T11 are in the straight 10R-str channel, 
and the rest (T1, T2, T3, T5, T6, T7, T9 and T12) are at the inter-
section between the 10R-sin and 10R-str channels. Previous quan-
tum chemical calculations agree that the difference in energy be-
tween the most and least stable location of Al is not larger than 9 
kcal/mol.11,43,44 In a first step, six different systems with chemical 
composition AlxSi96-xO192 and BxSi96-xO192, with x = 1, 2 and 4  
were generated to model ZSM-5 zeolite with different Si/Al and 
Si/B ratios, and twelve different distributions corresponding to 
placing the Al or B atoms in the same crystallographic T position, 
from T1 to T12, were considered for each chemical composition. 
The negative charge generated in the framework by the presence of 
Al an B was compensated by tetraethyl ammonium cations in a 
tg.tg conformation occluded at the channels intersections.45 The rel-
ative stabilities of all distributions with respect to the most stable 
one are summarized in Table 1.   
 
Table 1. Relative stability of Al and B distributions (in kcal/mol) 
of Al-ZSM-5 and B-ZSM-5 zeolite models with different Si/Al and 
Si/B ratios. 

 Si/Al Si/B 
 95 47 23 95 47 23 

T1 0.0 1.2 1.6 3.4 3.0 9.0 
T2 3.1 6.4 2.6 4.9 9.3 7.4 
T3 2.6 5.7 0.4 6.4 11.4 13.2 
T4 1.4 0.6 2.8 5.9 7.8 22.5 
T5 1.7 0.9 5.4 0.7 0.0 6.7 
T6 4.0 8.0 6.4 2.1 2.1 0.0 
T7 3.3 8.3 16.3 3.4 6.6 17.4 
T8 1.9 3.6 4.6 5.4 9.5 22.0 
T9 3.1 5.8 5.3 3.5 6.1 6.1 

T10 1.5 4.5 5.4 0.0 0.5 2.2 
T11 1.3 0.0 0.9 1.9 1.4 7.8 
T12 0.1 0.1 0.0 3.5 5.1 8.6 

 
In agreement with previous studies,11,43,44 the energy values ob-
tained for the Al-containing models are quite similar, within 4 
kcal/mol at high Si/Al ratio and within 8 kcal/mol at most at higher 
Al content, with the only exception of T7 position that is clearly 
unstable at Si/Al = 23 (see Table 1 and Figures 2 and S1). This 
result is in accordance with the proposal that Al siting in ZSM-5 
depends on the synthesis procedure,33-35 because there is not any 



 

clear thermodynamic preference for occupying any given position 
in the framework. Indeed, at the highest Al content considered, 
there are six different positions whose relative stability differs by 
less than 3 kcal/mol: T1, T2, T3 and T12 at the channels intersec-
tions and T4 and T11 within the 10R channels. In contrast, in the 
B-containing models, differences in stability larger than 6 kcal/mol 
are already obtained at high Si/B ratio, that significantly increase 
with the B content. Thus, only T5, T6, T10 and T11 are within 3 
kcal/mol at low and medium B content. Increasing the Si/B ratio to 
23 results in a clear destabilization of most distributions, and the 
results in Table 1 and Figures 2 and S1 indicate that B atoms exhibit 
a clear thermodynamic preference to occupy T6 position at the 
channels intersection followed by T10 in the sinusoidal 10R-sin 
channel. This preferential siting of B at T6 and T10 is maintained 
in mixed Al-B-ZSM-5 models in which two Al and two B atoms 
are placed at the same T position (see Table 2).  
 
Table 2. Relative stability of Al and B distributions (in kcal/mol) 
of Al-B-ZSM-5 zeolite models with Si/(Al+B) = 23 and Al/B = 1. 

Al B Erel Al B Erel Al B Erel 
T1 T1 3.6 T4 T5 5.3 T11 T6 3.2 
T2 T2 6.5 T4 T6 1.7 T11 T10 4.6 
T3 T3 6.8 T4 T10 1.9 T12 T5 5.9 
T4 T4 8.7 T4 T11 7.9 T12 T6 1.2 
T5 T5 5.1 T5 T6 10.5 T12 T10 3.3 
T6 T6 3.6 T5 T10 4.8 T12 T11 7.3 
T7 T7 15.9 T5 T11 7.2 T6 T4 16.2 
T8 T8 13.8 T8 T5 10.7 T6 T5 11.9 
T9 T9 7.5 T8 T6 1.4 T6 T8 13.3 

T10 T10 3.2 T8 T10 7.9 T6 T10 3.6 
T11 T11 7.0 T8 T11 9.0 T6 T11 8.2 
T12 T12 8.4 T10 T5 9.7 T6 T12 9.8 
T1 T5 5.5 T10 T6 9.5 T2 T6 0.0 
T1 T6 7.2 T10 T11 8.5 T3 T6 3.2 
T1 T10 1.3 T10 T4 11.9 T7 T6 10.7 
T1 T11 4.1 T11 T5 9.5 T9 T6 3.8 

 
To try to understand the origin of the higher stability of B substitu-
tion at certain T positions, some geometrical parameters like the 
average Si-Si bond length in the pure silica material or the distance 
between the T atom and the N atom of the quaternary ammonium 
cation are summarized in Table S1 together with the relative stabil-
ity of each Al and B distribution at high Si/Al and Si/B ratios. While 
no clear trend is observed for Al distribution, the plot in Figure S2 
suggests that B is more stable at those T sites with shorter Si-Si 
distances, in line with the smaller size of the BO4 unit as compared 
to AlO4. 
Then, other possible distributions of Al and B in which the two het-
eroatoms occupy different T positions were explored, with B being 
preferentially placed at T5, T6, T10 and T11 due to the significant 
differences in stability obtained for substitution of this heteroatom 
and the large computational effort required to include all possibili-
ties. Data in Table 2 confirm the trend that the most stable systems 
(within ⁓ 4 kcal/mol) contain B in either T6 or T10, irrespectively 
of the location of Al. Indeed, exchanging the Al and B positions in 
the most stable configurations always led to a significant destabili-
zation of the system, as for instance T4-T6, T4-T10, or T6-T8 (see 
Table 2). It should also be noticed that three out of the six most 
stable distributions, whose relative energy differs by less than 3 
kcal/mol,  correspond to Al siting at T4, T8 and T11, that is, within 
the 10R channels (see Table 2 and Figure 2). Comparison of the 
plots in Figure 2a and 2c suggests that the presence of B increases 
the proportion of stable configurations containing Al in the 10R 
channels. It can then be concluded from the DFT calculations that, 
from a thermodynamic point of view, Al has little tendency to oc-
cupy preferentially any of the 12 T positions in ZSM-5 zeolite, in 
agreement with previous reports.11,43,44 On the other hand, B prefers 

to occupy T6 and T10 sites at or close to the channels intersection 
rather than any other position and, consequently, the proportion of 
T sites within the channels occupied by Al increases.  
 

 
Figure 2. Relative energy (in kcal/mol) with respect to the most 
stable distribution in a) Al-ZSM5 with Si/Al=23, b) B-ZSM5 with 
Si/B=23, and c) Al-B-ZSM-5 with Si/(Al+B)=23 and Al/B=1.Full 
and open symbols indicate location of Al and B, respectively. T 
sites at channels intersections are plotted in blue, orange squares 
and circles correspond to T sites within the 10R-sin and 10R-str 
channels, respectively. Some T sites are indicated by numbers. 
 
Synthesis and Characterization of Al-B-ZSM-5 zeolites 
It can therefore be envisioned that, by synthesizing Al-B-ZSM-5 
zeolites with a Si/(Al+B) ratio of ⁓ 23 and Al/B ratio of  ⁓ 1, and 
selectively removing the B with post-synthesis treatments, we 
could obtain Al-ZSM-5 samples with a higher proportion of Al in 
the channels than in the case of conventionally prepared Al-ZSM-
5 zeolite. To confirm this hypothesis, Al-ZSM-5 and B-ZSM-5 
samples with different Si/Al and Si/B ratios, as well as the corre-
sponding Al-B-ZSM-5 samples with different B/Al ratios were pre-
pared (Table 3). The Si/(Al+B) ratio in the B-containing gels 
ranged from 11.5 to 33.3. Notice that the Ttotal/OSDA ratios (Table 
4) in one unit cell in all the as-synthesized samples were calculated 
to be near 24, based on the results of elemental analysis. This is, as 
well, the amount of available positive charges for TIII heteroatoms 
to be located, limiting the minimum Si/(Al+B) in the resultant prod-
uct to be 24. As a result, the cases with Si/(Al+B) lower than 24 
should force competitive incorporation of Al and B in the available 
sites. Data in Table 3 indicate that, in these cases (samples labelled 
-B2), all Al present in the synthesis gel is incorporated into the ze-
olite framework while only a fraction of the B initially present in 
the gel is finally located in the zeolite structure.  
Crystallinity, chemical analysis and textural properties of the Si-Al, 
Si-B and Si-Al-B ZSM-5 zeolites before and after deboronation are 
given in Figure 3 and Table 4. The XRD patterns of all synthesized 
ZSM-5 samples showed the characteristic diffraction peaks of the 
MFI topology (Figure 3A). After the deboronation and calcination 
process the samples preserved the crystallinity (Figure 3B), indi-
cating that the removal of most of the B (Table 4) does not cause 
notable destruction of the framework structure. This conclusion is 
supported by the observation that the micropore volume of the ze-
olite samples remains practically the same after the deboronation 
treatment. It is also important to notice that no changes in the Al 
content of the Si-Al-B samples was observed due to the above 
postsynthesis treatments (Table 3). 



 

 

Figure 3. XRD patterns of ZSM-5 samples in as-synthesized forms 
(A) and after deboronation process (B). 

Table 3. Chemical composition of different ZSM-5 samples.  
Sample Composition gela As-synthesizeda Deboronatedb 

 Si/Al  Si/B  Si/(Al+B) Si/Al  Si/B  Si/(Al+B) Si/Al Si/B 
Z5-pureB - 50 50 - 45 45 - 107 

Z5-50 50 - 50 43 - 43 44 - 
Z5-50-B1 50 50 25 44 49 23.2 46 82 
Z5-50-B2 50 15 11.5 47 49 24.0 48 96 

Z5-75 75 - 75 58 - 58 58 - 
Z5-75-B1 75 50 30 60 67 31.7 61 117 
Z5-75-B2 75 15 12.5 72 40 25.7 70 64 

Z5-100 100 - 100 86 - 86 86 - 
Z5-100-B1 100 50 33.3 87 77 40.8 90 149 
Z5-100-B2 100 15 13.0 90 39 27.2 92 78 

a measured by ICP-AES 
b measured by elemental analysis 
  
Table 4. Characterization of different ZSM-5 samples. 

Sample OSDA 
(wt%)a 

Ttotal/ 
OSDA 

SBET 
(m2/g) 

Vmicro 
(cm3/g) 

Sext 
(m2/g) 

Z5-pureB 11.79 23.2 382 0.17 47 
Z5-50 11.47 24.0 401 0.17 53 

Z5-50-B1 11.28 24.4 364 0.17 49 
Z5-50-B2 11.34 24.3 400 0.16 83 

Z5-75 11.57 23.7 378 0.16 41 
Z5-75-B1 11.14 24.8 391 0.17 61 
Z5-75-B2 11.62 23.6 395 0.17 44 

Z5-100 11.45 24.0 375 0.16 43 
Z5-100-B1 11.31 24.4 390 0.17 38 
Z5-100-B2 11.78 23.3 388 0.17 41 

 a measured by elemental analysis  
 

Figure 4. SEM images of ZSM-5 samples (a) Z5-50 (b) Z5-50-B1 
(c) Z5-50-B2 (d) Z5-75 (e) Z5-75-B1 (f) Z5-75-B2 (g) Z5-100 (h) 
Z5-100-B1 (i) Z5-100-B2 (j, k) Z5-50-B1 (l) Z5-pureB. The scale 
bar in the images represents a length of 200 nm. 

Another key parameter to define and compare catalytic activity of 
different zeolite samples is the crystallite size, which has been 
measured here by FESEM. The results obtained (Figure 4) indicate 
that all ZSM-5 samples, regardless of their framework composition, 
are formed by nanosized crystals of 100-200 nm. Moreover, sam-
ples with medium and high Si/Al ratios (Z5-75 (Figure 4d-f) and 
Z5-100 series (Figure 4g-i)) have spherical morphology with clean 
external surface. Samples of the Z5-50 series with relatively higher 
Al content show also the presence of smaller crystallites (Figure 
4a-c). The internal sections of the samples analyzed by FIB-SEM 
(Figure 4j, k) illustrate that, despite some aggregation of the nano-
particles occur, the crystals were well defined with sizes between 
100 and 200 nm, being the pattern very similar for all the samples. 
Therefore we will be able to compare the catalytic activity of the 
samples on the bases of their framework composition and the way 
of achieving this composition for a constant zeolite crystallite size. 
The acid properties of the deboronated ZSM-5 samples were char-
acterized by NH3-TPD and FT-IR combined with pyridine adsorp-
tion/desorption measurements (see Figure S3, S4 and Table S2 in 
the Supporting Information). The total amount of acid sites  corre-
lates with the Si/Al ratio of the samples, and the absence of pyridine 
adsorption in a pure B-ZSM-5 zeolite prepared for comparison pur-
poses confirms that residual B does not significantly contributes to 
the measured acidity after removal of B. 
27Al MAS NMR spectra (Figure 5) show the presence of an intense 
peak at ~ 55 ppm assigned to tetrahedrally coordinated Al in all 
samples, while the band corresponding to extraframework Al at ~ 
0 ppm was not observed in any case. In order to obtain information 
about the Al distribution in each sample, the broad signal ranging 
from 45 to 65 ppm was deconvoluted into five different peaks 
at 52, 53, 54, 56 and 58 ppm (see the 27Al 3QMAS NMR spec-
trum of the Z5-50 and Z5-50-B samples in Figure S5) following 
the procedure previously described by Yokoi et al.28 The curve 
fittings and relative peak areas of the 27Al MAS NMR spectra 
of the different ZSM-5 samples are given in Figure 6 and Table 
5. The relative concentration of the five peaks differs noticea-
bly from one sample to another, with the only exception of the 
two samples with higher Si/Al ratio, Z5-100 and Z5-100-B1, 
which are quite similar. However, there is not a clear trend 
regarding the changes in intensity associated to the presence 



 

of B in Z5-50 and Z5-75 series. It can therefore be concluded 
that there is a different distribution of Al atoms over the 12 
non-equivalent tetrahedral T sites present in ZSM-5 in the samples 
with low Si/Al ratio caused by the competitive introduction of B in 
the framework, an effect that is not observed at high Si/Al ratio. 
However, it is not possible at this point to assign the peaks to par-
ticular T positions and therefore to identify the location of Al based 
only on 27Al MAS NMR spectra. 
 

 

Figure 5. 27Al MAS NMR spectra of different ZSM-5 samples. 

 
Figure 6. Curve fitting of the 27Al MAS NMR spectra of (A) Z5-
50, (B) Z5-50-B1, (C) Z5-75, (D) Z5-75-B1 (E) Z5-100 and (F) Z5-
100-B1. 
 
 

Table 5. Relative peak areas of the 27Al MAS NMR spectra of 
different ZSM -5 samples. 

  Al(e) Al(d) Al(c) Al(b) Al(a) 
chemical shift 

(ppm) 
58 56 54 53 52 

Z5-50 6 33 18 30 13 
Z5-50-B1 13 26  20 20  21 

Z5-75 14 22 15 21 28 
Z5-75-B1 12 30 13 28 17 
Z5-100 6 36 19 24 15 

Z5-100-B1 5 36 20 26 12 
 
Table 6. Co2+-exchange experiment results of different ZSM-5 
samples. 

Sample Compositiona Co-exchange experiment 

Si/Al Si/B Alisolb Alpairc Alαd Alβd Alγd 

Z5-50 44 - 45% 55% 32% 65% 3% 
Z5-50-B1 46 82 30% 70% 45% 55% <1% 

aMeasured by ICP-AES 
bCalculated according to equation n(Alisol)=n(Altotal)-n(Alpair) 
cn(Alpair)= n(Co2+) 
dMeasured by deconvolution of UV-Vis spectra of dehydrated 
ZSM-5. 
 
Finally, the concentration of isolated and paired Al atoms in sam-
ples Z5-50 and Z5-50-B1, and the characterization of the paired 
species as α, β and γ was determined by means of Co2+ and Na+ 
ion-exchange experiments and by deconvolution of the diffuse re-
flectance UV-Vis spectra of dehydrated Co2+ exchanged samples, 
following the procedures described in the literature.26,27,30,31,46 The 
results summarized in Table 6 indicate that the percentage of paired 
Al sites is higher in Z5-50-B1 sample, probably because the pres-
ence of B in the framework forces Al atoms to become closer. As 
regards the relative concentration of the different types of Al pairs 
present in the two samples, namely α (at the straight channels), β 
(at the intersections) and γ (at the sinusoidal channels), the trend 
observed is that the relative amount of Al sites in the straight 10R 
channels associated to α−pairs is higher in sample Z5-50-B1, alt-
hough nothing can be stated about the location of the isolated Al 
atoms.   
The characterization work described above shows that, after re-
moval of B from the initially synthesized Si-Al-B-ZSM-5 zeolites, 
we have samples with similar crystal size, Si/Al ratio and acid prop-
erties as the corresponding Si-Al-ZSM-5 prepared by conventional 
procedures, but with a different distribution of Al within the frame-
work. Therefore, the final activity and selectivity should be directly 
related to framework Al and its location within the structure. To 
determine the relative concentration of active sites in channels and 
intersections we use a test reaction, 1-hexene cracking, as a charac-
terization tool. We are aware that a test reaction is an indirect proof 
subjected to interpretation, but at the same time it can give indica-
tions about whether the reactant is able to interact with sites with 
different molecular constrains and reactivity.  
 
Cracking of 1-hexene as a test reaction for site location 
Cracking of olefins can proceed through mono- or bimolecular pro-
cesses, and the tendency to go through either process depends 
mainly on the size of the substrate molecule. Olefins with less than 
six carbons preferentially follow a bimolecular cracking pathway, 
and larger olefins generally favor the monomolecular route. We 
have selected 1-hexene cracking as test reaction because this mol-
ecule is on the boundary, that is, it can crack through both mono- 
and bimolecular processes and therefore, in this particular case, the 



 

ability of the zeolite framework to confine and stablilize the inter-
mediates and transition states involved in each pathway becomes 
particularly relevant.  
According to the mechanistic scheme for 1-hexene cracking 
(Scheme 1), the monomolecular pathway can either occur through 
branching isomerization of linear hexyl carbenium ions followed 
by β-scission yielding propene, or via direct β-scission of hexyl cat-
ions producing linear butenes and ethene, this latter possibility be-
ing less favorable because it requires the formation of secondary-
primary carbenium ions. The bimolecular pathway involves the re-
action of 1-hexene with propyl cations generated via the monomo-
lecular route to form bulkier C9+ carbenium ions that subsequently 
crack into different size olefins (C2= - C6= ). It can be expected that 
formation of such bulky cationic intermediates, as well as other ac-
companying bimolecular reactions like oligomerization, cycliza-
tion and hydrogen transfer yielding aromatics and alkanes, will 
only occur at the channels intersections, while the monomolecular 
pathway will also be allowed to occur on sites located within the 
10R channels. Thus, the selectivity parameters associated to these 
reactions should provide information about the location of the ac-
tive sites.  
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Scheme 1. Pathways for mono- and bimolecular cracking of 1-hex-
ene in ZSM-5.  
 
Table 7 summarizes the product distribution of 1-hexene cracking 
on Z5-50 and Z5-50-B1 samples at 500 ºC, atmospheric pressure, 
and an intermediate feed partial pressure (xo=0.251) (see Catalytic 
Reactions Section in the Supporting Information), together with re-
sults previously obtained using a unidimensional 10R zeolite such 
as Theta-1 with similar Si/Al ratio.47 The main products obtained 
are propene, butenes, pentenes and ethene, followed by small 
amounts of alkanes and aromatics. It is important to remark that the 
mono- and bimolecular processes cannot be distinguished directly 
from the product distribution since the olefins, which are the main 
products, could be both products and reactants of several primary 
and secondary reactions. However, following the reaction scheme, 
it is reasonable to assume that the monomolecular cracking of 1-
hexene mainly follows the isomerization-β-scission route yielding 
propene. This is supported by the low yield of ethene obtained in 
all cases, and specially with the unidimensional Theta-1 sample in 
where bimolecular processes are practically forbidden. On the other 
hand, if the C4= observed was only formed by monomolecular 
cracking of 1-hexene, then the C2=/C4= ratio should be equal to one. 
However, the results in Table 7 and Figure S6 show that such ratio 
is lower than one in the three samples, although larger in Theta-1 
than in ZSM-5, and therefore it can be concluded that a large frac-
tion of the C4= detected is formed by bimolecular cracking. If this  

Table 7. Conversion and product distribution of 1-hexene cracking 
on Z5-50, Z5-50-B1 and Theta-1. 

Sample Z5-50 Z5-50-B1 Theta-1 
Contact time (s) 9.96 14.94 39.8 
Conversion  (%) 84.3 84.7 82.9 

Molar yield 
(%) 

Ethene 13.3 12.9 8.5 
Propene 78.3 86.2 122.1 

C4= 33.8 30.9 13.9 
C5= 12.6 11.8 4.4 
C7= 0.4 0.3 0.3 

Molar yield 
ratio 

C2=/C4= 0.39 0.42 0.61 
C4=/C3= 0.43 0.36 0.11 
C5=/C3= 0.16 0.14 0.04 

 
is so, it appears that the C4=/C3= ratio could be used on a compara-
tive basis to discuss the relative extension of bimolecular with re-
spect to monomolecular cracking in the different samples prepared. 
Results in Table 7 and Figure S6 clearly show that the C4=/C3= ratio 
is lower in the Z5-50-B1 sample, synthesized with B and then re-
moved, than in the Z5-50 zeolite, and much lower in the unidirec-
tional Theta-1. A similar trend, although less pronounced, is found 
for the C5=/C3= ratio. These results suggest a higher ratio of mono- 
versus bimolecular cracking in the ZSM-5 sample originally syn-
thesized with B and ulteriorly removed, which in turn may indicate 
that this material has a larger fraction of Al active sites located 
within the 10R channels, in agreement with the DFT and Co2+-ex-
change results.  
This conclusion would also agree with the experimental fact that 
the selectivity for accompanying reactions that involve bimolecular 
processes and lead to formation of alkanes are lower with the sam-
ple synthesized with B and then removed (see Table S3 in the Sup-
porting Information), which is expected to have a larger fraction of 
acid sites within the channels. Taking into account the small size of 
the crystallites and the fact that these bimolecular processes can 
also occur at the external surface of the catalysts, the influence of 
the external acid sites was investigated by conducting the catalytic 
cracking of 1-hexene in the presence of a poisoning agent, 2,4-di-
methylquinoline (2,4-DMQ), that selectively blocks the acid sites 
on the external surface. The initial conversion of 1-hexene de-
creases by ⁓5-10% due to the presence of 2,4-DMQ, especially on 
Z5-50 sample, indicating that the reaction mainly occurs inside the 
channels, and the influence of the external surface is small (see Fig-
ure S7 in the Supporting Information). As regards selectivity, data 
in Table S3 show that the presence of 2,4-DMQ mainly affects the 
bimolecular processes, but still the ratio of mono- versus bimolec-
ular cracking is larger for the Z5-50-B1 sample.  
In conclusion, by means of 1-hexene cracking as a test reaction we 
have seen that in two ZSM-5 samples with similar Si/Al ratio, crys-
tal size, micropore volume and same external surface area, the sam-
ple synthesized with B that is later removed by a post synthesis 
treatment (Z5-50-B1) gives a higher ratio of mono- to bimolecular 
cracking than the sample that was synthesized without B (Z5-50), 
which could be interpreted because the proportion of cracking oc-
curing within the channels is higher in the former catalyst. If this is 
so, it appears to us that the catalytic behavior of the Z5-50-B1 sam-
ple should approach more to that of a unidimensional 10R zeolite 
such as Theta-1 (see Table 7 and Figure 7). This similarity should 
however take into account diffusion limitations in the unidirec-
tional Theta-1 zeolite that would lead to a lower rate of reaction as 
compared to Z5-50-B1 sample, in where the active sites in the 10R 
channels are accessible from the channel intersection void volume. 
This is indeed confirmed by the results presented in Figure 7, that 
includes reaction data of Theta-1 with Si/Al = 44 in the catalytic 



 

cracking of 1-hexene taken from a previously published work.47 
Furthermore, if the “dimensionality” of the Theta-1 is increased by 
creating mesopores that reduce channel length and increase the 
number of accessible pore mouth sites, the cracking reaction rate of 
this modified Theta-1 zeolite approaches that of Z5-50-B1 sample. 
 

 

Figure 7. Initial Conversion of 1-hexene vs. contact time in 1-hex-
ene cracking on Z5-50 (black), Z5-50-B1 (red) and Theta-1 (blue) 
samples.  

It appears that, on the basis of the theoretical calculations and the 
results obtained with the test reaction, the hypothesis that B prefer-
entially occupies framework positions at the channels intersection 
when competing with Al is a plausible one. Therefore, on those ba-
ses we should be able to design a better catalyst for other processes 
in where the location of Al in the ZSM-5 framework can be relevant 
for the selectivity of the reaction. For showing that, we have se-
lected here the conversion of methanol to propene. This is an in-
dustrially relevant process, in where the olefins formed initially can 
keep reacting through bimolecular processes to give aromatics and 
alkanes. There is no doubt that the concept and catalysts we have 
presented above should have a positive impact on the selectivity to 
propene when feeding methanol. 
 
Methanol to propene  
The objective during the preparation of catalysts for converting 
methanol into propene with ZSM-5 is to synthesize samples that 
maximize the selectivity to propene while minimizing the extent of 
secondary oligomerization–cyclization–hydrogen transfer reac-
tions yielding aromatics and alkanes. In this sense, it has been gen-
erally accepted that the density of acid sites, given by the frame-
work Si/Al ratio, is the main compositional parameter that controls 
the extent of those secondary reactions, being the selectivity to ar-
omatics and alkanes higher when the framework Si/Al ratio is 
lower. While this gives a good macroscopic picture on catalyst-re-
activity, it is clear that if one goes deeper it is possible to predict 
that the Al content in the zeolite taken as a global number does not 
guarantee the Al distribution in the form of isolated or paired Al, 
neither the Al location in more or less constrained positions within 
the structure, unless ZSM-5 samples with very high Si/Al ratios are 
considered.  
When the reaction mechanism for methanol conversion to olefins 
has been studied on ZSM-5, it has been found that C3=-C5= olefins 
are initially formed and then, aromatics and alkanes start to appear 
while the olefins show an unstable behavior, indicating that they 
further react to give the aromatics.48 According to the dual-cycle 
mechanism proposed in the literature, 14,15,17-19 propene and higher 
alkenes are formed through methylation/cracking of C3+ alkene in-
termediates preferentially within the 10R channels, while aromatics 
and alkanes resulting from oligomerization, cyclization and hydro-
gen transfer processes should occur at the channels intersections. If 

this is true, we should see a much higher selectivity to shorter chain 
olefins and much lower formation of aromatics and alkanes when 
carrying out the reaction with a unidimensional 10R zeolite. The 
same Theta-1 sample used in the catalytic cracking of 1-hexene was 
tested in the methanol to propene reaction and, indeed, the main 
products obtained were C3=-C5= olefins, with very low amount of 
aromatics and alkanes (see Figure 8).49,50 

Figure 8. Product yield distribution of methanol to propene over 
different zeolites. 

 

Figure 9. Product distribution of methanol to propene over (A) 
Z5-50 and (B) Z5-50-B1 samples. VHSW = 10 h-1. 

In order to obtain a similar product distribution using ZSM-5, the 
number of acid sites located within the 10R channels should be 
maximized, while those at the channels intersections should be kept 
to a minimum in order ot avoid the formation of aromatics with the 
corresponding loss of selectivity to propene and increase in catalyst 
deactivation. Taking into account all these considerations, it is clear 
that an approximation to the catalyst design can come from the Si-
Al-B catalyst concept described above. Indeed, the results obtained 
with Z5-50 and Z5-50-B1 samples (see Catalytic Reactions Section 



 

in the Supporting Information) show that the latter is more selective 
to propene and less selective to aromatics and alkanes, and that cat-
alytic lifetime is significantly increased (see Figures 9 and S8). Re-
sults obtained with zeolites with different Si/Al ratios indicate that 
the introduction of B in the synthesis and ulterior removal has al-
ways a positive effect, but its relevance decreases when increasing 
the Si/Al ratios (Figure S8).  
 
CONCLUSIONS  
In conclusion, we have showed the relevance on catalytic activity, 
selectivity and catalyst decay of selectively locating the acid sites 
in positions with different confinement within the zeolite. This has 
been illustrated in the case of ZSM-5 by taking advantage of the 
different structural preference of B and Al to occupy positions 
within the 10R channels or at channels intersections. B is preferen-
tially located at the channels intersections, while Al has no clear 
preference for any particular T site. Then, by preparing B-Al-ZSM-
5 samples followed by B removal in a post synthesis treatment, it 
is possible to produce Al-ZSM-5 samples enriched with Al in the 
10R channels. The effect of that has been illustrated for improving 
the selectivity to propene in 1-hexene cracking and methanol to 
propene reactions. 
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