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On the Role of Acidity in Bulk and Nanosheet [T]MFI
(T = Al3 + , Ga3 + , Fe3 + , B3 + ) Zeolites in the Methanol-toHydrocarbons Reaction
Lingqian Meng,[a] Xiaochun Zhu,[a, c] Brahim Mezari,[a] Robert Pestman,[a]
Wannaruedee Wannapakdee,[a, b] and Emiel J. M. Hensen*[a]
The influence of framework substituents (Al3 + , Ga3 + , Fe3 + and
B3 + ) and morphology (bulk vs. nanometer-sized sheets) of MFI
zeolites on the acidity and catalytic performance in the methanol-to-hydrocarbons (MTH) reaction was investigated. The
Brønsted acid density and strength decreased in the order
Al(OH)Si > Ga(OH)Si > Fe(OH)Si @ B(OH)Si. Pyridine 15N NMR
spectra confirmed the differences in the Brønsted and Lewis
acid strengths but also provided evidence for site heterogeneity in the Brønsted acid sites. Owing to the lower efficiency
with which tervalent ions can be inserted into the zeolite
framework, sheet-like zeolites exhibited lower acidity than bulk
zeolites. The sheet-like Al-containing MFI zeolite exhibited the
greatest longevity as a MTH catalyst, outperforming its bulk

[Al]MFI counterpart. Although the lower acidity of bulk [Ga]MFI
led to a better catalytic performance than bulk [Al]MFI, the
sheet-like [Ga]MFI sample was found to be nearly inactive
owing to lower and heterogeneous Brønsted acidity. All Feand B-substituted zeolite samples displayed very low catalytic
performance owing to their weak acidity. Based on the product
distribution, the MTH reaction was found to be dominated by
the olefins-based catalytic cycle. The small contribution of the
aromatics-based catalytic cycle was larger for bulk zeolite than
for sheet-like zeolite, indicating that shorter residence time of
aromatics can explain the lower tendency toward coking and
enhanced catalyst longevity.

Introduction
The realization that the glut of oil is not permanent has led to
novel chemical conversion technologies to obtain chemicals
and fuels from other feedstocks. Converting synthesis gas into
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liquid hydrocarbons can be achieved in two different manners.
The Fischer–Tropsch process converts mixtures of CO and H2
into long-chain paraffins. Introduced before the second world
war in Germany, it has been further developed into commercial
technology by SASOL and Shell.[1] The other route involves
conversion of synthesis gas to methanol, a well-established
process, prior to methanol dehydration to gasoline-range hydrocarbons in the Mobil process (methanol-to-gasoline,
MTG).[2] Key to its initial commercialization was the discovery
of a new zeolite, H-ZSM-5 (MFI topology),[3] allowing for a
more narrow distribution of hydrocarbons than obtained with
the Fischer–Tropsch synthesis process at high conversion.
Overall, gasoline yields of 75–80 wt % can be realized in this
manner.[2a] Although the decline in crude oil prices led to the
discontinuation of the only running MTG plant in New Zealand, similar technologies to convert methanol to light olefins,
primarily used as building blocks for polymers, have recently
been commercialized, mainly in China.[4] For the conversion of
methanol to olefins (MTO), small-pore zeolites are most effective, with silicoaluminophosphate H-SAPO-34 the commercially
preferred catalyst.[5] This relatively weakly acidic catalyst allows
light olefins to be obtained in yields higher than 80 %.[5c, 6] A
major challenge is catalyst deactivation owing to the build-up
of bulky aromatics in the cages of the chabazite structure.[2c, 6a, 7]
These species cannot escape through the eight-membered
ring (8MR) pore apertures of these small-pore zeolites.[8] Compared with H-SAPO-34, H-ZSM-5 used in the MTG process is
less prone to deactivation, which is likely because aromatic
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products can leave the micropores through its 10MR pore system.[2d, 5a] Although H-ZSM-5 produces a wider range of products in the gasoline range than 8MR zeolites, it can also be
tuned to obtain propylene in high yield in the methanol-topropylene process (MTP).[4a, 5a]
There has been a long-standing debate on the mechanism
of methanol conversion in zeolites.[9] A breakthrough was the
realization by Kolboe and co-workers that a “hydrocarbon
pool” is acting as reaction intermediates in methanol conversion reactions in zeolites.[10] Currently, it is widely accepted that
there are two types of hydrocarbon pools, resulting in different
cycles that convert methanol to higher hydrocarbons.[11] When
olefins are the dominant intermediates, mainly propylene and
higher hydrocarbons are the products of olefin methylation
and cracking reactions.[11b, c] These olefins can be further converted into higher olefins, aromatics, and paraffins through oligomerization, cracking, aromatization, and hydrogen transfer
reactions. Ethylene is obtained in very small amounts because
of the low stability of primary carbenium ions.[12] When polymethylated benzenes contribute to methanol conversion as reaction intermediates, the ethylene yield is usually much higher
because the polymethylated benzenes can undergo a series of
gem-methylation, deprotonation, side-chain methylation, and
elimination reactions.[13] Ultimately, the zeolite micropores
become plugged because of the formation of polycyclic aromatics, high molecular weight polymeric carbon, amorphous
carbon, and so forth.[14] In 8MR zeolites, in which polymethylated benzenes[15] cannot escape the scene of catalysis, the ethylene yield is typically much higher and deactivation more pronounced in comparison to zeolites with larger micropores.[2d, 4a]
Performance in terms of product distribution and deactivation depends not only on the zeolite topology but also on the
acidity of the zeolites.[16] Focusing on H-ZSM-5, various approaches have been followed to modify its acidity, mainly to
decrease coking deactivation and influence product selectivity.
Previous studies showed that doping H-ZSM-5 with elements
such as P,[17] Fe,[18] Ga,[19] or B[16b, 20] improved the selectivity of
light olefins and/or prolonged the lifetime of catalysts. Recently, Yarulina et al. found that after incorporation of Ca2 + in HZSM-5, a total light-olefin selectivity as high as 90 % was obtained in the methanol-to-hydrocarbons (MTH) reaction and
the catalyst showed improved lifetime.[21] Synthesis of MFI zeolites by using framework substituents other than Al3 + (H-ZSM5) has also been investigated as a way to tune the acidity.[22]
Klinowski and co-workers found that the selectivity of aromatics in the MTH reaction depends strongly on the gallium concentration in gallosilicate MFI-type zeolites;[22a] borosilicate
MFI-type zeolite showed extremely low activity in converting
methanol to higher hydrocarbons.[22b, c, 23]
Deactivation as a result of coking can lead to underutilization of the micropore space of zeolites, mainly because of diffusional limitations.[16c, 24] Heavy deposits formed close to the
external surface can block the access of methanol to the internal parts of the zeolite crystals. A common way to improve catalytic performance is then to decrease the size of the microporous domains, for instance, by using smaller zeolite crystals[25]
or to introduce additional intra- or intercrystalline porosity in
ChemCatChem 2017, 9, 3942 – 3954
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zeolites.[26] The latter solution has been followed in a wide variety of approaches, and methanol conversion has been a stock
reaction in demonstrating the improved performance in terms
of a decreased rate of deactivation, most evidently from the increased amount of methanol converted before the zeolite micropores become blocked. Examples of the latter include
steaming,[27] desilication,[16c, 28] and hard[29] and soft templating[24, 30] methods to introduce additional porosity. An extreme
case of control of hierarchical organization of micro- and mesopores was demonstrated by the group of Ryoo, who showed
that diquaternary ammonium surfactants allow sheet-like zeolites to be obtained in which the crystal size is limited to several nanometers in one direction, the sheets are separated by
mesopores.[30] Such zeolite samples display greatly improved
catalytic performance in the MTH reaction.[16a, 24]
In the present work, we set out to systematically investigate
the role of acid strength in zeolite MFI by using Al, Ga, Fe, and
B as framework substituents. Based on the literature,[31] it is expected that the acidity decreases in the order Al > Ga > Fe > B.
As it has been shown that the presence of mesopores improves the utilization degree, we prepared both bulk MFI zeolites and sheet-like MFI zeolites by using the approach of Ryoo
et al.[30] The obtained zeolites were extensively characterized
for their morphological, textural, and acidic properties by elemental analysis, transmission electron microscopy (TEM), scanning electron microscopy (SEM), X-ray diffraction (XRD), Ar porosimetry, Fourier transform infrared (FTIR) spectroscopy, and
solid-state NMR spectroscopy. We specifically focused on the
extent of incorporation of the tervalent cations in the zeolite
framework and the acid strength. The influence of acid
strength and crystal domain size on the catalytic performance
in the MTH reaction (activity, lifetime, amount of methanol
converted, product distribution) will be discussed.

Results and Discussion
Structure and morphology
The XRD patterns of the bulk and sheet-like MFI zeolites are
depicted in Figure 1. All patterns showed diffraction peaks
characteristic for MFI zeolite,[16a] in which the relative intensity
ratios of the dominant (0 11), (2 0 0), (0 3 1), and (0 5 1) reflections are practically similar. For all T substituents considered
here, zeolites with the MFI topology were obtained. Different
from bulk zeolites, only the h 0 l reflections in the XRD patterns
of sheet-like MFI zeolites were sufficiently sharp for indexing.
Corresponding to their small crystal size in the b-direction (i.e.,
the direction of the straight channels), the 0 k 0 reflections are
strongly broadened or even absent.
Representative SEM and TEM images collected in Figure 2 indicate that all MFI zeolites synthesized by the structure directing agent (SDA) C22-6-6·Br2 exhibit a plate-like morphology. Although not uniform in thickness, the size of these nanosheets
is on the order of several nanometers. There is no significant
difference in morphology between the [Al]MFI, [Ga]MFI,
[Fe]MFI, and [B]MFI nanosheet samples. The bulk zeolite con-
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Figure 1. X-ray powder diffraction patterns of bulk and sheet-like MFI zeolites.

sists of large spherical particles with a size of several hundreds
of nanometers as reported before.[32]
Figure 3 shows the Ar physisorption isotherms and corresponding pore size distributions (PSDs) of bulk and sheet-like
MFI zeolites. All of the bulk MFI zeolites display the typical
type I isotherms of microporous materials.[33] For the sheet-like
zeolites, type IV isotherms with distinct hysteresis loops indicate the presence of mesopores next to micropores.[33, 34] As
the usual estimations for pore size distribution such as the Barrett–Joyner–Halenda (BJH) method are considered unreliable
for the H4 type of isotherm,[33, 34] we applied the NLDFT
method using the adsorption branch of the isotherm. The
PSDs demonstrate that the sheet-like zeolites contain a significant amount of mesopores in the 2–20 nm size range. The feature in the PSD around 2 nm is owing to the intersheet distance, whereas the broader feature can be ascribed to the
voids between the stacks of sheets. The bulk MFI zeolites have
Table 1. Textural properties of bulk and nanosheet MFI zeolites.
Catalyst

SBET[a]
[m2 g@1]

Vtotal[b]
[cm3 g@1]

Vmeso[c]
[cm3 g@1]

Vmicro[d]
[cm3 g@1]

[Al]MFI-bulk
[Ga]MFI-bulk
[Fe]MFI-bulk
[B]MFI-bulk
[Al]MFI-sheet
[Ga]MFI-sheet
[Fe]MFI-sheet
[B]MFI-sheet

343
435
402
353
567
580
511
484

0.18
0.22
0.22
0.18
0.81
0.83
0.77
0.73

0.02
0.03
0.04
0.03
0.68
0.69
0.63
0.61

0.10
0.13
0.11
0.10
0.13
0.14
0.13
0.13

[a] Brunauer–Emmett–Teller (BET) surface area (p/p0 = 0.05–0.25). [b] Total
pore volume at p/p0 = 0.97. [c] Mesopore volume by the NLDFT method
using the adsorption branch. [d] The micropore volume of bulk MFI zeolite was determined by the t-plot method by using the Broekhoff–de
Boer model (thickness range 0.34–0.50 nm); the micropore (< 2.0 nm)
volume of sheet MFI zeolite was determined by the NLDFT method.
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few mesopores, which mainly originate from voids between
the zeolite crystals. A distinct peak at 0.53 nm in the PSDs in
all the zeolites corresponds to the size of the micropores of
MFI zeolites.
The textural properties derived from the Ar sorption isotherms are listed in Table 1. The texture does not change if the
T atom is varied. All the sheet-like MFI zeolites have significantly higher Brunauer–Emmett–Teller (BET) surface area, total pore
volume, and mesopore volume than their bulk counterparts.
The BET surface area and the total pore volume of the sheetlike zeolites reached values as high as 580 m2 g@1 and
0.83 cm3 g@1, respectively. Mesopores contributed significantly
to the total pore volume for these sheet-like zeolites. The micropore volume is comparable for bulk and sheet-like zeolites
(typically in the 0.10–0.14 cm3 g@1 range).
The elemental composition of the samples is given in
Table 3. The bulk and sheet-like [Al]MFI, [Ga]MFI, and [Fe]MFI
zeolites have similar Si/T (T = Al, Ga, Fe) ratios ( & 45–50), indicating that nearly all substituent elements present in the synthesis gel were built into the zeolite framework. The Si/B
atomic ratio was around 101 and 155 for bulk and sheet-like
[B]MFI zeolites, respectively. This result is consistent with earlier
findings that it is difficult introduce B into zeolite frameworks.[35] The primary cause for this is the small size of the
boron cation in comparison to Si4 + .[35, 36]
To investigate the location of Al, Ga, and B species in the calcined MFI zeolites, 27Al, 71Ga, and 11B MAS NMR spectra were
measured (Figure 4). The fraction of tetrahedral framework Al,
Ga, and B species in zeolites are given in Table 2. For bulk and
sheet-like [Al]MFI zeolites, the 27Al MAS NMR spectra are dominated by a strong signal around 55 ppm corresponding to tetrahedrally coordinated framework Al (AlIV).[24] A weaker signal
around 0 ppm is related to extraframework Al species in octahedral coordination (AlVI).[16a, 24] The spectra do not contain the
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Figure 2. Representative SEM and TEM images of (a and b) [Al]MFI-sheet, (c and d) [Ga]MFI-sheet, (e and f) [Fe]MFI-sheet, (g and h) [B]MFI-sheet, and
(i) [Al]MFI-bulk zeolites.

Table 2. Si/T ratio, fraction of framework T (T = Al, Ga, Fe, or B), and density of acid sites in the bulk and sheet-like MFI zeolites.
Catalyst

T content[a]
[wt %]

Si/Ttotal[a]

TF, NMR[b]
[%]

Si/TF[c]

TF, Si NMR[d]
[%]

[BAS][e]
[mmol g@1]

[LAS][f]
[mmol g@1]

[Al]MFI-bulk
[Ga]MFI-bulk
[Fe]MFI-bulk
[B]MFI-bulk
[Al]MFI-sheet
[Ga]MFI-sheet
[Fe]MFI-sheet
[B]MFI-sheet

0.98
2.48
1.98
0.18
0.93
2.33
1.83
0.12

45.0
45.1
45.7
101.4
47.2
48.1
49.5
155.3

95.1
n.d.[g]
n.d.
98.3
83.6
n.d.
n.d.
85.3

52.3
69.6
n.d.
125.4
60.7
109.0
n.d.
177.0

86.0
64.7
n.d.
80.5
77.4
44
n.d.
87.6

265
214
142
42
211
125
153
27

75
109
125
33
122
210
140
15

[a] Determined by ICP-OES analysis. [b] Determined by 27Al, 71Ga, and 11B MAS NMR spectroscopy. [c] Fraction of framework T determined by 29Si MAS NMR
spectroscopy, spectra deconvoluted according to the strategy outlined by Fyfe et al., i.e., Si/TF = [Q4(0T) + Q4(1T) + Q3(0T)]/Q4(1T).[39] [d] Fraction of framework T determined by ICP-OES analysis and 29Si MAS NMR spectroscopy, TF, NMR (%) = (Si/Ttotal)/(Si/TF) V 100 %. [e] Density of Brønsted acid sites (BAS) determined by IR spectra of adsorbed pyridine after evacuation for 1 h at 423 K. [f] Density of Lewis acid sites (LAS) determined by IR spectra of adsorbed pyridine after evacuation for 1 h at 423 K. [g] Not determined.
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Figure 3. Ar physisorption isotherms (left) and pore size distribution (right) of bulk and sheet-like MFI zeolites. The pore size distributions were calculated by
using the NLDFT method using the adsorption branch.

Figure 4. 27Al MAS NMR spectra of [Al]MFI-bulk and [Al]MFI-sheet, 71Ga MAS
NMR spectra of [Ga]MFI-bulk and [Ga]MFI-sheet, 11B MAS NMR spectra of
[B]MFI-bulk and [B]MFI-sheet.

feature around 30 ppm that is typical for five-coordinated Al
and/or distorted tetrahedral Al species.[24] The fraction of AlIV in
ChemCatChem 2017, 9, 3942 – 3954
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[Al]MFI-sheet of 84 % is lower than that of 95 % for [Al]MFIbulk. This is in accord with earlier studies that reported the
lower efficiency in building Al atoms into the MFI framework
during nanosheet formation.[24]
For bulk and sheet-like [Ga]MFI zeolites, the 71Ga MAS NMR
spectra contain a broad feature in the 100–200 ppm region,
which is usually assigned to tetrahedrally coordinated framework Ga (GaIV) species.[22a, 36b] The invisibility of the signal corresponding to octahedrally coordinated Ga (GaVI) has been ascribed to large electric field gradients over a fraction of the Ga
nuclei and makes quantitative determination of the fraction of
Ga inserted into the framework impossible.[36b]
The 11B MAS NMR spectra of bulk and sheet-like [B]MFI zeolites contain an intense feature at @3.6 ppm. This shows that
most B atoms are present as tetrahedral species (BIV) in the
zeolite framework.[37] A weaker peak around 18–19 ppm corresponds to extraframework trigonal B species (BIII).[37a] There is
no clear signal at 10 ppm, at which one expects trigonal framework B species in B(OSi)3.[37a] It has been reported that exposure of the zeolites to a base such as H2O can convert the
trigonal framework B species to tetrahedrally coordinated
BIV.[36a, 37a, 38] Similar with [Al]MFI, the [B]MFI-sheet zeolite contains a lower fraction of BIV species (85 %) than its bulk counterpart (98 %).
Figure 5 shows direct excitation (DE) 29Si NMR spectra of the
[Al]MFI, [Ga]MFI, and [B]MFI zeolites. It has been demonstrated
that the chemical shifts of Si species in different coordination
modes in MFI zeolites do not depend on the substituent.[40] Accordingly, the 29Si NMR spectra of the samples were deconvoluted in a similar manner. A rather broad line centered at
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Figure 5. Direct-excitation 29Si MAS NMR spectra (blue solid line) of the zeolites. The grey lines indicate the deconvolution of the spectra, and the dashed
lines show the integration of the grey lines.

@112 ppm is assigned to Q4 = Si(OSi)4 silicon atoms.[16a, 24, 40, 41] In
this range, two signals can be distinguished, a strong component at @112 ppm and a weaker one at @116 ppm, which are,
respectively, assigned to symmetric and slightly asymmetric Q4
silicon.[16a, 39] The presence of tetrahedral Al, Ga, or B species in
the zeolite framework is evident from the signal at @106 ppm
in all of the spectra.[16a] The peak at @102 ppm corresponds to
Q3 = Si(OSi)3(OH) silicon atoms in zeolites.[24, 39]
Table 2 lists the Si/TF (framework Al, Ga, or B) atomic ratios
obtained by deconvolution of the 29Si MAS NMR spectra. By
combining the framework substituent content with the value
of Si/Ttotal derived from elemental analysis, we obtain the fraction of T atoms in the zeolite framework as TF, Si NMR (%) = (Si/
Ttotal)/(Si/TF) V 100 %. Consistent with the TF, NMR determined by
27
Al and 11B MAS NMR spectra, these data show that the largest
part of the Al and B atoms were inserted into the framework.
On the contrary, a significant fraction of the Ga atoms was located at extraframework positions in the [Ga]MFI zeolites. The
relatively low fraction of Ga atoms inserted into the MFI zeolite
framework is consistent with the findings of Choudhary
et al.[42] Notably, the samples were calcined two times, once to
remove the organic template and the second to remove ammonia after ion-exchange of the Na form. Release of water,
predominantly in the first calcination step, results in steaming
of the zeolites, a process that leads to the hydrolysis of Si-O-T
bonds and the extraction of the substituents from the framework.[36b, 42, 43] The low framework site content of the calcined
Ga-containing zeolites is consistent with the lower stability of
tetrahedral Ga species in MFI zeolite in comparison to tetraheChemCatChem 2017, 9, 3942 – 3954
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dral Al species.[36b] Others have studied the migration of Fe
ions from the framework to extraframework positions in MFI
zeolites.[44] A general conclusion is that the fraction of tetrahedral T atom substituents is lower in the sheet-like zeolites than
in the corresponding bulk ones. This may be a result of the
less rigid structure of the sheet-like zeolites, resulting in easier
extraction during calcination[24] or the lower flexibility of the diquaternary structure-directing agent in comparison to TPA.
Acidity characterization
The acid strength of the isomorphously substituted MFI zeolites was investigated by FTIR spectroscopy of adsorbed CO at
77 K of dehydrated samples (Figure 6). Before CO adsorption,
all the zeolites show a characteristic OH stretching band
around 3750 cm@1, which can be assigned to terminal silanol
groups.[31a, 45] The concentration of these silanol groups is much
higher in sheet-like zeolites than in bulk zeolites, which is
owing to the higher external surface area. The weak band at
3740 cm@1 present in some spectra is associated with internal
isolated silanol groups.[45a, b] The band observed in the 3600–
3650 cm@1 region is assigned to T(OH)Si (bridging hydroxyl),
the frequency of which depends on Brønsted acid strength.[31a]
Consistent with the literature,[31a, 45b, c] this band is located at
3616 cm@1, 3626 cm@1, 3634 cm@1, and 3726 cm@1 for Al[MFI],
Ga[MFI], Fe[MFI], and B[MFI] zeolites, respectively, which is also
consistent with acid strength decreasing in the order
Al(OH)Si > Ga(OH)Si > Fe(OH)Si @ B(OH)Si.[31a] The redshift of
these bands following CO adsorption also depends on the
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Figure 6. Hydroxyl (3800–3000 cm@1) and carbonyl (2250–2100 cm@1) stretching regions of FTIR spectra of dehydrated (left) bulk and (right) sheet-like MFI zeolites at 77 K as a function of the CO coverage before (hydroxyl and carbonyl stretch regions) and after (hydroxyl stretch region) subtraction of background
spectra (difference spectra were normalized by weight). The red spectra represent the background spectra before CO adsorption in the OH stretching region.

acidity of bridging hydroxyls in the zeolites.[45c] For bulk and
sheet-like [Al]MFI zeolites, the equal redshift of approximately
306 cm@1 implies that the acid sites Al(OH)Si in these two
forms of ZSM-5 zeolite have the same strength. If Al is replaced
by Ga and Fe, the redshift decreases to approximately
290 cm@1 and 275 cm@1, respectively. Judging from the IR spectra, the amount of Brønsted acid sites in the two [B]MFI zeolites is very small and the corresponding redshift is the lowest
among the MFI zeolites studied here. Moreover, the B-substituted zeolites appear to be highly defective with a large
amount of silanol groups. The sheet-like zeolite is more defective than its bulk counterpart.
In the carbonyl stretching region, three bands at 2173 cm@1,
2155 cm@1, and 2138 cm@1 can be observed, which belong to
CO adsorption on Brønsted acidic sites, silanol groups, and
physisorbed CO, respectively.[16a, 24, 46] The frequency of CO coordinating to the Brønsted acid sites does not depend on the
type of substituent. Judging from the intensity of the band resulting from bridging hydroxyl groups, the number of acid
sites decreases in the order Al(OH)Si & Ga(OH)Si > Fe(OH)Si @
B(OH)Si. This order was as follows for the sheet-like zeolites:
Al(OH)Si > Fe(OH)Si > Ga(OH)Si @ B(OH)Si.
Additional characterization of the acidity situation in these
zeolites was obtained by low-temperature 1H-15N CPMAS NMR
experiments (223 K) after adsorption of pyridine-15N (Figure 7).
The NMR spectra of the zeolites showed three broad signals,
which can be assigned based on the literature.[47] The signal in
ChemCatChem 2017, 9, 3942 – 3954
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Figure 7. 1H-15N CPMAS NMR spectra of pyridine-15N absorbed on MFI zeolites. All the spectra were measured at 223 K.
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the 140–185 ppm range relates to pyridinium ions formed by
protonation of pyridine-15N. Signals in the 185–220 ppm range
correspond to interactions of the 15N lone pair with electrondeficient Lewis acid sites. Finally, signals in the 220–280 ppm
range can be related to hydrogen bonding between pyridine15
N with silanol groups.[47] It can be seen that the signal related
to Brønsted acid sites appeared at higher magnetic field in
[Al]MFI zeolites than in [B]MFI zeolites. This is consistent with
the higher acid strength of the former zeolite. The bulk and
sheet-like [Ga]MFI zeolites contain two distinct signals in the
140–185 ppm range, suggesting that there are two types of
Brønsted acid sites. This might relate to the specific location of
the isomorphous substitution in the MFI zeolite. Although
most pronounced for [Ga]MFI, the spectra of Al(OH)Si and
B(OH)Si also contain indications for the presence of two types
of Brønsted acid sites.
Two signals at 253 ppm and 246 ppm observed in all of the
spectra are related to hydrogen bonding between pyridine-15N
and external and internal silanol groups, respectively. The
chemical shifts related to pyridine-15N coordinating to Lewis
acid sites are similar for [Al]MFI and [Ga]MFI zeolites. For
[B]MFI zeolites, the signal occurs at lower magnetic field, characteristic of the weaker interaction between pyridine-15N and
Lewis acid B sites.
The density of Brønsted and Lewis acid sites was determined
by use of IR spectroscopy of adsorbed pyridine. The spectra in

the range 1580–1400 cm@1 are shown in Figure 8. To quantify
the total amount of Brønsted and Lewis acid sites, molar extinction coefficients of 0.73 cm mmol@1 and 1.11 cm mmol@1
were used, respectively.[48] These molar extinction coefficients
were determined previously for the HZSM-5 zeolite,[48] and
they are assumed to be independent of the zeolite topology
and the strength of the acid sites.[49] The IR bands at
1545 cm@1 and 1455 cm@1 are assigned to pyridine associated
with Brønsted and Lewis acid sites, respectively.[48] The band at
1490 cm@1 arises from both types of pyridine.[50]
The corresponding densities of acid sites determined after
evacuation at 423 K are listed in Table 2. Clearly, [Al]MFI-sheet
zeolite contains less Brønsted acid sites than its bulk counterpart. The difference is much larger between [Ga]MFI-sheet and
[Ga]MFI-bulk and is consistent with the lower fraction of tetrahedrally coordinated Al and Ga in sheet-like MFI zeolites as determined by NMR spectroscopy. Thus, the sheet-like zeolites
contain more Lewis acid sites in the form of extraframework Al
or Ga species than the bulk ones. The density of Brønsted and
Lewis acid sites in bulk and sheet-like [Fe]MFI zeolites are comparable. Both bulk and sheet-like [B]MFI zeolites contain relatively small amounts of Brønsted and Lewis acid sites.
For bulk MFI zeolites, the density of Brønsted acid sites decreases in the order Al > Ga > Fe > B, which is consistent also
with the CO IR data. Whilst no NMR data are available for Fecontaining zeolites, the pyridine IR spectra show that the

Figure 8. IR spectra of pyridine adsorbed on bulk and sheet-like MFI zeolites after evacuation at 423 K, 573 K, and 773 K.
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Figure 9. Catalytic performance of MFI zeolites in the methanol-to-hydrocarbons reaction (reaction conditions: WHSV = 6 h@1 and 2 h@1, T = 673 K).

amount of Brønsted and Lewis acid sites in [Fe]MFI-bulk and
[Fe]MFI-sheet zeolites are comparable. As the Brønsted acid
site density is much lower in [Fe]MFI-bulk than in [Ga]MFI-bulk,
we can estimate that the fraction of framework Fe ions is also
much lower than the approximately 65 % of Ga ions built into
the [Ga]MFI-bulk framework. A similar analysis shows that the
amount of Fe built into the sheet-like zeolite should be higher
than the fraction of 44 % of Ga ions built into [Ga]MFI-sheet.
Taken together, this suggests that the fraction of Fe built into
the framework is around 50–60 %.
Catalytic activity measurements
The results of methanol conversion as a function of time on
stream obtained in a fixed-bed reactor at 673 K and two different space velocities (2 h@1 and 6 h@1) are presented in Figure 9.
Dimethyl ether (DME) is considered as a reactant in the following discussion. The product selectivities of methane, ethane,
ethylene, propane, propylene, C4 + aliphatics and aromatics are
collected in Table 3. Ethylene selectivity was used as an indicator for the degree of the propagation through polymethylated
benzenes,[51] whereas the C4 + selectivity was used for assessing
the importance of propagation through the olefins-based
cycle.[51]
We will discuss the activity results by comparing bulk and
sheet-like zeolites. It is seen that [Al]MFI-sheet zeolite remains
active much longer than its bulk counterpart at weight hourly
space velocity (WHSV) values of 2 h@1 and 6 h@1. This result is
in line with earlier studies, demonstrating the superior performance of the nanostructured zeolite.[16a, 24] At a WHSV of
6 h@1, the C4 + selectivity for the sheet-like zeolite is 53 %. The
low ethylene (2.6 %) in comparison to propylene (42.2 %) selectivity points to the dominance of the olefins-based cycle in
methanol conversion for the [Al]MFI-sheet zeolite.[16e] Owing to
ChemCatChem 2017, 9, 3942 – 3954
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the short diffusion lengths in sheet-like MFI zeolites, the residence time of aromatics will be much shorter than in bulk MFI
zeolites and the aromatics-based cycle, which produces ethylene, is suppressed. In contrast, [Al]MFI-bulk exhibits significantly higher ethylene ( & 9 %) and aromatics selectivities. The propylene selectivity is much higher than ethylene selectivity, indicating that an olefins-based cycle remains important. The
higher coke content of the spent bulk zeolite sample is also
consistent with this mechanistic difference, as we expect that
heavy deposits are built up more rapidly in the aromaticsbased cycle than in the olefins-based cycle.
Although [Ga]MFI-bulk was not able to convert all the methanol at the highest WHSV, it exhibited much higher stability in
methanol conversion than [Al]MFI-bulk. We discuss two possible explanations. First, [Ga]MFI-bulk contains less Brønsted acid
sites than [Al]MFI-bulk.[16a, 46] Second, these acid sites are
weaker in the gallosilicate than in the aluminosilicate. Both aspects may contribute to a lower rate of secondary reactions
that result in the formation of more bulky products. Based on
the selectivities, we infer that the aromatics-based cycle contributes less in the gallosilicate, possibly because of the high
acidity required for aromatization of linear olefins. Surprisingly,
the [Ga]MFI-sheet zeolite displayed very poor activity in methanol conversion. Besides the lower amount of Brønsted acid
sites, a significant fraction of these sites also shows weak acidity in comparison to the sites in [Al]MFI, as followed from the
pyridine-15N NMR data. At higher WHSV, methanol conversion
is low with CH4, CO, and CO2 contributing significantly to the
products. A likely mechanism for such products is hydride
transfer between methanol and surface methoxy species, with
the resulting formaldehyde rapidly decomposing to CO.[52]
Methanol conversion at low WHSV is initially approximately
90 %. Under these conditions, the product distribution is similar to that of the other active zeolites with the olefins-based
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Table 3. Lifetime, turnover number (TON), product distribution (after 25 min on stream), and coke content of MFI zeolite catalysts for the MTH reaction
(WHSV = 6 h@1 and 2 h@1; T = 673 K).

Zeolite

WHSV
[h@1]

TON[a]

[Al]MFI-bulk

6
2
6
2
6
2
6
2
6
2
6
2
6
2
6
2

1.3 V 104
–
3.6 V 104
–
–
7.6 V 102
–
–
9.6 V 104
–
–
2.0 V 103
–
–
–
-

[Ga]MFI-bulk
[Fe]MFI-bulk
[B]MFI-bulk
[Al]MFI-sheet
[Ga]MFI-sheet
[Fe]MFI-sheet
[B]MFI-sheet

Selectivity [%]
C3 =
C3

C1[b]

C2 =

C2

0.4
0.7
0.3
0.4
66.5
6.6
100
100
0.2
1.3
28.6
0.8
89.0
62.0
100
100

9.1
11.2
3.0
4.8
3.3
8.3
< 0.1
< 0.1
2.6
6.9
14.8
2.0
2.1
2.0
< 0.1
< 0.1

0.1
0.3
< 0.1
< 0.1
0.4
0.1
< 0.1
< 0.1
< 0.1
< 0.1
1.8
< 0.1
< 0.1
1.8
< 0.1
< 0.1

29.5
23.6
38.6
40.2
13.3
19.3
< 0.1
< 0.1
42.2
32.7
21.2
35.0
3.4
2.2
< 0.1
< 0.1

4.1
4.8
1.5
1.4
1.0
< 0.1
< 0.1
< 0.1
< 0.1
2.1
6.3
0.6
< 0.1
2.6
< 0.1
< 0.1

C4 +

Aromatics

Coke[c]
[%]

49.3
64.7
54.9
50.9
12.7
31.4
< 0.1
< 0.1
52.7
52.0
21.8
48.8
4.5
4.8
< 0.1
< 0.1

7.5
4.7
1.6
2.2
2.8
34.2
< 0.1
< 0.1
2.2
5.0
5.6
12.8
< 0.1
24.6
< 0.1
< 0.1

10.1
–
5.3
–
6.9
–
–
–
1.7
–
1.7
–
2.6
–
–
–

[a] Turnover number of moles of methanol converted into products other than dimethyl ether before deactivation of catalyst per BAS; the concentration
of BAS is the value from pyridine IR after evacuation at 423 K. [b] CH4, CO, and CO2. [c] Determined by TGA analysis after 24 h on stream.

cycle being dominant. With time on stream, however, an increase in aromatics selectivity was observed before deactivation, which may be attributed to the role of extraframework
Ga species in the aromatization of olefins.[22a] [Fe]MFI-bulk
shows much lower activity than [Ga]MFI-bulk and [Al]MFI-bulk,
which is owing to the low acid strength. Despite the low conversion, the aromatics selectivity for the [Fe]MFI-bulk increased
to 34 % at the expense of propylene and C4 + formation at low
WHSV. At high WHSV, CH4, CO, and CO2 were the dominant
products. The two [B]MFI zeolites display very low methanol
conversion. Previously, it has been suggested that Al at the impurity level is responsible for the catalytic activity of B-containing zeolites.[23] Elemental analysis showed that both zeolites
contain less than 10 ppm Al. Given this almost negligible
amount, we attribute the residual activity of the two [B]MFI
zeolites to a small amount of bridging OH sites. The products
were mainly CO, CO2, and CH4.
To better investigate the influence of acid strength of MFI
zeolites in the MTH reaction, we determined the turnover
number (TON) as the molar amount of methanol converted
into hydrocarbon products before deactivation normalized to
the amount of Brønsted acid sites. The TON values are listed in
Table 3. For bulk MFI zeolites, the TON increases in the order
[Ga]MFI-bulk > [Al]MFI-bulk > [Fe]MFI-bulk. The [Al]MFI-sheet
has the highest TON of all the zeolites, which can be ascribed
to the high density of Brønsted acid sites in combination with
the open pore architecture, resulting in optimal use of the micropore space and short residence times of precursors to coke.
[Ga]MFI-sheet has a much lower TON compared with [Al]MFIsheet owing to the weaker strength of the acid sites.

Conclusions
A series of bulk and sheet-like MFI zeolites with varying acidity
was obtained by hydrothermal synthesis by using gels containChemCatChem 2017, 9, 3942 – 3954
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ing Al3 + , Ga3 + , Fe3 + , or B3 + . All obtained materials had the MFI
zeolite topology, consisting either of crystals of several hundreds of nanometers (tetrapropylammonium SDA, bulk zeolites) or several-nanometer-thick platelets (C22-6-6·Br2 SDA, sheet
zeolites). NMR spectroscopy showed that a high fraction of the
relatively small B and Al cations was inserted in the MFI framework, whereas about half of the Ga and Fe cations ended up
in in the framework. The Brønsted acid strength as determined
from the bridging hydroxyl frequency shift upon CO adsorption decreased in the order Al(OH)Si > Ga(OH)Si > Fe(OH)Si @
B(OH)Si. Judged from the intensity of the band resulting from
CO adsorbed on bridging hydroxyl groups, the concentration
of Brønsted acid decreased in the order Al(OH)Si > Ga(OH)Si >
Fe(OH)Si @ B(OH)Si for bulk and Al(OH)Si > Fe(OH)Si >
Ga(OH)Si @ B(OH)Si for sheet-like zeolites. In particular, the
amount of Brønsted acid sites was lower in sheet-like [Ga]MFI
in comparison with bulk [Ga]MFI. Pyridine-15N NMR spectra
showed that there was more than one population of Brønsted
acid sites in the zeolites. This was most evident for the [Ga]MFI
with one type of acid sites being stronger than the other one.
The [B]MFI contained only Brønsted acid sites of the weaker
sort. The Lewis acid sites in [B]MFI zeolites were also weaker
than those in [Ga]MFI and [Al]MFI zeolites, with the latter samples displaying similar Lewis acid strengths. In general, the
acidity in the nanosheet zeolites was weaker than in the bulk
zeolites, mainly owing to a lower efficiency in the inclusion of
tervalent cations in the framework. The sheet-like Al-based MFI
zeolites exhibited the highest longevity in the MTH reaction,
strongly outperforming its bulk [Al]MFI counterpart. Although
the lower acidity of bulk [Ga]MFI led to better catalytic performance than bulk [Al]MFI, the sheet-like [Ga]MFI sample was
found to be nearly inactive. The Fe- and B-substituted zeolite
samples displayed very low catalytic performance owing to
their too low acidity. Based on the selectivities, the MTH reaction was dominated by olefins-based catalytic cycles. Neverthe-
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less, the improved catalyst longevity of the sheet-like [Al]MFI
zeolite can be attributed to shorter residence time of aromatic
coke precursors in the micropores (as evident from the lower
ethylene selectivity) than of bulk [Al]MFI zeolite.

Experimental Section
Synthesis of the structure directing agent (SDA)
For the synthesis of [C22H45-N + (CH3)2-C6H12-N + (CH3)2-C6H13]Br2 (denoted as C22-6-6·Br2), 1-bromodococane (39 g, 0.1 mol, TCI, 98 %)
was dissolved in toluene (500 mL, Biosolve, 99.5 %) and added
dropwise into a mixture of N,N,N’,N’-tetramethyl-1,6-diaminohexane (214 mL, 1 mol, Aldrich, 99 %) and ethanol (500 mL, Biosolve,
99.8 %). The solution was heated at reflux in an oil bath at 413 K
for 12 h. After cooling to room temperature, the suspension was
cooled at 277 K for 1 h. The white solid was filtered and washed
with diethyl ether (Biosolve, 99.5 %). The resulting solid product N(6-(dimethylamino)hexyl)-N,N-dimethyldocosan-1-aminium bromide
was dried in a vacuum oven at 323 K overnight. This intermediate
product was subsequently reacted with 1-bromohexane (66.0 g,
0.4 mol, Aldrich, 98 %) in ethanol (500 mL) at 443 K for 12 h. The resulting solution was cooled at 277 K for 1 h. The white solid in the
suspension was filtered, washed with diethyl ether, and dried in a
vacuum oven at 323 K overnight.[30]

Synthesis of zeolites
[T]MFI zeolite nanosheets (T = Al, Ga, Fe or B) were synthesized by
using C22-6-6·Br2 as the SDA. First, NaOH (Merck, 99 %) and C22-6-6·Br2
were dissolved in demi-water at 333 K. After cooling to room temperature, a second solution, which was made by mixing aluminium
nitrate nonahydrate, gallium nitrate nonahydrate, iron nitrate nonahydrate, or boric acid (Aldrich, reagent grade), tetraethylorthosilicate (TEOS, Merck, 99 %), and demi-water, was added under vigorous stirring. The gel compositions employed in the present study
are shown in Table 4. After stirring for 1 h, the gel was transferred
into a Teflon-lined autoclave, heated to 423 K, and kept at this
temperature for 6 days while rotating at 50 rpm.
For the synthesis of bulk [T]MFI (T = Al, Ga, Fe or B) zeolites, tetrapropylammonium hydroxide (TPAOH, Merck, 40 %) and TEOS were
mixed with demi-water, and added dropwise into a solution obtained by dissolving aluminium nitrate nonahydrate, gallium nitrate
nonahydrate, iron nitrate nonahydrate, or boric acid in demi-water.

The corresponding gel compositions are also shown in Table 4.
After vigorous stirring at room temperature for 1 h, the gel was
transferred to a Teflon-lined autoclave and crystallized statically at
443 K for 5 days.
After crystallization, the zeolite products were filtered, washed
with copious amounts of demi-water, and dried at 383 K overnight.
The zeolites were calcined at 823 K for 10 h under flowing air. To
obtain the proton forms of the zeolite, the calcined zeolites were
ion-exchanged three times with 1 m NH4NO3 solutions followed by
calcination at 813 K for 4 h under flowing air. The proton form of
nanosheet zeolites are denoted as [T]MFI-sheet (T = Al, Ga, Fe, or
B), the proton form of bulk zeolites as [T]MFI-bulk (T = Al, Ga, Fe, or
B).

Characterization
The elemental composition of the zeolites was determined by ICPOES (Spectro CirosCCD ICP optical emission spectrometer). For
analysis, an equivolumetric mixture of HF (40 wt % in water), HNO3
(65 wt % in water), and water was used to completely dissolve the
zeolites.
XRD patterns were recorded with a Bruker D2 Endeavor powder
diffraction system using CuKa radiation. The scanning speed was
2.48 min@1 in the range 5–408.
Surface area and porosity of zeolites were determined by Ar physisorption in static mode at 87 K with a Micromeritics ASAP 2020 instrument. The samples were outgassed at 723 K for 4 h prior to the
sorption measurements. The BET surface area of the samples was
determined from adsorption data in the relative pressure range p/
p0 = 0.05–0.25. The total pore volume was calculated at p/p0 = 0.97.
The micropore volume of sheet-like MFI zeolites was determined
by the NLDFT method (Ar at 87 K, assuming slit pores without regularization). The micropore volume of bulk ZSM-5 zeolites was determined by the t-plot method by using the Broekhoff–de Boer
model with a thickness range of 0.34–0.50 nm. The mesopore
volume and mesopore size distribution were determined from the
adsorption branch of the isotherms by using the NLDFT method.
Electron microscopy: Transmission electron microscopy (TEM)
images were taken with a FEI Tecnai 20 at an electron acceleration
voltage of 200 kV. Prior to measurement, the catalysts were suspended in ethanol and dispersed over a Cu grid with a holey
carbon film. Scanning electron microscopy (SEM) images were
taken with a FEI Quanta 200F scanning electron microscope at an
accelerating voltage of 3–5 kV.

Table 4. Gel composition of bulk and sheet-like MFI zeolites.
Zeolite

SDA

[Al]MFI-bulk
[Ga]MFI-bulk
[Fe]MFI-bulk
[B]MFI-bulk
[Al]MFI-sheet
[Ga]MFI-sheet
[Fe]MFI-sheet
[B]MFI-sheet

TPAOH
TPAOH
TPAOH
TPAOH
C22-6-6·Br2
C22-6-6·Br2
C22-6-6·Br2
C22-6-6·Br2

SDA

30
30
30
30
7.5
7.5
7.5
7.5

Gel composition [molar ratio]
NaOH
H2O
TEOS
X[a]

100
100
100
100
100
100
100
100

2
2
2
2
2
2
2
2

–
–
–
–
22
22
22
24[b]

4500
4500
4500
4500
4000
4000
4000
4000

T
[K]

t
[days]

443
443
443
443
423
423
423
423

5
5
5
5
6
6
6
6

[a] Aluminum nitrate nonahydrate (Al(NO3)3·9 H2O) for [Al]MFI-bulk and [Al]MFI-sheet;
gallium nitrate hydrate (Ga(NO3)3·x H2O) for [Ga]MFI-bulk and [Ga]MFI-sheet; iron nitrate nonahydrate (Fe(NO3)3·9 H2O) for [Fe]MFI-bulk and [Fe]MFI-sheet; boric acid
(BOH) for [B]MFI-bulk and [B]MFI-sheet. [b] More NaOH added into the gel to control
the pH so it was same value as the other cases.
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Vibrational spectroscopy: FTIR spectra were recorded in
the range 4000–400 cm@1 by using a Bruker Vertex V70v
instrument. The spectra were acquired at a 2 cm@1 resolution and averaged over 64 scans. Typically, an amount
of about 10 mg of zeolite was pressed into thin wafers
with a diameter of 13 mm and placed inside a controlled-environment infrared transmission cell. Before
measurement, the zeolite wafer was first heated to 823 K
at a rate of 2 K min@1 in artificial air. Then, the cell was
outgassed at the final temperature until the residual
pressure was below 5 V 10@5 mbar. A background IR spectrum was recorded. For CO adsorption, the sample was
cooled to 77 K and CO was introduced into the cell
through a sample loop connected to a Valco six-port
valve. After each dose, a spectrum was recorded at 77 K.
To determine the density of acid sites in the zeolites, pyridine was introduced from an ampoule at its vapor pres-
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sure at room temperature. The exposure time was 10 min. Afterwards, the cell was evacuated to a pressure lower than 5 V
10@6 mbar and a spectrum was recorded. Further spectra were recorded at 423 K after outgassing for 1 h at 423 K, 573 K, and 773 K.
To quantify the amount of Brønsted and Lewis acid sites, molar extinction coefficient values of 0.73 cm mmol@1 and 1.11 cm mmol@1
were applied, respectively.[48]
NMR spectroscopy: Nuclear magnetic resonance (NMR) spectra of
the proton form of the MFI zeolites were recorded with a 11.7 T
Bruker DMX500 NMR spectrometer operating at 500 MHz for 1H,
160 MHz for 11B, 132 MHz for 27Al, 99 MHz for 29Si, and 152 MHz for
71
Ga measurements. For the 27Al, 71Ga, and 11B magic angle spinning (MAS) NMR experiments, a standard Bruker MAS probehead
was used with a rotor with a diameter of 2.5 mm, operated at a
spinning rate of 25 kHz. Quantitative NMR spectra were recorded
by using a single excitation pulse of 1 ms and an interscan delay of
1 s. The T atom coordination was estimated by spectral deconvolution and assignment of the respective signal components by comparison with literature data. The 27Al, 71Ga, and 11B chemical shifts
were referenced to saturated solutions of Al(NO3)3, Ga(NO3)3, and
BOH, respectively.
Quantitative 29Si MAS NMR spectra were recorded at room temperature operating at a sample rotation rate of 10 kHz with rotor diameter of 4 mm, by using a high power proton decoupling direct
excitation (DE) pulse sequence with a 548 pulse duration of 3 ms
and an interscan delay of 120 s. Tetramethylsilane (TMS) was employed as an external reference.
For cross polarization magic angle spinning (CPMAS) 1H-15N NMR
measurements, the sample was first subjected to a dehydration
procedure. The sample was placed in special glass tube, which was
connected to a vacuum line. After activation at 723 K at a pressure
lower than 10@5 mbar for 6 h, the sample was cooled to room temperature and exposed to pyridine-15N (98 %, Sigma). After heating
at 353 K for 0.5 h, the sample was evacuated at 423 K for 0.5 h to
remove physisorbed pyridine. CPMAS 1H-15N NMR spectra were
measured at 223 K.

Catalytic activity measurements
The catalytic performance of the zeolites in methanol-to-hydrocarbons reactions were measured in a quartz tubular fixed-bed reactor with 4 mm inner diameter. Typically, an amount of 50 mg of
shaped catalyst (sieve fraction 250–425 mm) was placed in the reactor between two quartz-wool plugs. Prior to the reaction, the catalyst was calcined at 823 K in artificial air for 4 h at a total flow rate
of 30 mL min@1. The methanol conversion reaction was performed
at 673 K. Methanol (Merck, 99 %) was introduced to the reactor by
flowing He through a saturator kept at 292 K at two weight-hourly
space velocities (WHSV) of 2 g g@1 h@1 and 6 g g@1 h@1. The effluent
was analyzed by an online gas chromatograph (Interscience Compact GC equipped with TCD and FID detectors with RT-Q-Bond and
Al2O3/KCl columns). Dimethyl ether is considered as the reactant.
The coke deposited after a reaction time of 24 h was measured by
thermogravimetric analysis (TGA) by using a TGA/DSC 1 STAR
system from Mettler Toledo. The temperature was increased from
room temperature to 1123 K at a rate of 5 K min@1 under flowing
air (50 mL min@1).
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