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Precise control of density and strength of acid sites of MFI-type 
zeolite nanoparticles via simultaneous isomorphous substitution 
by Al and Fe†
Mizuho Yabushita,*‡a Hiroki Kobayashi,a Atsushi Neya,a Masafumi Nakaya,a Sachiko Maki,a Masaki 
Matsubara,a,b Kiyoshi Kaniea and Atsushi Muramatsu*a,c

MFI-type zeolite nanoparticles substituted isomorphously by both Al and Fe and of crystallite size ≤51 nm were prepared 
via a hydrothermal synthesis method combined with a pre-heating treatment. Quantitative assessment of the density and 
strength of acid sites of the synthesized MFI-type zeolites using temperature-programmed desorption of NH3 
demonstrated that the strength and density of the acid sites on the synthesized zeolites were linearly dependent on the 
contents and relative ratios of Al and Fe, and the acidities of the [Al, Fe]-MFI-type zeolites were between those of [Al]-MFI 
and [Fe]-MFI. The observed direct correlations also indicated that the density and strength of acid sites of the MFI-type 
zeolites were tunable by simply altering the relative amounts of reagents used. Such controlled and moderate acidity for 
the [Al, Fe]-MFI-type nanoparticles facilitated the suppression of coke formation in the catalytic conversion of dimethyl 
ether to light olefins.

Introduction
Zeolites, porous and crystalline silicates that typically contain a 
variety of heteroatoms in a three-dimensional framework, 
have been recognized as attractive functional materials and 
have been widely employed as solid acid catalysts in industrial 
chemical processes such as cracking and upgrading of oils,1–10 
along with other types of porous materials including 
mesoporous materials for various catalytic reactions and drug 
delivery systems.11–13 The acidic properties of zeolites, 
particularly their density and strength, are of great importance 
for catalytic performance1–10 and thus need to be adjusted 
carefully when targeting specific reactions. This is exemplified 
by the production of light olefins from methanol (so-called 
methanol-to-olefins (MTO) reaction) and dimethyl ether 
(DME)-to-olefins (DTO reaction), where strong acid sites on the 
solid surface exhibit excellent reaction rates at the beginning 

of the reaction, but then readily undergo deactivation due to 
severe coke deposition; thus, acid sites of moderate strength 
which offer both high product selectivity and prolonged 
catalyst lifetime are favored.14–17 Isomorphous substitution of 
Si4+ by trivalent cations is responsible for the formation of 
Brønsted acid sites on a zeolite surface and acidity of such sites 
is dependent on a class of the incorporated elements; for 
example, the Brønsted acidity of Al-incorporated MFI (denoted 
as [Al]-MFI) is stronger than that of the Fe-substituted one 
([Fe]-MFI).18,19 Although the acid-site density is tunable upon 
an increase/decrease of the heteroatom content in the zeolite 
framework, a simple alteration of a class of heteroatom only 
leads to a discrete change of average acidity. On the other 
hand, simultaneous incorporation of two different 
heteroatoms into the zeolite framework may be a possible 
approach to achieving wide-ranging control of the acidic and 
catalytic properties; indeed, the combinations of Al and B as 
well as Al and Fe have been reported to enhance the catalytic 
performance of MFI-type zeolites, compared to the MFI zeolite 
substituted by Al solely.20–22 In this regard, we hypothesize 
that the average acidity of the MFI zeolite is continuously and 
precisely controlled between the maximum and minimum 
average acidity given by [Al]-MFI and [Fe]-MFI, respectively, by 
changing the contents of Al and Fe as well as the relative molar 
ratios.

From the perspective of efficient use of the acid sites, 
which are present mainly on the internal surfaces of zeolites, 
small particle sizes are highly desirable, given the fact that a 
short diffusion path length in the catalyst particles allows 
substrate molecules to gain ready access to the acid sites.7,23,24 
To the best of our knowledge, although such size-controlled 
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synthesis of zeolites containing a single heteroatom has been 
studied intensively,25 zeolite nanoparticles isomorphously 
substituted with multiple heteroatoms over a wide range of 
compositions have yet to be synthesized; in other words, 
simultaneous control of the acidic properties of zeolite 
nanoparticles by introducing multiple heteroatoms as well as 
control of the particle size are attractive but still remain a 
challenge in the field of zeolite chemistry.

In our previous report, it was reported that heat-treatment 
at 70 °C with pH control using HCl prior to hydrothermal 
treatment was effective for reducing the particle size of the 
resulting [Fe]-MFI zeolites.26 Here, in this study, the 
preparation of MFI-type zeolite nanoparticles containing both 
Al and Fe in the same framework using the aforementioned 
pre-heating technique is addressed and it is demonstrated that 
the density and strength of the acid sites were linearly 
controlled by simply altering the contents and relative ratios of 
Al and Fe. The synthesized zeolite nanoparticles were then 
employed in the DTO reaction to investigate the effects of 
precise control of the density and strength of acid sites of the 
nanoparticles on catalytic performance.

Experimental section
Hydrothermal synthesis of MFI-type zeolite nanoparticles

All reagents were purchased from FUJIFILM Wako Pure 
Chemical and Tokyo Chemical Industry and used as received. 
MFI-type zeolite nanoparticles containing either or both Al and 
Fe atoms were synthesized by following a previously reported 
hydrothermal synthesis method for [Fe]-MFI.26 Thus, an 
aqueous solution of either or both Al(NO3)3 and Fe(NO3)3 was 
prepared, and a 40 wt% tetrapropylammonium hydroxide 
(TPAOH) aqueous solution was added in a dropwise manner; 
thereafter, the resulting solution was stirred at room 
temperature for 10 min. In the case of synthesis of [Al]-MFI 
with a Si/Al molar ratio of ≤100, NaCl was also dissolved in the 
solution. After the addition of 2.0 M HCl aqueous solution, the 
solution was stirred for a further 10 min. Then, tetraethyl 
orthosilicate (TEOS) was added, and the mixture was stirred 
initially at 0 °C for 6 h not to cause the hydrolysis of TEOS and 
subsequently at room temperature for 42 h. Note that the 
molar ratios of TEOS/Al(NO3)3/Fe(NO3)3/TPAOH/HCl/NaCl/H2O 
were adjusted to 1.0/0–0.02/0–0.02/0.5/0.1–0.2/0–0.06/30. 
The solution was then transferred to a Teflon-lined high-
pressure reactor (Parr Instrument Company, inner volume 100 
mL), pre-heated at 70 °C for 24 h, and then heated at 160 °C 
for 2–7 days. The solid phase was washed using a centrifuge 
five times with deionized water. After drying at 60 °C and 
calcination in air at 540 °C for 12 h, the MFI-type zeolite with 
Na+ counter cations was obtained. Afterwards, the resulting 
powder was treated four times in 1 M NH4Cl aqueous solution 
at 60 °C for 1 h. After washing 10 times using the centrifuge 
and drying at 60 °C for 24 h, the resulting material was 
calcined in air at 540 °C for 12 h to obtain the MFI-type zeolite 
with H+ counter cations. The prepared zeolites are denoted 
hereafter as AXFY, where X and Y represent the Si/Al and Si/Fe 

ratios, respectively, based on the relative amounts of reagents 
used.

Characterization of zeolites

The crystal structure of each sample was identified by powder 
X-ray diffraction measurement (XRD; Ultima IV, Rigaku, 
equipped with a semiconductor detector, Cu K radiation (40 
kV, 40 mA)). The morphology of the zeolite particles was 
investigated using field-emission scanning electron microscopy 
(FE-SEM; S-4800, Hitachi High-Tech) after sputter coating with 
Pt (thickness of ca. 10 nm). The porous structure was assessed 
by N2 physisorption measurement (BELSORP-mini, 
MicrotracBEL, –196 °C), after pretreatment at 400 °C for 2 h 
under N2 flow (50 mL min-1). The actual contents of Al and Fe 
in the zeolite samples were determined by X-ray fluorescence 
spectroscopy (XRF; ZSX Primus II, Rigaku). The coordination 
states of Al and Fe were elucidated using solid-state 27Al magic 
angle spinning nuclear magnetic resonance spectroscopy (27Al 
MAS NMR; AVANCE III 600, Bruker, 27Al 156 MHz, MAS 
frequency 15 kHz) and diffuse reflectance ultraviolet-visible 
spectroscopy (DR-UV-vis; H-3900, Hitachi, each sample was 
diluted with BaSO4), respectively. The density and average 
strength of acid sites were examined via NH3 temperature-
programmed desorption (NH3-TPD; BELCAT, MicrotracBEL, 
equipped with a quadrupole mass spectrometer (Q-MS; 
BELMass, MicrotracBEL), temperature range 100–700 °C, ramp 
rate 10 °C min-1) and using a previously reported method to 
estimate the enthalpy change upon NH3 desorption.27 Prior to 
the measurement, acid sites on the sample surface were 
saturated with NH3 at 100 °C, and then the weakly-adsorbed 
NH3 species were removed via water vapor treatment (100 °C, 
partial pressure 4 kPa, 30 min).28 Acidic OH groups in the 
zeolite samples were characterized by diffuse reflectance 
infrared Fourier transform spectroscopy (DRIFT; FTS 7000, 
Digilab) after pretreatment at 450 °C for 1 h under Ar flow (50 
mL min-1).

Catalytic conversion of dimethyl ether to light olefins

The catalytic performance of the synthesized zeolites for the 
DTO reaction was examined using a fixed-bed flow reactor. In 
each reaction, 200 mg of catalyst in granular form (diameter 
355–500 m) was mixed with 840 mg of quartz sand (diameter 
600–850 m) and charged into a quartz tube (inner diameter 7 
mm), which was then placed in an electric furnace. The 
catalyst was pre-treated at 550 °C for 1 h under air flow (60 mL 
min-1) and subsequently at the same temperature for 1 h 
under Ar flow (60 mL min-1). DME was continuously flowed 
through the catalyst bed at 450 °C with a contact time (W/F) of 
5.8 g h mol-1. The outlet gas containing C2–C4 olefins was 
directly analyzed by an on-line gas chromatograph (GC; GC 8A, 
Shimadzu) equipped with a flame ionization detector (FID) in 
conjunction with a Gaskuropack 54 packed column (GL 
Sciences). The amount of coke deposited on the catalyst 
surface was quantified by thermogravimetric analysis (TGA; SII 
TG/DTA 7200, Hitachi High-Tech, ramp rate 10 °C min-1), where 
the quantity of coke formed on the catalyst surface was
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Table 1  Textural properties of the synthesized MFI zeolites
Molar ratio
of synthesis gel

Molar ratio
of synthesized zeoliteaSample

Si/Al Si/Fe Si/Al Si/Fe

Db

/nm
Vcell

c

/Å3
SBET

d

/m2 g-1
Sexternal

e

/m2 g-1

A50F0 50 – 50 – 44 5375 440 48
A100F0 100 – 97 – 46 5370 450 51
A200F0 200 – 200 – 51 5350 490 47
A400F0 400 – 400 – 48 5344 480 39
A0F50 – 50 – 51 29 5366 490 87
A0F100 – 100 – 100 43 5356 510 64
A50F50 50 50 58 57 35 5392 490 74
A100F50 100 50 110 56 31 5381 510 73
A200F50 200 50 220 55 33 5376 480 66
A400F50 400 50 440 55 29 5375 490 100
A800F50 800 50 810 55 28 5375 500 110
A100F100 100 100 97 99 36 5367 490 57
A150F75 150 75 150 74 36 5374 500 73
A300F150 300 150 290 150 31 5361 500 85
a Quantified by XRF measurement. b Crystallite size, determined by applying the Scherrer equation to the 011 
reflection at 2 of 7.9°,29 due to the overlap of the most prominent peak observed at 2 of 23.1° with other peaks. c 
Unit cell volume, calculated from the XRD patterns. d BET specific surface area. e External surface area, estimated 
via the t-plot method.

defined as the weight difference of the used catalyst between 
300 °C and 800 °C.

The catalyst recycle test was also conducted as follows. 
Thus, after each run, the reactor was initially cooled down to 
room temperature, and then the temperature was increased 
to 550 °C with a ramp rate of 5 °C min-1 and maintained for 6 h 
under air flow (60 mL min-1), in order to remove coke and 
organic compounds deposited on the catalyst surface. After 
the reactor was again cooled down to room temperature, the 
next run was started.

Results and discussion
A series of hydrothermally synthesized samples were 
characterized by various analytical techniques. The molar 
ratios of Si/Al and Si/Fe for each sample estimated by XRF 
were almost the same as those values for the corresponding 
synthesis gels before the hydrothermal treatment (Table 1). If 
all the sources of Si and heteroatoms used for the 
hydrothermal synthesis are assumed to have been recovered 
completely as solid products, the consistency in the data 
suggests that Al3+ and Fe3+ ions in the starting reagents were 
taken into the resulting solid materials; in other words, both 
the Si/Al and the Si/Fe ratios of the products can be controlled 

by simply changing the reagent amounts. The XRD patterns in 
Fig. 1 demonstrated that all samples had the MFI-type 
framework structure. No diffraction peaks assignable to other 
oxides (e.g., Al2O3, Fe2O3, and Fe3O4) were observed in any 
cases. The crystallite sizes calculated by the Scherrer equation 
were 29–51 nm, the values of which were in agreement with 
the sizes of the spherical- or cubic-shaped uniform particles 
observed by FE-SEM (Fig. 2), considering the thickness of the 
Pt-coating layer (ca. 10 nm). These crystallite sizes were 
smaller than those for previously reported [Al, Fe]-MFI 
zeolites,30,31 and the formation of such small crystals was 
previously achieved only via a planetary ball-milling process as 
a post-synthetic treatment.32 As reported elsewhere, these 
small particles are of great advantage in catalytic reactions, 
given the fact that substrate molecules can easily access the 
internal surfaces of zeolite materials due to the short diffusion 
path lengths toward the acid sites.7,23,24 Compared to the cases 
where Al species were solely incorporated into the zeolite 
framework, a decreasing tendency for the crystallite sizes in 
the presence of Fe was also observed. This trend implies that 
Fe species might act as an inhibitor for crystal growth during 
the hydrothermal synthesis of zeolites. The increase of unit cell 
volume upon an increase in Al and/or Fe content(s), as 
indicated in Table 1, reflected isomorphous substitution of 
SiO4 tetrahedra (so-called T-sites), the backbone of the zeolite
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Fig. 1  XRD patterns of the synthesized MFI zeolites. All 
diffraction patterns were normalized by the peak height of 011 
reflection at 2 of 7.9°.29

framework, by AlO4
– and/or FeO4

– tetrahedra, due to the 
larger ionic radii of Al3+ and Fe3+ (0.39 Å and 0.49 Å, 
respectively) compared to that of Si4+ (0.26 Å).33

The N2 physisorption isotherms for all synthesized zeolites 
exhibited type I behavior with an increase of N2 uptake being 
observed at the relative pressure (p/p0) of ca. 0.9 (Fig. S1, 
ESI†). These physisorption data confirmed the presence of 
micropores which originated from the MFI-type zeolite 
framework itself, in addition to mesopores derived from 
interparticle voids.34 Regardless of the Al and Fe contents, the 
specific surface areas of the synthesized zeolites were 
calculated to be ≥400 m2 g-1 by the Brunauer-Emmett-Teller 
(BET) method (Table 1), and these values are higher than the 
reported values for [Al, Fe]-MFI zeolites.22,35,36 The small 
crystallite sizes (vide supra) led to an increase in the external 
surface area which was elucidated via the t-plot method (Fig. 
S2, ESI†).

The coordination states of the Al and Fe atoms were 
investigated by 27Al MAS NMR and DR-UV-vis spectroscopy, 
respectively. Note that for the latter characterization method, 
although peak overlapping is typically observed and makes 
understanding of Fe species in a zeolite specimen complicated, 
this technique has been widely accepted and used to 
distinguish four different Fe species: tetrahedral Fe present 
inside a zeolite framework (200–250 nm); isolated Fe

Fig. 2  Particle morphology of the synthesized MFI zeolites.

octahedra and/or FexOy clusters present outside a zeolite 
framework (250–350 nm); larger Fe clusters (350–450 nm); 
and bulk Fe oxides (>450 nm).37–44 In the 27Al MAS NMR 
spectra (Fig. S3, ESI†), the [Al, Fe]-MFI samples (i.e., A50F50, 
A100F50, A200F50, and A400F50) exhibited only a prominent 
peak at 55 ppm which was attributed to the presence of Al3+ in 
the MFI zeolite framework,45,46 and the intensity of this peak 
increased with increasing Al content. In contrast, along with 
the same resonance at 55 ppm, another peak at 0 ppm was 
observed for the [Al]-MFI zeolites with high Al contents (i.e., 
A50F0, A100F0, and A200F0). This additional peak was derived 
from octahedrally-coordinated Al3+,45,46 indicating that an 
extra-framework Al species was involved in these materials. 
However, the fraction of such Al species was minor, given that 
corresponding diffraction peaks were not observed in the XRD 
patterns (Fig. 1). As previously reported for the MFI-type 
zeolites containing both Al and Ti, the distorted structure 
formed by the isomorphous substitution of T-sites by the first 
element could generate preferential sites for the substitution 
by the second element;47 this would be the reason why the 
peak at 0 ppm assignable to extra-framework Al species45,46 
was not observed for the [Al, Fe]-MFI zeolites. The UV-vis
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Fig. 3  Coordination state of Fe3+ species involved in 
synthesized MFI zeolites, examined by DR-UV-vis 
spectroscopy.

spectra for Fe-containing MFI zeolites shown in Fig. 3 gave 
characteristic absorption at 210–250 nm with a shoulder 
centered at 280 nm. Given the fact that A50F0, which is the 
MFI zeolite containing only Al as a substituting element, did 
not provide any absorption bands, the observed prominent 
absorption for Fe-containing MFI zeolites obviously originated 
from Fe species. As described above, the former peak 
originated from the isomorphously incorporated Fe3+ 
tetrahedra, while the latter peak is assignable to the isolated 
Fe3+ octahedra and/or FexOy clusters present in the extra-
framework of zeolites as a minor species.37–44 Notably, this 
shoulder peak was clearly observed for A50F50. This 
observation can be rationalized by lattice distortion caused by 
isomorphous substitution by both Al3+ and Fe3+ in high 
amounts, hence limiting further incorporation of large Fe3+ 
ions in the zeolite framework and resulting in the formation of 
extra-framework Fe species.

The density and average strength of acid sites of the 
synthesized zeolites were evaluated from the NH3-TPD profiles 
(Fig. S4, ESI†). It should be noted that as previously 
demonstrated by Bagnasco, the water-vapor treatment 
posterior to the adsorption of NH3 on each catalyst surface 
(see Experimental section) completely removed the weakly-
adsorbed NH3 species,28 which resulted in a lack of 
corresponding peak at low temperature in the NH3-TPD 

profiles. The NH3-desorption temperatures for the [Fe]-MFI 
zeolites (i.e., A0F50 and A0F100) were lower than those of the

Fig. 4  Parametric plots of (A) the enthalpy change upon NH3 
desorption (HNH3) as a function of the proportion of Al in the 
total amount of Al and Fe and (B) the acid site density as a 
function of the total content of trivalent cations. Legends: 
white squares = [Al]-MFI; white circles = [Fe]-MFI; and black 
diamonds = [Al, Fe]-MFI.

[Al]-MFI zeolites. This order indicated that the strength of the 
acid sites formed over the surface of [Fe]-MFI was weaker than 
the cases for [Al]-MFI. As previously reported, the higher 
polarizability of Al provided a stronger acidity for [Al]-MFI, 
compared to [Fe]-MFI.18,19 The NH3-desorption temperatures 
for all [Al, Fe]-MFI samples were found to occur between those 
of [Al]-MFI and [Fe]-MFI, reflecting the fact that the acidity of 
[Al, Fe]-MFI was between that of the other two types of 
zeolites. For a more quantitative assessment, the enthalpy 
changes of NH3 desorption (HNH3), which are indicators of 
average acidity, were examined using the method of Niwa et 
al.,27 and the values were found to be in the range 121–134 kJ 
mol-1, which directly correlated with the relative ratios of Al to 
total trivalent cations (i.e., Al/(Al + Fe)), as shown in Fig. 4A. A 
similar linear relationship was also observed for the physical 
mixtures of A50F0 and A0F50 at the various mixing ratios (Fig. 
S5), indicating that the strong acidity of [Al]-MFI and the weak 
acidity of [Fe]-MFI are apparently averaged by physical mixing 
of multiple materials. Note that the important finding here is 
the linear control of the average acidity in a single material. 
The data plotted in Fig. 4A further indicate that, in the case of 
the MFI zeolites substituted by either Al or Fe, control of HNH3 
was not possible via a simple alteration of heteroatom 
content; indeed, even if the Si/Al ratio was varied between 50 
and 400, the values of HNH3 were in the narrow range of 131–
134 kJ mol-1 (see the right axis of Fig. 4A). Therefore, only the 
co-incorporation of Al and Fe into the same framework can 
provide a possible means of adjusting acidity over a wide 
range. The DRIFT spectroscopy for the [Al, Fe]-MFI also 
confirmed the presence of Brønsted acid sites, given the fact 
that the broad absorption band observed at 3610–3630 cm-1 
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was assignable to the stretching vibration mode of OH groups 
bridged by Al and Si (Fig. S6, ESI†).48,49 The redshift of this peak

Fig. 5  Time-on-stream of the DTO reaction over the synthesized MFI catalysts. Reaction conditions: catalyst 200 mg (mixed with 
840 mg of quartz sand); 450 °C; W/F = 5.8 g h mol-1.

in conjunction with an increase in the Al/(Al + Fe) ratio 
indicated that the acidity became stronger at higher Al 
content, which was in good agreement with the NH3-TPD data. 
Furthermore, the acid site densities were proportional to the 
total content of trivalent cations (Fig. 4B), indicating that each 
trivalent cation involved in the zeolite framework generated 
an acid site. Therefore, the two linear relationships found in 
Fig. 4 demonstrated that both the density and strength of the 
acid sites can be controlled linearly by simply altering the 
contents and relative ratios of Al and Fe.

To investigate the importance of precise control of the 
density and average strength of acid sites, the synthesized 
MFI-type zeolites were tested as catalysts for the DTO 
reaction, given that well-controlled and moderate acidity has 
been reported to facilitate this reaction in terms of catalyst 
lifetime;14–17 in other words, the DTO reaction can be used as a 
benchmark. In this study, reaction conditions of 450 °C and a 
W/F of 5.8 g h mol-1 were applied to each experiment, to 
achieve >99% conversion of DME with good selectivity of the 
light olefins (i.e., ethene, propene, and butene) and also 
clearly observe catalyst deactivation. Fig. 5 represents the 
time-on-stream (TOS) for the DTO reaction using the 
synthesized zeolites as catalysts (see also the detailed reaction 
results including selectivity of each product and carbon 
balance in Figs. S7–S20, ESI†). As mentioned above, all [Al]-MFI

and [Fe]-MFI zeolites gave >99% conversion of DME and good 
selectivity of the light olefins at the beginning of the reaction 
(Figs. 5A and 5B), where the other by-products detected were 
light paraffins including methane, ethane, and propane and 
methanol, but the catalysts were completely deactivated (i.e., 

formation of light olefins was not observed) within 50 h 
possibly due to coke deposition over the catalyst surface (vide 
infra). Under these conditions, the series of [Al]-MFI catalysts 
retained their activity longer than the [Fe]-MFI samples. This 
trend can be rationalized by the widely accepted mechanism 
for the DTO and MTO reactions, that is, the so-called 
hydrocarbon-pool mechanism, whereby the substrate 
molecules are initially converted to hydrocarbons (generally 
represented as (CH2)n) and accumulate on the surface of the 
catalyst and subsequently olefins are produced from the 
deposited hydrocarbons via a cracking reaction.14,15,50,51 Weak 
acid sites are not so effective for hydrocarbon cracking, which 
leads to accumulation of hydrocarbons on the catalyst surface; 
as a result, the [Fe]-MFI catalysts lost their catalytic activity in 
a relatively short time. Such unfavorable function of weak acid 
sites for the cracking reactions also led to the high ratios of 
propene to ethene (ca. 14–15, see Table S1, ESI†). In contrast, 
strong acid sites promote the cracking reactions, resulting in a 
longer catalyst lifetime as observed for the [Al]-MFI samples 
with the lower ratio of propene to ethene (≤8, see Table S1, 
ESI†), compared to the [Fe]-MFI samples. Among the four [Al]-
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Fig. 6  Composition effects of MFI zeolites on catalyst lifetime 
and coke formation in the DTO reaction. Catalyst lifetime is 
defined as the time when the DME conversion becomes lower 
than 50%. The amount of coke was quantified by TGA at a TOS 
of 4 h, which was the shortest lifetime among all the catalysts 
tested. Reaction conditions: catalyst 200 mg (mixed with 840 
mg of quartz sand); 450 °C; W/F = 5.8 g h mol-1.

MFI catalysts, A50F0 exhibited the lowest ratio of propene to 
ethene because of the highest acid site density. Although such 
acceleration of the cracking reactions is beneficial to the 
extension of catalyst lifetime, strong acid sites also accelerate 
the hydrogen transfer of olefins to form paraffins and 
arenes,14,52,53 the latter of which are successively involved in 
coke formation. Indeed, the [Al]-MFI catalysts with a higher Al 
content (i.e., a larger amount of strong acid sites are involved) 
exhibited a shorter catalyst lifetime due to the 
aforementioned side reactions; as a result, among the [Al]-MFI 
catalysts tested in this study, A400F0 containing the lowest 
amount of acid sites showed the longest catalyst lifetime.

Compared to the [Al]-MFI and [Fe]-MFI zeolites, the [Al, 
Fe]-MFI zeolite catalysts maintained their activity, the DME 
conversion and the light olefin selectivity, for a longer period 
except in the case of A800F50, which was deactivated similarly 
to that of [Fe]-MFI due to its low Al content (Figs. 5C and 5D). 
These reaction results demonstrated that the zeolite catalysts 
with moderate acidity were superior in terms of catalyst 
lifetime to the ones with either strong or weak acidity. Among 
the [Al, Fe]-MFI zeolites other than A800F50, the samples with 
the Si/Fe ratios of ≥75 (i.e., A100F100, A150F75, and 
A300F150) underwent complete deactivation within 70 h, 
while the others with the Si/Fe ratio of 50 did so later than 120 
h. This difference suggests that a larger amount of Fe species 
provide an enhanced occasion to generate moderate acid 
sites, which contribute to a longer catalyst lifetime of the [Al, 
Fe]-MFI zeolites with the Si/Fe ratio of 50. Meanwhile, similar 
to the cases of [Al]-MFI and [Fe]-MFI zeolites, the [Al, Fe]-MFI 
catalysts with a lower Al content were prone to produce 
propene more selectively than ethene (Table S2, ESI†), 
because of the presence of relatively weak acid sites in the 
samples with the higher Si/Al ratio. Fig. 6 displays the effects 
of composition on coke formation and catalyst lifetime in the 
DTO reaction, the latter of which was defined as the time 

when the DME conversion became lower than 50%. The MFI 
zeolites, containing either Al or Fe, suffered from severe coke 
formation (see the data plotted on the axes of the basal plane 
of Fig. 6), which resulted in a short catalyst lifetime. In 
contrast, the [Al, Fe]-MFI zeolites (see the data on the basal 
plane, except for the ones on the axes, of Fig. 6) suppressed 
coke formation and exhibited a longer catalyst lifetime, 
implying that the moderate acidity of [Al, Fe]-MFI is key to 
ensuring both the progress of the desired DTO reaction and 
the suppression of the aforementioned side reaction that is 
readily catalyzed in the presence of strong acid sites.14,52,53 
Compared to a variety of reported catalysts for the DTO 
reaction including SAPO-34 (Table S2, ESI†),54–64 the [Al, Fe]-
MFI catalysts exhibited slightly lower selectivity of light olefins, 
but showed a comparable or even longer catalyst lifetime. 
Overall, the reaction data have clearly demonstrated that the 
co-incorporation of Al and Fe into the MFI framework plays a 
decisive role in enhancement of the catalyst lifetime for the 
DTO reaction. This conclusion was further reinforced by the 
DTO reaction using the physical mixtures of A50F0 and A0F50 
at the various mixing ratios as catalysts in order to vary the 
Al/(Al + Fe) ratios (Fig. S21, ESI†). In all the Al/(Al + Fe) cases 
examined in this study, the [Al, Fe]-MFI zeolites showed at 
least a 3.8-fold longer catalyst lifetime compared to the 
corresponding physical mixtures of A50F0 and A0F50, even 
though the mixtures exhibited the apparent average acidities 
comparable to the [Al, Fe]-MFI zeolites (see Figs. 4A and S5, 
ESI†). In the case of the physical mixtures of A50F0 and A0F50, 
although it is possible for their average acidities to be 
apparently tuned to a moderate acidity, the actual sites with 
moderate acidity are not generated in these mixtures, where 
strong and weak acid sites are present in different particles. 
Consequently, once A0F50 suffers from accumulation of 
hydrocarbons, strong acid sites located in A50F0 particles are 
unable to eliminate such accumulated species via cracking 
reactions; thus, these physical mixtures exhibited a short 
lifetime for the DTO reaction. On the other hand, in the case of 
the [Al, Fe]-MFI zeolites, the moderate sites are generated due 
to the co-presence of Al and Fe in the same particles and this 
contributes to both the production of olefins from the 
hydrocarbon pool and the suppression of coke formation. 
Therefore, precise control of the co-incorporation of Al and Fe 
into the same zeolite framework is the key to ensuring well-
tuned acidic properties and the desired catalytic performance.

A200F50 was further employed for the recycle test after 
the regeneration process at 550 °C for 6 h under air flow. As 
shown in Figs. S22–S24 (ESI†), interestingly, the lifetime of 
A200F50 was gradually increased from 107 h to 345 h upon an 
increase in the recycle run. The DR-UV-vis spectrum of the 
catalyst after the third run (Fig. S25, ESI†) indicated the 
formation of octahedral Fe species and/or FexOy clusters,37–44 
along with the tetrahedral Fe species present in the zeolite 
framework. Such sites formed during the reaction and/or the 
regeneration process would be responsible for the 
enhancement of catalyst lifetime; their detailed roles will be 
investigated in due course.
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Conclusions
The simultaneous incorporation of Al and Fe into an MFI 
zeolite framework with crystallite sizes of ≤51 nm was 
achieved for various contents and relative ratios of Al and Fe 
via the combination of pre-heating and subsequent 
hydrothermal treatments. As demonstrated quantitatively by 
the NH3-TPD measurements, control of the contents and the 
relative ratios of Al and Fe enabled us to linearly tune the 
acidic properties of the zeolites, namely, their density and 
average strength. In sharp contrast, the sole incorporation of 
either Al or Fe into the zeolite framework generated strong or 
weak acid sites, respectively, and was therefore not possible to 
control the acidity over a wide range in these cases. In the 
catalytic conversion of DME to light olefins, although the [Al]-
MFI and [Fe]-MFI suffered from a short catalyst lifetime due to 
severe coke formation, the [Al, Fe]-MFI zeolites with moderate 
acidity suppressed coke formation and exhibited a prolonged 
catalyst lifetime. The results of this study have identified a 
means to precisely control the density and average strength of 
zeolites by selecting an appropriate pair of heteroatoms (e.g., 
Al, Fe, and Ga), which undergo olation which is a key reaction 
for building a zeolite framework.65,66 Such an incorporation of 
multiple heteroatoms and the resulting control of acidity offer 
an attractive opportunity to develop tailor-made zeolite 
catalysts with excellent activity, selectivity, and durability for 
selected reactions.
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Graphical abstract

The co-incorporation of Al and Fe at the various relative ratios into the MFI-type zeolite 
framework enabled to linearly control the density and strength of acid sites, and such 
well-tuned acidity led to a better catalyst lifetime.
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