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Direct synthesis of Al-rich ZSM-5 nanocrystals with improved catalytic 
performance in aromatics formation from methane and methanol 

Shaojie Li , Xianxuan Ren , Brahim Mezari , Yujie Liu , Peerapol Pornsetmetakul , Anna Liutkova , 
Nikolay Kosinov , Emiel J.M. Hensen * 

Laboratory of Inorganic Materials and Catalysis, Department of Chemical Engineering and Chemistry, Eindhoven University of Technology, P. O. Box 513, 5600 MB, 
Eindhoven, the Netherlands   
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A B S T R A C T   

Nanosized ZSM-5 (<100 nm) zeolites with high acidity (Si/Al < 15) can bring distinct advantages as catalysts for 
obtaining aromatics in C1 chemistry. Synthesis of such nanosized zeolites in a cheap and scalable manner re-
mains a challenge. Herein, nanosized ZSM-5 (20–50 nm) with high acidity (Si/Al = 11) was hydrothermally 
synthesized in high yield using p-phenylenedimethylene-bis(tripropylammonium) dichloride (Pr3N-benzyl-NPr3) 
as the sole organic structure-directing agent (OSDA). By investigating the solid products formed during zeolite 
synthesis, it was found that crystallization follows a solid-state transformation mechanism. An in-depth NMR 
study combined with TGA measurements reveals that, after early electrostatic interaction between condensed 
aluminosilicate and the ammonium groups of OSDA, ZSM-5 crystallizes around the OSDA. Owing to its high 
acidity and shortened diffusion paths, such nanosized ZSM-5 demonstrates, compared to bulk ZSM-5, enhanced 
aromatics formation in methanol dehydration and non-oxidative dehydroaromatization of methane reactions.   

1. Introduction 

Zeolites are crystalline porous aluminosilicates possessing channels 
and cavities with size in the range of molecules [1–3]. ZSM-5 is widely 
used as heterogeneous catalyst in environmental chemistry, fine chem-
istry and petrochemistry [4–6]. Its MFI topology contains zigzag chan-
nels along the a-axis (0.51 nm × 0.55 nm) and straight channels along 
the b-axis (0.53 nm × 0.56 nm). The broad application of ZSM-5 zeolite 
catalysts in industrial chemical processes is related to its high (hydro) 
thermal stability, suitable shape selectivity and tunable acidity [7]. 
Among the many aspects that affect the performance of zeolite catalysts, 
the realization that the crystal size has a profound impact on the cata-
lytic performance has led to many approaches to control the zeolite 
domain/crystal size [8–10]. For instance, previous studies showed that 
decreasing the size of zeolite crystals below 100 nm can be effective to 
improve the accessibility of acid sites and facilitate the diffusion of ar-
omatics out of zeolites to suppress coke formation, thus resulting in a 
longer lifetime in methanol-to-hydrocarbons (MTH) and non-oxidative 
dehydroaromatization of methane (MDA) reactions [11,12]. In addi-
tion to the textural properties, acidity is a dominant factor that de-
termines the catalytic performance of zeolite catalysts [13]. As 

demonstrated for the MTH reaction, a highly acidic ZSM-5 (Si/Al < 15) 
can result in high activity and aromatics selectivity. However, a too high 
acidity will also lead to a high rate of coke formation, resulting in faster 
catalyst deactivation [14,15]. In the MDA reaction, it is generally 
accepted that the Brønsted acid sites (BAS) have two functions, i.e. 
providing anchoring sites for the metal species and catalyzing the for-
mation of aromatics as well as coke [16,17]. A previous study showed 
that a higher occupation of micropores with highly dispersed Mo spe-
cies, resulting from a higher Mo loading on ZSM-5 with a lower Si/Al 
ratio, led to a higher methane conversion as well as a higher benzene 
selectivity [18]. Overall, it has been clearly demonstrated that highly 
acidic ZSM-5 zeolite in nanosized form or with intracrystalline meso-
pores can improve aromatics formation during MTH and MDA reactions. 

Obtaining phase-pure ZSM-5 zeolite with a Si/Al ratio below 15 with 
the most commonly employed tetrapropylammonium (TPA) template is 
difficult [19–22]. Al-rich ZSM-5 zeolites can only be obtained in a nar-
row window of synthesis conditions with the risk of forming impurity 
phases such as mordenite and amorphous material [23,24]. Such chal-
lenges in obtaining nanosized Al-rich ZSM-5 crystals has motivated the 
development of alternative synthesis strategies [25–27]. For instance, 
Valtchev and co-workers investigated the synthesis of nanosized ZSM-5 

* Corresponding author. 
E-mail address: e.j.m.hensen@tue.nl (E.J.M. Hensen).  

Contents lists available at ScienceDirect 

Microporous and Mesoporous Materials 

journal homepage: www.elsevier.com/locate/micromeso 

https://doi.org/10.1016/j.micromeso.2023.112485 
Received 17 August 2022; Received in revised form 27 January 2023; Accepted 3 February 2023   

mailto:e.j.m.hensen@tue.nl
www.sciencedirect.com/science/journal/13871811
https://www.elsevier.com/locate/micromeso
https://doi.org/10.1016/j.micromeso.2023.112485
https://doi.org/10.1016/j.micromeso.2023.112485
https://doi.org/10.1016/j.micromeso.2023.112485
http://crossmark.crossref.org/dialog/?doi=10.1016/j.micromeso.2023.112485&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Microporous and Mesoporous Materials 351 (2023) 112485

2

zeolite with a low Si/Al ratio (~10) by using a seed-induced crystalli-
zation method. The nanosized crystals (30–70 nm) obtained at low 
crystallization temperatures (100 and 120 ◦C) displayed relatively low 
crystallinity [25]. Okubo and co-workers investigated the synthesis of 
intergrown ZSM-5 nanosheets from an initial gel at Si/Al ratio of 11 by 
using a dimer of TPA, i.e. N,N,N,N′,N’, 
N′-hexapropylpentanediammonium (Pr6-diquat-5), as the organic 
structure-directing agent (OSDA). Although the XRD pattern of the 
as-synthesized sample showed intense diffraction peaks corresponding 
to MFI zeolite, a large fraction of extraframework Al was observed after 
calcination, suggesting poor incorporation of Al into the zeolite frame-
work [26,28]. Overall, despite considerable efforts, synthesis of nano-
sized Al-rich ZSM-5 zeolites remains a challenge. 

In this work, we demonstrate a one-step hydrothermal synthesis of 
nanosized ZSM-5 from gels with different Si/Al ratios (11, 13 and 15) 
and a high NaOH/Si ratio (0.6) using p-phenylenedimethylene-bis(tri-
propylammonium) dichloride (Pr3N-benzyl-NPr3) (Fig. 4a) as the OSDA. 
From a gel Si/Al ratio of 11, nanosized ZSM-5 (20–50 nm) was suc-
cessfully obtained in high yield (99%) and a Si/Al molar ratio of 10.9. 
The crystallization behavior was investigated by characterizing the solid 
products obtained during the crystallization process. The use of NMR 
spectroscopy supported by computational modelling allowed establish-
ing the preferred location of the OSDA in ZSM-5 zeolite. The physico-
chemical properties of the nanosized ZSM-5 zeolites were extensively 
characterized and their performance was analyzed in the MTH reaction 
and in the MDA reaction upon modification by Mo. 

2. Experimental section 

2.1. Synthesis of OSDA 

0.02 mol of 1,4-bis(chloromethyl)benzene (Sigma Aldrich, 98%) was 
dissolved in 100 ml acetonitrile (Biosolve, 99.8%) and 30 ml ethanol 
(Biosolve, 99.9%). Then 0.08 mol of tripropylamine (Sigma Aldrich, 
≥98%) was added dropwise into the solution under vigorous stirring. 
The reaction solution was heated in a round-bottom flask in an oil bath 
kept at 70 ◦C for 3 days under a nitrogen atmosphere. After cooling to 
room temperature, the solution was poured into 200 ml of diethyl ether 
(Biosolve, 99.5%) under stirring. The precipitated white powder was 
collected by filtration and washed with diethyl ether. The obtained solid 
product was dried under evacuation at 50 ◦C for 12 h. The successful 
synthesis of the OSDA was confirmed by 1H NMR and 13C NMR spectra 
(Figs. S1 and S2). The product yield was 92%. 

2.2. Synthesis of zeolites 

Hydrothermal synthesis of zeolites was performed in a 45 ml Teflon- 
lined stainless-steel autoclave (Parr Instruments). In a typical synthesis, 
0.6 g of sodium hydroxide (Sigma Aldrich, ≥98%) was dissolved in 
15.51 g of deionized water, followed by addition of 1.15 g OSDA. After 
stirring for 5 min, AlCl3•6H2O (Alfa Aesar, 99%) was added to the 
mixture. After further stirring for 5 min, 3.75 g Ludox AS-40 (Sigma 
Aldrich, 40 wt%) was added slowly to the mixture under stirring. The 
final mixture had a molar composition of 12 SiO2: x Al2O3: 3.6 Na2O: 1.2 
OSDA: 480H2O (x = 0.4–0.6). After vigorous stirring for 24 h at room 
temperature, the mixture was transferred to the autoclave and heated at 
160 ◦C for 7 days under tumbling in an oven (50 rpm). After hydro-
thermal treatment, the solid product was collected by centrifugation and 
washed with deionized water until pH < 8, followed by drying at 30 ◦C 
overnight under evacuation. The organic template was removed by 
calcination at 550 ◦C for 8 h in air. The calcined samples were converted 
to the ammonium form by triple ion exchange with 1.0 M NH4NO3 at 
70 ◦C. The ion-exchanged samples were dried at 30 ◦C overnight under 
evacuation followed by calcination at 550 ◦C for 4 h in a O2/N2 (1/4 by 
volume) flow to obtain the final proton form. Samples were named as 
ZSM-5-x, where x is the Si/Al ratio. A commercial ZSM-5 zeolite (Si/Al 

= 13, Süd-Chemie, now Clariant) was used as reference material and 
named ZSM-5-Con. 

Mo/ZSM-5 catalysts were prepared by wet impregnation of an 
aqueous solution of ammonium heptamolybdate tetrahydrate 
(NH4)6Mo7O24•4H2O, Merck) on ZSM-5 zeolite. After impregnation, the 
samples were dried overnight at 110 ◦C and calcined in air at 550 ◦C for 
8 h (rate 2 ◦C/min). 

2.3. Characterization 

X-ray diffraction (XRD) patterns were recorded with a Bruker D2 
Phase powder diffractometer with Cu Kα radiation. The chemical com-
positions of the samples were determined by inductively couple plasma 
optical emission spectrometry (ICP-OES) after solid dissolution in HF/ 
HNO3 aqueous solution. The surface chemical composition of the sam-
ples was determined by X-ray photoelectron spectroscopy (XPS) using a 
Thermo Scientific K-alpha spectrometer equipped with a mono-
chromatic Al Kα X-ray source (1486.6 eV) and a 180◦ double-focusing 
hemispherical analyzer with a 128-channel detector. Textural proper-
ties were analyzed by Ar physisorption at − 186 ◦C on a Micromeritics 
ASAP 2020 instrument. Prior to the sorption measurement, the samples 
were outgassed at 400 ◦C for 6 h. The relative pressure in the range of 
0.05–0.25 was chosen to calculate BET surface area. The t-plot method 
was used to calculate the micropore volume and external surface area, 
while the Barrett-Joyner-Halenda (BJH) method was used to calculate 
the mesopore volume. Thermogravimetric analysis (TGA) was per-
formed on a TGA/DSC 1 instrument (Mettler Toledo) from 40 ◦C to 
800 ◦C at a heating rate of 5 ◦C/min in a flow of 20 ml/min O2 and 40 
ml/min He. 

Scanning electron microscopy (SEM) images were taken on a FEI 
Quanta 200F scanning electron microscope at an accelerating voltage of 
3 kV. Transmission electron microscopy (TEM) images were obtained on 
a FEI Tecnai 20 at 200 kV. Prior to the measurement, the samples were 
suspended in ethanol and dispersed over a holey Cu grid coated with a 
carbon film. 

The acidity of samples was determined by IR spectroscopy of 
adsorbed pyridine and 2,4,6-collidine. IR spectra were collected in the 
range of 1000–4000 cm− 1 on a Bruker Vertex 70v spectrometer. The 
sample in the form of a pressed wafer (~10 mg, diameter 13 mm) was 
pretreated in artificial air at 550 ◦C for 1 h. After cooling to 150 ◦C, a 
background spectrum was collected. Pyridine or 2,4,6-collidine was 
then introduced into the IR cell until saturation of the IR spectra was 
observed. Finally, the sample was outgassed for 1 h at 150 ◦C, 300 ◦C 
and 500 ◦C. After each step, a corresponding spectrum was collected 
after cooling to 150 ◦C. The density of BAS and LAS was determined 
using the following equation: 

C=
A • π • R2

W • IMEC  

where C is the density of acid sites (μmol/g), A the integrated absorption 
area, R the radius of the zeolite wafer (cm), W the weight of the zeolite 
wafer (g) and IMEC the integral molar extinction coefficient (IMECtot BAS 
= 0.73 cm/μmol, IMECtot LAS = 1.11 cm/μmol and IMECext BAS = 10.1 
cm/μmol). [29]. 

Solid-state nuclear magnetic resonance (NMR) spectroscopy was 
carried out on a 11.7 T Bruker DMX500 NMR spectrometer. The mea-
surements were performed at 132 MHz for 27Al, 99 MHz for 29Si, 125 
MHz for 13C nuclei. 27Al magic angle spinning (MAS) NMR measure-
ments were carried out using a Bruker 2.5 mm MAS probe head and a 
2.5 mm zirconia rotor with a spinning speed of 25 kHz. Prior to the 27Al 
NMR measurements, the samples were hydrated in a desiccator con-
taining water overnight. Quantitative 27Al MAS NMR spectra were ob-
tained using a selective π/12 pulse width. All other measurements were 
performed using a Bruker triple channel 4 mm MAS probe head and a 4 
mm zirconia rotor with a spinning speed of 10 kHz. Quantitative 29Si 
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MAS NMR spectra were recorded with a high-power proton decoupling 
direct excitation (DE) pulse sequence during which a 54◦ pulse duration 
of 3 μs and a recycle delay of 120 s were used. 1H-13C cross-polarization 
(CP) MAS NMR spectra were recorded by using a ramped contact pulse 
of 3 ms and a recycle delay of 3 s. Two-dimensional (2D) 1H-13C het-
eronuclear correlation (HETCOR) spectra were recorded by using a 
rectangular contact pulse of 1 ms. 1H-29Si HETCOR spectra were 
recorded by using a rectangular contact pulse of 4 ms. Liquid-state NMR 
experiments were carried out on a Bruker 400 MHz spectrometer. The 
as-synthesized OSDA was dissolved in deuterated water. Then, the so-
lution was transferred into a 5 mm NMR tube. 1H NMR spectra were 
recorded with a total of 32 scans and a relaxation delay of 1 s 13C NMR 
spectra were recorded with a total of 1024 scans and a relaxation delay 
of 2 s. 

2.4. Computational modeling 

Density functional theory (DFT) calculations were performed using 
the Vienna Ab Initio simulation package (VASP) with the effective ion 
cores described by projector-augmented wave (PAW) potentials 
[30–32]. The exchange and correlation energies were computed by the 
Perdew-Burke-Ernzerhof (PBE) functional based on the generalized 
gradient approximation (GGA) [33]. Dispersion corrections were 
introduced by the PBE + D3 method [34]. The cut-off energy of the 
plane wave basis was set to 400 eV. Structure optimization was con-
ducted using the damped molecular dynamics method implemented in 
VASP and the convergence criterion for the forces on all atoms were less 
than 0.05 eV/Å. ZSM-5 zeolite was modeled by using a MFI-type peri-
odic unit cell with experimentally determined lattice constants of 20.02 
Å × 19.90 Å × 13.38 Å [35]. The Γ-point was used for all calculations 
and full geometry optimization was employed. Adsorption energies of 
adsorbates were computed based on Eads = E(adsorbate-zeolite) – E 
(zeolite) – E(adsorbate), where E(adsorbate-zeolite) is the total energy of 
the zeolite with the adsorbed species, E(zeolite) the energy of the empty 
zeolite, E(adsorbate) the energy of the adsorbate in the gas phase. 

2.5. Catalytic activity measurements 

2.5.1. Methanol to hydrocarbons 
The catalytic activity of the samples for MTH reaction was tested in a 

fixed-bed downstream reactor. An amount of 15 mg of the catalyst (sieve 
fraction 250–500 μm) was loaded into a quartz reactor with an internal 
diameter of 4 mm. Prior to the reaction, the catalyst was pretreated in 
situ in artificial air at 550 ◦C for 1 h, followed by cooling to the reaction 
temperature of 450 ◦C in the same artificial air. Methanol was fed to the 
reactor at a weight hourly velocity (WHSV) of 10 h− 1 by flowing He 
through a saturator containing methanol, which was kept at 6.6 ◦C. The 
products were analyzed by online gas chromatography (Interscience 
Compact GC) equipped with 2 pre-columns, 3 columns and 3 detectors. 
A thermal conductivity detector (TCD) coupled with an RT-Q-Bond pre- 
column (length 3 m; i.d. 0.32 mm; thickness 10 μm) and a Molsieve 5A 
column (length 10 m; i.d. 0.32 mm; thickness 30 μm) was used for the 
analysis of H2 and CH4. A TCD coupled with an RT-Q-Bond pre-column 
(length 3 m; i.d. 0.32 mm; thickness 10 μm) and an RT-Q-Bond column 
(length 10 m; i.d. 0.32 mm; thickness 10 μm) was used for the analysis of 
C2-C3 hydrocarbons, water and oxygenates. Heavier hydrocarbons (C4 to 
naphthalene) were separated on an Rtx-1 column (length 15 m; i.d. 0.32 
mm; thickness 1 μm) and analyzed with a flame ionization detector 
(FID). Dimethyl ether was considered as a reactant. 

2.5.2. Non-oxidative dehydroaromatization of methane 
The MDA reaction was performed in a fix-bed downstream reactor. 

An amount of 300 mg of catalyst (sieve fraction 250–500 μm) was 
loaded into a quartz reactor with an internal diameter of 4 mm. The 
catalyst was pretreated by heating to 450 ◦C at a rate of 10 ◦C/min in a 
flow of CH4/N2 (95/5) followed by an isothermal dwell of 45 min. Then 

the temperature was increased to 700 ◦C (15 ◦C/min). The moment 
when the final temperature was reached was regarded as the start of the 
reaction. The reaction was carried out at 700 ◦C for 16 h in a 30 ml/min 
CH4/N2 (95/5) flow. The reaction products were analyzed by online gas 
chromatography (Interscience Compact GC) equipped with 2 pre- 
columns, 3 columns and 3 detectors. A TCD coupled with an RT-Q- 
Bond pre-column (length 3 m; i.d. 0.32 mm; thickness 10 μm) and a 
Molsieve 5A column (length 10 m; i.d. 0.32 mm; thickness 30 μm) was 
used for the analysis of H2, N2, CH4 and CO. A TCD coupled with an RT- 
Q-Bond pre-column (length 3 m; i.d. 0.32 mm; thickness 10 μm) and an 
RT-Q-Bond column (length 10 m; i.d. 0.32 mm; thickness 10 μm) was 
used for the analysis of ethane and ethylene. Heavier hydrocarbons 
(benzene, toluene and naphthalene) were analyzed with FID coupled 
with an Rtx-1 column (length 15 m; i.d. 0.32 mm; thickness 1 μm). 

3. Results and discussion 

3.1. Zeolite synthesis 

Various ZSM-5 zeolites were hydrothermally synthesized from initial 
gels with different Si/Al ratios (i.e., 15, 13, 11, and 10) at 160 ◦C for 7 
days. The XRD patterns, Ar physisorption isotherms and representative 
SEM and TEM images of the solid products are shown in Fig. 1. XRD 
patterns in Fig. 1a show that phase-pure ZSM-5 zeolites with high 
crystallinity are obtained from gels with Si/Al ratios of 11, 13, and 15, 
while no crystalline product was obtained at a Si/Al ratio of 10. The high 
crystallinity is also evident from the steep Ar uptake at low relative 
pressure (p/p0 < 0.01) due to the filling of the zeolite micropores 
(Fig. 1b) [29]. SEM and TEM images (Fig. 1c–f) show agglomerates 
composed of nanosized crystals (20–50 nm). The nanocrystalline 
morphology of these ZSM-5 zeolites is consistent with their high external 
surface area in the 86–93 m2/g range (Table S1). Elemental analysis 
shows that the Si/Al ratio of the zeolites is very similar to the ratio in the 
corresponding starting gels, which suggests proper incorporation of Al 
and Si nutrients, consistent with the high synthesis yields (94–99%) 
(Table S1). 

The effect of the NaOH/Si molar ratio (0.5, 0.6 and 0.7) in the initial 
gel was also investigated. The results in Fig. S3 show that phase-pure 
ZSM-5 can only be obtained at a NaOH/Si molar ratio of 0.6 at a Si/Al 
ratio of 11. It should be noted that in previous studies the initial syn-
thesis gel had a lower NaOH/Si molar ratio of around 0.3, because 
higher alkalinity typically leads to impurity phases such as MOR [23, 
36]. Although this is not the case here with Pr3N-benzyl-NPr3 as the 
OSDA, we verified the formation of a mixture of ZSM-5 and MOR when 
this OSDA was replaced by TPABr at a NaOH/Si gel ratio of 0.6 (Fig. S4). 
We also investigated the same syntheses with Me3N-benzyl-NMe3, 
Me1Et2N-benzyl-NMe1Et2 and Et3-benzyl-Et3 as OSDA. In none of these 
cases, ZSM-5 was obtained (Fig. S5). Pure MOR zeolite was obtained in 
the absence of the OSDA already after 1 day hydrothermal synthesis 
(Fig. S6), consistent with previous studies [37]. Overall, the above re-
sults demonstrate that Pr3N-benzyl-NPr3 is an effective OSDA for syn-
thesizing nanosized Al-rich ZSM-5 with high yield. Therefore, our 
synthesis extends the scope of the use of Pr3N-benzyl-NPr3 as OSDA in 
directing more valuable aluminum-containing zeolite for acidic catal-
ysis. So far, this OSDA has only been reported for directing all-silica 
zeolites (Silicate-1 and IDM-1) in fluoride media by the group of Cam-
blor [3,38]. 

In order to understand the crystallization behavior of ZSM-5-11, the 
solids obtained at different crystallization times were characterized in 
terms of crystallinity, chemical composition, morphology and textural 
properties. The XRD results (Fig. 2a and S7) show that the crystallization 
process starts with a long induction period (~5 days) followed by a fast 
crystal growth stage (~1 day). Notably, a high solid yield (>87%) is 
maintained throughout the whole crystallization process (Fig. 2a). 
Consistent with this, the solid products are similar with respect to bulk 
and surface Si/Al ratios (~11, Table S2). Electron microscopy was used 
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to determine the morphology of the solid products. The SEM image in 
Fig. 1d shows the presence of worm-like particles (>100 nm) with an 
irregular morphology in the solid product obtained after 1 day synthesis. 

Supported by XRD (Fig. S7) and physisorption data (Fig. S8 and 
Table S2), these worm-like particles represent amorphous aluminosili-
cate species. Similar worm-like features have also been observed for 

Fig. 1. (a) XRD patterns of as-synthesized samples, (b) Ar physisorption isotherms of calcined samples, (c–e) SEM images of calcined samples and (f) representative 
TEM image of calcined ZSM-5-11. 

Fig. 2. (a) Relative crystallinities, Si/Al molar ratios and yields of solid synthesis products; (b–c) TEM images and (d–k) SEM images of obtained solid products 
during the synthesis of ZSM-5-11. 

S. Li et al.                                                                                                                                                                                                                                        



Microporous and Mesoporous Materials 351 (2023) 112485

5

amorphous zeolite precursors in ZSM-5 synthesis with TPA [39,40]. 
After hydrothermal treatment for 2 days, a decrease in the size of the 
particles is observed, which then remains constant until the onset of 
crystallization. After 5 days synthesis, the SEM image shows the for-
mation of embedded tiny particles on the outer surface of the worm-like 
particles (Fig. 2h). The corresponding TEM image presents clear lattice 
fringes, indicating that these small particles (<30 nm) are crystalline in 
nature (Fig. 2c). The formation of such crystalline particles is also 
consistent with the XRD patterns, where already MFI features can be 
discerned (Fig. S7). As indicated by XRD (Fig. S7), further hydrothermal 
treatment until 6 days resulted in fast crystal growth and formation of 
aggregated particles with a size of 20–50 nm (Fig. 2i). After 7 days, no 
significant change in the morphology of the particles was observed 
anymore, while the corresponding XRD pattern indicates that ZSM-5 
with high crystallinity is obtained. This is also confirmed by the Ar 
physisorption isotherms of the calcined samples, in which the highest Ar 
adsorption capacity in the low-pressure region (p/p0 < 0.01) is observed 
for the sample synthesized for 7 days (Fig. S8). Prolonging the synthesis 
to 9 days has a negligible effect on the crystallinity (Fig. 2a) and textural 
properties of the zeolite (Fig. 2k and S8, Table S2). 

Besides the investigation on the evolution of crystallinity, chemical 
composition, morphology and textural properties, the structural evolu-
tion of the solid products was investigated with 27Al MAS NMR, 29Si 
MAS NMR and IR spectroscopy. The 27Al NMR spectra in Fig. 3a show a 
single intense signal at 54 ppm assigned to four-coordinated Al species 
for all samples obtained as a function of hydrothermal synthesis time 
[41]. This indicates that the aluminum precursor is dissolved well and 
reacts with silicates to form the aluminosilicates composed of 
four-coordinated Al at the beginning of the synthesis [42]. As shown in 
Fig. S9, the full width at half maximum (FWHM) of the peak at 54 ppm 
decreases gradually during the induction period (<5 days), which in-
dicates an improved structural order of the amorphous precursor [43]. 
After the onset of crystal growth, a substantial decrease of the FWHM of 
the relevant NMR peak is observed in line with the increased crystal-
linity. The coordination environment of Si atoms was investigated by 
29Si MAS NMR spectroscopy. As shown for the solid product after 1 day 
synthesis in Fig. 3b, the 29Si MAS NMR spectrum shows a broad peak 
between − 80 and − 120 ppm. According to a previous study, this broad 
peak mainly consists of resonances centered at around − 95 ppm, − 102 
ppm, − 105 ppm and − 111 ppm, which correspond to Q2(0Al), Q3(0Al), 
Q4(1Al) and Q4(0Al), respectively [44]. Upon hydrothermal treatment 
up to 5 days, the resonances assigned to Q2(0Al) and Q3(0Al) gradually 
decrease in intensity, while an increased intensity in the signal assigned 
to Q4(0Al) is observed, suggesting the gradual condensation of silicates 
during the induction period [45]. After full crystallization (7 days), a 
sharp peak at − 111 ppm is observed, while the feature at − 95 ppm is 
absent, indicating the high condensation degree of silicates and 

well-ordered structure of the obtained ZSM-5 zeolite. Finally, the 
various samples were investigated by IR spectroscopy. Fig. 3c shows that 
the spectrum for the solid sample obtained after 1 day synthesis contains 
a weak band at 550 cm− 1, which can be related to double-5-membered 
ring (D5R) units [46]. After formation of highly crystalline ZSM-5 
zeolite after 7 days synthesis, the band at 550 cm− 1 is more intense, 
which is usually explained by the more rigid environment in the zeolite 
framework [47]. In addition, the band at 1220 cm− 1 is attributed to the 
asymmetrical framework vibration of MFI zeolites [48]. 

We also investigated the interaction between the solid aluminosili-
cate intermediates and the OSDA during hydrothermal synthesis by 
TGA, 1H-13C CP/MAS NMR spectroscopy, 1H-13C HETCOR NMR spec-
troscopy and 2D 1H-29Si HETCOR NMR spectroscopy. The TGA results in 
Table S3 show that the content of occluded OSDAs in the solid product 
obtained after 1 day synthesis is 4.2 wt%. This amount is the same as 
after prolonged synthesis until the end of the induction period. How-
ever, the amount of occluded OSDA substantially increases to values 
larger than 8 wt% for the crystalline samples, which implies that the 
interaction between the OSDA and aluminosilicate precursors in amor-
phous products differs from that in the crystalline end product. Such 
differences were also reported in previous studies involving ZSM-5 
synthesis with TPA in which the incorporation of a particular amount 
of TPA into the amorphous phase during the induction stage was argued 
to be an essential prerequisite for the subsequent disorder-to-order solid 
transformation [49,50]. Other synthesis strategies, e.g. ultrasonication, 
have also been employed to facilitate the incorporation of TPA into the 
amorphous inorganic substrates, resulting in a shorter induction stage 
[49,51]. We also investigated the obtained solid samples by 1H-13C 
CP/MAS NMR spectroscopy. As shown in Fig. 4b, the 13C NMR spectrum 
of sample obtained after 7 days synthesis matches well with that of the 
pure Pr3N-benzyl-NPr3, indicating that the OSDA is stable during hy-
drothermal synthesis. Notably, the spectra of the two samples obtained 
after 3 and 5 days synthesis show a much lower intensity than the 
spectrum of the highly crystalline sample obtained after 7 days. 
Considering the relatively small differences in the amount of occluded 
OSDA between samples (Table S3), the intensity changes can be corre-
lated to a higher mobility of the occluded organic molecules, explaining 
the less intense correlation signals [52]. It is reasonable to expect that 
the OSDA interacting with amorphous solid intermediates during the 
induction period are more mobile than the OSDA in the final condensed 
zeolite framework. 

To further reveal guest-host interactions between the OSDA and the 
inorganic part, 2D 1H-13C and 1H-29Si HETCOR NMR experiments were 
carried out. First, the proton chemical shift assignment was determined 
on the basis of the 2D 1H-13C HETCOR NMR spectrum. As shown in 
Fig. 4c, two correlated signals between protons and carbon atoms in the 
terminal methyl groups (-CH3) are observed. An additional shoulder is 

Fig. 3. (a) 27Al MAS NMR spectra; (b) 29Si MAS NMR spectra and (c) IR spectra of solid products obtained during the synthesis of ZSM-5-11.  
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observed for the resonance assigned to –CH3 in the 13C dimension pro-
jection. These findings are in qualitative agreement with the 13C NMR 
spectrum for TPA occluded in ZSM-5 zeolite in previous studies, where 
the splitting of the signal due to terminal –CH3 was attributed to dif-
ferences in confinement and electrostatic interactions between TPA in 
zigzag and straight channels [52–54]. Another supporting evidence for 
this is that a symmetric 13C NMR signal without splitting is observed for 
the terminal –CH3 in the 13C projection of 2D 1H-13C HETCOR NMR 
spectrum of Pr3N-benzyl-NPr3 itself (Fig. S11). The proximity between 
the occluded OSDA and the zeolite framework can be deduced from the 
1H-29Si HETCOR NMR spectrum [55]. The strongly correlated signals in 
Fig. 4d between the various protons of the OSDA and the framework Si 
species, i.e. Q4(1Al) and Q4(0Al), evidence the inclusion of the OSDA in 
the ZSM-5 micropores. For the amorphous solid sample after 3 days 
synthesis, additional correlation signals are observed between the pro-
pyl moieties of the OSDA and Q4 sites, while cross-peaks between aro-
matic protons and Q4 sites are absent (Fig. S12a). The absence of 
correlation signals between aromatic protons of the OSDA and Q4 sites 
can be due to the higher mobility of the aromatics moieties of the OSDA, 
which likely stems from the absence of a microporous environment for 
these amorphous precursor materials. These findings indicate that the 
formation of the inorganic-organic composites at the initial induction 
stage is mainly driven by the electrostatic interactions between the 
positive-charged head groups of the OSDA and the negatively charged 
Al-rich aluminosilicate matrix. The appearance of correlation signals 
between the aromatic protons of the OSDA and Si atoms goes together 
with the formation of crystalline ZSM-5, which is likely due to the 
confinement of the OSDA by the micropores (Fig. S12b). 

DFT calculations were used to determine the preferred location of the 
Pr3N-benzyl-NPr3 OSDA within a ZSM-5 zeolite model. Fig. 5 shows that 
Pr3N-benzyl-NPr3 can be located in both the straight and the sinusoidal 
channels. In the zeolite models, the positive charge of the OSDA was 
compensated by replacement of two Si atoms by Al. The location of the 

OSDA along the straight channels is strongly preferred as shown in 
Table S4. Furthermore, it was established that placement of the 
ammonium head groups of the OSDA close the negative zeolite charges, 

Fig. 4. (a) Structural formula of Pr3N-benzyl-NPr3; (b) Solid-state 1H-13C CP/MAS NMR spectra of solid samples synthesized as a function of the hydrothermal 
synthesis time (top) and liquid-state 13C NMR spectrum of Pr3N-benzyl-NPr3 in D2O (bottom); (c) 1H-13C HETCOR NMR spectrum of as-synthesized ZSM-5-11 and (d) 
1H-29Si HETCOR NMR spectrum of as-synthesized ZSM-5-11. 

Fig. 5. Preferred location of a Pr3N-benzyl-NPr3 cation in (a) a straight channel 
and (b) a sinusoidal channel of ZSM-5 viewed from the c-axis (top) and the b- 
axis (bottom). The framework structure is represented by a stick model with 
yellow for silicon and red for oxygen. For case (a), two Si atoms at T1 and T6 
positions were replaced by Al, while for case (b) two Si atoms located at T3 and 
T5 were replaced by Al. 
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i.e., oxygen tetrahedra occupied by framework Al (AlF), represents more 
stable configuration than placing Al further away from the positively 
charged head groups (Figs. S13 and S14). Further structural analysis 
shows that the terminal CH3 groups of the OSDA stick into straight and 
sinusoidal channels, which is in agreement with the NMR spectra in 
Fig. 4. 

On the basis of the above, we propose a scheme for the formation of 
the nanocrystalline ZSM-5-11 sample (Scheme 1). During the initial 
stages of the synthesis, rapid condensation of silica including aluminum 
results in dense amorphous particles with a limited amount of OSDA 
incorporated. A high NaOH/Si molar ratio (0.6) is essential to initiate 
these condensation reactions. A high concentration of sodium cations 
leads to competition with the OSDA for compensation of the negative 
charges of the inorganic matrix (due to deprotonated silanol groups and 
Al for Si substitutions), which we speculate could hinder the incorpo-
ration of OSDAs into the inorganic matrix. This can explain the longer 
induction period. Comparable Si/Al ratios and high yields of the solid 
products are already achieved after one day synthesis. Once tiny crystals 
on the outer surface of the amorphous solid gel (solid-liquid) interface 
are formed, crystal growth proceeds fast within the next day via a non- 
conventional solid-solid transformation mechanism. These observations 
suggest the importance of autocatalytic nucleation [56–59]. During the 
crystal growth stage, Pr3N-benzyl-NPr3 has a strong templating function 
for MFI by fitting in the forming MFI channels. The formation of 
aggregated small crystals is likely related to capping of the growing 
crystals by the OSDA. Specifically, this may stem from the strong elec-
trostatic interaction between the highly negatively charged surface of 
Al-rich crystals and the positively charged OSDA [60]. Also relevant is 
that π-π stacking of the aromatic moieties of the template molecules in 
the liquid phase can result in intermolecular interactions. The resulting 
π-conjugated OSDAs can be regarded as cationic polymers, which are 
known to act as strong capping agents that limit Ostwald ripening and 
thus limit the transformation of the initially small crystals into larger 
ones [61,62]. 

3.2. Acidity 

ZSM-5-Con was chosen as a reference catalyst for evaluating the 
acidity and catalytic performance of nanosized ZSM-5-11, ZSM-5-13 and 
ZSM-5-15. Basic characterization data are presented in the Supporting 
Information (Fig. S17 for SEM image, Ar physisorption isotherm and 
XRD pattern; Table S1 for textural properties). The 27Al NMR spectra in 
Fig. 6 show that both ZSM-5-Con and three nanosized ZSM-5 zeolites 
have a high fraction of framework Al (>83%). ZSM-5-11 exhibits lower 

bulk (10.9) and framework (13.4) Si/Al ratios than ZSM-5-Con (Si/ 
Albulk = 12.9, Si/AlF = 16.1). ZSM-5-11 with a higher density of 
framework Al atoms also shows a larger amount of Brønsted acid sites 
(BAS) as compared to the other samples (Table 1 and Fig. S19). Notably, 
a substantially larger amount of external BAS is determined for ZSM-5- 
11, which can be correlated to the much higher external surface area. 
Next, the catalytic performance of nanosized ZSM-5 samples was 
determined in comparison to ZSM-5-Con in the MTH and MDA re-
actions, both of which are promising for the production of aromatic 
building blocks [63,64]. 

3.3. Catalytic activity 

3.3.1. Methanol to hydrocarbons 
First, the catalytic performance of the nanosized and conventional 

ZSM-5 zeolites in the MTH reaction was investigated. The catalyst life-
time is defined as the time at which the initially complete methanol 
conversion decreased to 50%. Fig. 7a shows that methanol can be fully 
converted over all catalysts during the initial stages of the MTH reaction. 

Scheme 1. Scheme for the proposed formation of Al-rich nanocrystalline ZSM-5.  

Fig. 6. 27Al MAS NMR spectra of calcined ZSM-5-Con, ZSM-5-11, ZSM-5-13 
and ZSM-5-15. 
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With longer time on stream, these three nanosized ZSM-5 zeolites ex-
hibits a better catalytic stability than ZSM-5-Con and a significant 
decline in activity is only observed after 5 h with a much longer lifetime 
of longer than 8 h for nanosized samples in comparison to that of ~2.5 h 
for ZSM-5-Con. The significantly longer lifetime of nanosized ZSM-5 
samples can be attributed to a better utilization of the micropore 
space due to the reduction of the crystal size [65,66]. In line with this, 
Fig. S20 shows that the coke contents are much higher in the used 
ZSM-5-11, ZSM-5-13 and ZSM-5-15 samples (14.5%, 15.5% and 15.6%, 
respectively) than in the used ZSM-5-Con sample (8.9%). Inspection of 
the product distribution given in Fig. 7b and Table S5 shows a much 
larger aromatics selectivity of 32.7% for ZSM-5-11 in comparison to 
ZSM-5-Con (18.7%). Table S6 lists the catalytic performance of typical 
ZSM-5-based catalysts in the MTH reaction taken from literature. From 
this overview, we can infer that the ZSM-5-11 catalyst displays prom-
ising catalytic performance with a aromatics selectivity of 32.7% and a 
lifetime of 8.1 h, especially given the relatively high WHSV of 10 h− 1 

used in the present work. We expect that further optimization of the 
reaction system can lead to a further increase of the aromatics selectivity 
and the catalyst longevity, which is outside the scope of the present 
work. A more detailed analysis of the products (Fig. S21) shows that the 
heavier aromatics, such as tetra-methylbenzene and indane, contribute 
significantly to the improved aromatic yield of ZSM-5-11, whereas they 
are negligible in the products of ZSM-5-Con. The three nanosized sam-
ples prepared in this work with different Si/Al ratios exhibit comparable 
product distribution and coke tolerance, suggesting that the relatively 
small differences in the acidity have a very limited impact on the cata-
lytic performance. As the acidity differences between the three nano-
crystals and the ZSM-5-Con reference are also small, the higher 

aromatics selectivity for the nanocrystalline samples can be explained by 
the higher rate of product desorption for nanocrystalline samples. A 
comparison of the C2/C2

= and C3/C3
= ratios (Table S5) points to a higher 

hydrogen transfer rate for nanosized ZSM-5-11, ZSM-5-13 and ZSM-5-15 
[67]. The higher hydrogen transfer rate of ZSM-5-15 than ZSM-5-Con at 
similar acidity suggests that a larger fraction of acid sites are involved in 
the catalysis for the nanosized sample [68]. Overall, the longer lifetime 
of nanocrystalline ZSM-5 zeolites is due to better utilization of the 
zeolite micropore space, while differences in product distribution 
mainly stems from faster desorption of heavier products for the smaller 
crystals. 

3.3.2. Methane dehydroaromatization 
For evaluating the performance of the ZSM-5 zeolites in the MDA 

reaction, the zeolites were loaded with 2 wt% Mo via wet impregnation. 
A previous study demonstrated that at such a loading nearly all Mo 
atoms are atomically dispersed by anchoring on double framework Al 
sites of high-acidity ZSM-5 zeolites (Si/Al < 15) [69]. The catalytic re-
sults (Fig. 8 and S22 and Tables S7 and S8) demonstrate the improved 
performance of Mo/ZSM-5-11 over Mo/ZSM-5-Con. The nanocrystalline 
zeolite deactivates slower during the methane conversion reaction, 
which can be appreciated from the evolution of the methane conversion 
and the benzene and naphthalene yield. The accumulated product yields 
are more than twice those obtained with the reference zeolite, similar to 
the relative difference in the total amount of methane converted which 
increases from 36.6 mmol/gcat for Mo/ZSM-5-Con to 82.1 mmol/gcat for 
Mo/ZSM-5-11. The amount of benzene and naphthalene obtained for 
Mo/ZSM-5-11 increased to 33.4 mmol/gcat and 13.7 mmol/gcat, 
respectively, from values of 14.2 mmol/gcat and 5.4 mmol/gcat for 
Mo/ZSM-5-Con (Table S7). Relatively speaking, the product distribu-
tions over the total reaction time were comparable (Fig. 8e and 
Table S8). TGA data (Fig. S23) show that the coke content in used 
Mo/ZSM-5-11 (22%) is much higher than in used Mo/ZSM-5-Con (13%). 
We attribute this difference to the better utilization of the micropore 
space of the nanocrystalline zeolite [70,71]. The corresponding DTG 
profiles in Fig. S23 show that the coke combustion for used 
Mo/ZSM-5-Con occurs in two steps. According to our previous study, the 
weight loss in the low temperature range (450–550 ◦C) corresponds to 
the combustion of coke close to Mo-centers, which can catalyze coke 
combustion upon reoxidation to the oxide, while the weight loss at high 
temperatures (550–650 ◦C) is due to the diffusion-limited combustion of 
coke further away from Mo-centers [72]. In contrast, coke combustion in 
used Mo/ZSM-5-11 occurs in a single step, which we tentatively attri-
bute to strong diffusion limitations for oxygen because of the dense 
filling of coke in the micropores of used Mo/ZSM-5-11 [73]. Considering 
the relatively small difference in the BAS density of these two samples, 
we speculate that the better utilization of zeolite micropores contributes 
more significantly to the enhanced catalytic performance of 
Mo/ZSM-5-11 than the higher acidity. 

Table 1 
Si/Al ratio, fraction of framework Al, and acidity of the ZSM-5 zeolites.  

Zeolite Si/Al 
(ICP) 

Si/Ala 

(NMR) 
AlF 

(%)b 
[BAS]c 

(μmol/g) 
[LAS]d 

(μmol/g) 
[BASext]e 

(μmol/g) 

ZSM-5- 
Con 

12.9 16.1 83.5 948 165 18 

ZSM-5- 
11 

10.9 13.4 86.0 1226 159 63 

ZSM-5- 
13 

13.1 15.6 88.3 1101 148 56 

ZSM-5- 
15 

14.8 16.3 88.7 966 134 47  

a Framework Si/Al ratio determined by[29] Si NMR. 
b Fraction of framework Al determined by[27]Al NMR. 
c Density of Brønsted acid sites (BAS) determined by IR spectra of adsorbed 

pyridine after evacuation for 1 h at 150 ◦C. 
d Density of Lewis acid sites (LAS) determined by IR spectra of adsorbed 

pyridine after evacuation for 1 h at 150 ◦C. 
e Density of BAS on the external surface determined by IR spectra of adsorbed 

2,4,6-collidine after evacuation for 1 h at 150 ◦C. 

Fig. 7. MTH performance of ZSM-5 catalysts: (a) methanol conversion as a function of reaction time and (b) product selectivity after 0.5 h time on stream.  
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4. Conclusions 

This work described the successful direct synthesis of nanosized Al- 
rich ZSM-5 zeolites by a one-step hydrothermal approach using Pr3N- 
benzyl-NPr3 as the sole OSDA. The most acidic sample is ZSM-5-11 (Si/ 
Al 10.9, 20–50 nm, yield 99%). A high NaOH/Si molar ratio of 0.6 is 
important to obtain nanosized ZSM-5 in this way. The crystallization 
process of ZSM-5-11 exhibits a long induction period (~5 days) and a 
fast crystal growth step (~1 day) involving a solid-state transformation, 
which can be described by the autocatalytic nucleation model. NMR and 
TGA reveal that, after electrostatic interaction between condensed 
aluminosilicate and the head groups of OSDA during the induction stage, 
ZSM-5 crystallizes around the OSDA. DFT calculations indicate that the 
OSDA prefers to locate in the straight channels of the MFI zeolite aligned 
along the b-axis. 27Al NMR spectroscopy reveals that most of the 
aluminum species are in the framework of calcined ZSM-5-11. Nano-
sized ZSM-5-11 shows significantly improved aromatics formation rates 
in MTH and MDA reactions as compared to a commercial ZSM-5 (Si/Al 
= 12.9). The improved catalytic performance of ZSM-5 is ascribed to the 
high acidity and enhanced mass transfer properties. 
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