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A B S T R A C T

Mechanochemical activation and steam-assisted interzeolite transformation offer a simple, fast and cost-efficient synthesis route to gmelinite (GME) zeolite. The use
of faujasite (FAU) as the parent zeolite precursor facilitates the reaction and results in high yields of high-quality GME in less than 20 h under optimized conditions.
The accessible porosity and amounts of stacking-faults were determined by N2 physisorption and XRD analysis, respectively. The results show that the quality of the
prepared materials easily competes with GME zeolites synthesized by conventional hydrothermal synthesis, which encourages further research in this area. By
changing the reaction parameters, the approach may also be used for the production of several other types of zeolites, including MOR, MFI and ANA.

1. Introduction
Zeolites are crystalline microporous aluminum-silicates that find
multiple industrial applications because of their ability to ion-exchange
cations and their high acidity on proton-form. The arrangements of
tetrahedrally coordinated Si and Al atoms give rise to a large number of
three-dimensional frameworks that have well-defined systems of pores
and cages in different sizes and shapes. Because these pores are in the
same dimensions as small molecules, zeolites are also known as mo
lecular sieves. Their remarkable size- and shape-selective properties
make zeolites particularly useful for gas separation and catalysis, where
each zeolite framework provides a unique reaction environment that
results in different catalytic properties in terms of activity, selectivity
and stability.
Although more than 240 zeolites are known, and new frameworks
are still frequently reported [1], the synthesis of some long-known to
pologies still represents a significant challenge [2]. Specifically, these
syntheses often rely on complicated reaction procedures, lengthy crys
tallizations and the use of expensive organic structure-directing agents
(OSDAs).
One such example is the zeolite gmelinite (GME), which consists of
double-six-membered rings (d6r) and characteristic GME cages. GME
has a three-dimensional multipore system with large 12-membered ring
channels in one direction and small 8-membered ring channels in the
two other. Like other large-pore zeolites, GME has potential applications

in shape-selective catalysis and gas separation [2,3]. Unfortunately,
natural and synthetic GME zeolite crystals often contain stacking faults
and intergrowths with the small-pore zeolite chabazite (CHA). These
stacking faults block the large 12-membered pores, which decreases the
porosity and limits potential applications. Both GME and CHA consist of
stacked layers of d6r, where each layer rotates 60◦ relative to the pre
vious layer. For the GME structure, the rotation occurs in alternate di
rections (AABB … sequence), while for CHA, the rotation consistently
occurs in the same direction (AABBCC … sequence) [4]. Because of this
structural similarity, stacking-faults and other crystalline disorders such
as intergrowths and epitaxial overgrowths are often present in GME
zeolites.
Several research groups have devoted much effort to developing
high-quality CHA-free GME, both with and without OSDAs [5].
Recently, Dusselier et al. [2] managed to synthesize completely
fault-free GME using an enantiomeric pure N,N-dimethyl-3,5-dime
thylpiperidinium hydroxide in the cis-form after 110 h at 140 ◦ C. Since
the GME structure is unstable at high temperatures and cannot be
calcined, the researchers treated the materials with ozone for 24 h at
150 ◦ C to remove the OSDA. The resulting GME material (named CIT-9)
had an unprecedented total pore volume of 0.17 cm3/g. In contrast, the
template-free synthesis of GME zeolites typically relies on interzeolite
transformations. In 1999, Chiyoda and Davis [6] reported the synthesis
of GME starting from Sr-exchanged FAU. The transformation occurred in
a synthesis medium containing SrCl2 and took 14 days at 240 ◦ C. More
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recently, Xie [7] patented the synthesis of GME starting from FAU using
NaOH in conventional hydrothermal synthesis. The GME formed within
4–5 days at 125 ◦ C.
One particular advantage of interzeolite transformations over con
ventional hydrothermal synthesis is the crystallization rate. Sano and coworkers [8] studied several interzeolite transformations and showed
that using FAU as the parent zeolite increased the crystallization rate
compared to the conventional synthesis starting from amorphous
aluminosilicate precursors. The researchers explained the high rate by
the presence of small fragments of ordered aluminosilicate species
(nanoparts) that form by the decomposition of the parent zeolite. Similar
explanations were also given by Iglesia and co-workers [9], who studied
the OSDA-free transformations of BEA into MFI and FAU into CHA. Since
interzeolite transformations are dictated by thermodynamics and ki
netics, the researchers argued that the common building units or seeds of
the target zeolite direct the synthesis by overcoming kinetic barriers.
FAU is readily available and often used as parent zeolite because it
has a relatively low framework density (FDSi = 13.3), which gives a
thermodynamic advantage during the interzeolite transformation. In
general, the increase in framework density agrees well with Ostwald’s
step rule – a commonly observed phenomenon in which multiple
metastable phases crystallize sequentially until reaching a stable phase.
Therefore, FAU has previously found use as parent zeolite in the syn
thesis of CHA [9–15], AEI [16], AFX [17], BEA [8], LEV [8], ERI [18],
STW [9], MER [13], MOR [19], ABW [13], MTW [9], MFI [9], ANA [13]
(FDSi = 15.1–19.2) and many more. Interestingly, FAU shares secondary
building units with some of these frameworks, but not all, demonstrating
the versatility of using FAU as the starting material.
Here, we present a fast and cost-efficient synthesis of high-quality
GME by mechanochemical activation and steam-assisted interzeolite
transformation. In the first step of the synthesis, zeolite FAU is thor
oughly ground with NaOH in a mortar. In the second step, the semi-dry
material transforms into GME zeolite under steam-assisted conditions.
The synthesis needs no expensive OSDAs and only a small amount of
water to generate saturated steam inside the autoclave. Since FAU
zeolite is already produced without OSDAs on a large scale, the method
potentially provides an all organic-free synthesis route to high-quality
GME. Compared to conventional hydrothermal synthesis, where the
aluminum silicate precursors are dissolved in a highly diluted gel, the
steam-assisted synthesis results in faster crystallization, less liquid
waste, higher yields, and better exploitation of the autoclave volume
[20–23]. For these reasons, the steam-assisted method holds great po
tential for large-scale production.

Fig. 1. Decision tree showing the key results from our initial investigations of
the mechanochemical activation and steam-assisted interzeolite transformation
of FAU after 20 h. Yields are given in weight percentages.

GIS polymorph Na-P2 at 2θ = 28.04◦ . GIS is an 8-membered small pore
zeolite that is well-known to form during the hydrothermal trans
formation of FAU in aqueous solutions of NaOH [24]. With a Si/Al ratio
of 2.6 and a Si/Na ratio of 2.2, the relative molar composition of Si:Al:
NaOH is around 0.54:0.21:0.25. Compared to the kinetic ternary phase
diagrams previously reported by Rimer and co-workers [25], this
composition is in the Si-rich region (Si/Al>1) that does not form GIS.
Therefore, we speculate that the inhomogeneous distribution of NaOH
in the solid gel could explain the GIS impurity.
Figure S1 shows the SEM images of 2.2_GME and 1.5_GME, respec
tively. The images show that the hexagonal GME crystal varied signifi
cantly in size and shape. In general, the GME was quite different from
the smaller FAU crystals, which made it possible to follow the inter
zeolite conversion by SEM. As expected from the XRD analysis, a
detailed examination of the SEM images revealed a small number of
larger crystals with the characteristic GIS morphology [24].
With the Si/Na ratio kept at 2.2, we then studied the effect of the
temperature. Fig. 3 shows the XRD patterns of the products obtained
after 20 h at 100–140 ◦ C. The patterns show that the peaks from un
converted FAU were still present at 110 ◦ C, while peaks related to CHA
intergrowth started to appear at 130 ◦ C. In general, the increased tem
perature did not result in any significant changes in the crystal
morphology.
Figure S2 the XRD patterns of samples collected after crystallization
for 2–20 h at 120 ◦ C (Si/Al = 2.6 and Si/Na = 2.2). After 2 h, the XRD
shows all the characteristic peaks for FAU. After 6 h, the FAU started to
convert into GME, and new peaks appeared in the diffractogram. The
amount of GME continued to increase at the expense of the FAU pre
cursor until after 20 h, where the interzeolite transformation appeared
to be complete. While the small impurity from GIS appeared throughout
the crystallization process, the XRD and SEM analysis did not indicate
that any amorphous phase formed during the interzeolite trans
formation. Therefore, we speculate that our washing procedure could
remove some soluble species other than NaOH. However, considering
the limited amount of water and relatively high concentration of pre
cursors, another explanation could also be that the reorganization of
double 6-membered rings and the crystallization of GME is faster than
the dissolution of FAU. At this point, the intimate mechanistic details of
the interzeolite transformation under steam-assisted conditions are still
not fully understood.
The SEM images in Fig. 4 confirm that no hexagonal GME crystals are
present after 2 h. As expected from the XRD, we observed the first GME
crystals after 6 h. The number of GME crystals increases with the crys
tallization time, and their size typically varies between 1 and 4 μm.
Fig. 5 shows the results from the 29Si solid-state NMR analysis of the
materials compared to a reference NaY sample with a Si/Al ratio of 2.6.
The NMR spectrum of the FAU precursor, which was mainly on the Hform, showed four distinct peaks and one small shoulder, which corre
sponds to the five possible Q4(mAl) sites. After 2 h, the NMR spectrum

2. Results
The Si/Al ratio, the Na/Si ratio, the temperature, and the crystalli
zation time are well-known to affect the outcome of an interzeolite
transformation. By changing these parameters, we found that it was
possible to grind FAU with NaOH and convert the resulting material into
several different zeolite framework types, including MOR, MFI, ANA,
and GME. Fig. 1 show an outline of the key results.
Under appropriate conditions, we also found that FAU converted into
a high amount of GME. These results encouraged us to optimize the
reaction conditions and perform a more detailed investigation of the
individual synthesis parameters. In the first set of experiments, we
added different NaOH amounts to change the Si/Na ratio from 1.5 to 3.0
(labeled 1.5–3.0_GME, respectively). The XRD patterns in Fig. 2 show
characteristic peaks from FAU at a Si/Na ratio above 2.2, which showed
that FAU did not fully convert into GME under these conditions. At Si/
Na ratios below 2.2, the XRD patterns showed a peak at 2θ = 15.9◦ ,
which we attribute to CHA intergrowths. Fig. 2 also shows that the
amount of CHA intergrowths increases as the Si/Na ratio decreased from
1.9 to 1.5. Only at a Si/Na ratio of 2.2 did the XRD pattern show no peaks
from FAU or CHA. However, detailed examination and Rietveld refine
ment of the XRD patterns in Fig. 2 did reveal a small impurity from the
2
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Fig. 2. A) XRD patterns of GME zeolites prepared with Si/Al = 2.6 and Si/Na ranging from 1.5 to 3.0 after 20 h at 120 ◦ C. B) Close-up of the XRD showing
characteristic diffraction peaks from GME (weak), FAU and CHA.

Fig. 3. A) XRD patterns of GME zeolites prepared with Si/Al = 2.6, Si/Na = 2.2 and temperatures ranging from 100 to 140 ◦ C. B) Close-up of the XRD showing
characteristic diffraction peaks from GME (weak), FAU and CHA.

resembled that of the NaY reference, which indicated that the extraframework material was converted and that the zeolite was ionexchanged with Na. As expected from XRD and SEM, the NMR anal
ysis did not reveal any GME in this sample. After 6 h, the NMR peaks
from FAU and GME started to overlap. A simulation of the overlap
showed that around 40% of the FAU was converted at this point. After
12 and 20 h, the NMR spectra were quite similar, although the relative
peak intensities indicated a slight increase in the Si/Al ratio.
From the Si/Al ratios, we also calculated the relative intensity of the
different Qn(mAl) sites expected from a random Al distribution that

obeys Löwenstein’s rule [26]. The data in Table S3 show that the relative
intensity of the Q4(2Al) sites is higher than predicted. The data also
show that Si/Al ratio of the GME increased with the crystallization time,
which resulted in more Q4(1Al) sites and less Q4(3Al) and Q4(4Al) sites.
Fig. 6 shows the results from 27Al solid-state NMR analysis. All peak
positions and FWHM values are listed in the supporting information,
Table S2. The NMR of the NaY reference only showed one peak at 63
ppm, which corresponds to the tetrahedral coordinated framework Al.
The FAU precursor spectrum had 4 peaks, which is typical for ultrastable Y zeolites prepared by high-temperature steaming [27]. While
3
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Fig. 4. SEM images of GME_2h (A), GME_6h (B + C), GME_12h (D), GME_15h (E) and GME_20h (F) prepared with Si/Al = 2.6, Si/Na = 2.2 and at 120 ◦ C. Red circles
mark typical GME shaped crystals. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

the two peaks at 62 and 54 ppm are attributed to tetrahedral coordi
nated framework Al, the peak at 35 and 3 ppm are attributed to pentaand octahedral coordinated extra-framework species, respectively.
Furthermore, we attribute the broad tetrahedral peak to species,
which are in close vicinity to defects or cationic extra-framework Al
[28]. After 2 h in the autoclave, all of the Al had shifted into the tetra
hedral position at 63 ppm. This shift indicates that a significant reor
ganization of the extra-framework Al occurs at the beginning of the
crystallization process. Compared to the NaY reference, the tetrahedral
peak was broader (larger FWHM), which indicated a higher degree of
disorder in the framework. After 6 and 12 h, the tetrahedral Al peak
shifted to 62.3 and 61.6 ppm, respectively. After 20 h, the FWHM
decreased from 580 to 550 Hz, which indicated that the degree of order

increased with the crystallization time.
The increasing crystalline order encouraged us to extend the crys
tallization time. Figure S3 shows the XRD analysis of the samples
collected after 24, 30, 36, 40 and 46 h, respectively. In general, the
diffraction patterns were quite similar, although the small impurity of
GIS seemed to increase with time.
Table 1 compiles all results from the N2 physisorption analysis. En
tries 1–3 show the results of the GME zeolites prepared by decreasing the
Si/Na ratio. As expected from the XRD, a high amount of NaOH resulted
in a high amount of CHA intergrowths and, consequently, a relatively
limited surface area and porosity. Increasing the temperature to 130 ◦ C
and 140 ◦ C (entry 4-5) resulted in CHA intergrowth and higher
adsorption of N2. It is unclear if the increased porosity was caused by a
4
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Fig. 5.

29

Si MAS NMR spectra of A) NaY, B) FAU, C) GME_2h, D) GME_6h, E) GME_12h and F) GME_20h.

higher crystallinity or less GIS formation. As expected from the NMR
analysis, prolonging the crystallization time resulted in higher crystal
line order with increasing pore accessibility. After 46 h at 120 ◦ C, the
total pore volume was 0.13 cm3/g. This porosity is significantly higher
than Na-GME synthesized from Sr-FAU, which has a total porosity of
0.03 cm3/g [29]. More recently, Xie [7] achieved a total pore volume of
0.12 cm3/g from a similar interzeolite transformation under conven
tional hydrothermal synthesis conditions.
To estimate the amount of CHA-stacking faults in the prepared ma
terials, we simulated a series of XRD patterns with an increasing prob
ability for disorders in the AABB-sequence. The simulations were
performed in GSASII using a suite of subroutines from the DiFFAX
program developed by Treacy et al. [30] We used the d6r as the periodic
building unit and constructed the AB-plane from the CIF file, which is
available from the international zeolite association. A detailed

description of the layer, the lattice parameters, and the layer-layer
transitions are given in the supporting information. Based on a direct
comparison of the observed diffraction patterns with the simulated data
in Figure S4, we estimate that the prepared zeolites contained less than
around 5% CHA stacking faults.
3. Conclusions
In conclusion, we have shown that mechanochemical activation and
steam-assisted interzeolite transformation offer a simple, fast and costefficient alternative to conventional hydrothermal synthesis of GME.
The synthesis uses FAU as the parent zeolite precursor, which potentially
provides an organic-free synthesis route that has great potential for
large-scale production. High yields of high-quality GME can be achieved
in less than 20 h at 120 ◦ C, although longer crystallization times increase
5
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Fig. 6. 27Al MAS NMR spectra of A) NaY, B) FAU, C) GME_2h, D) GME_6h, E) GME_12h and F) GME_20h. Small peaks around 11 ppm in D-F are from spin
ning sidebands.

the crystallinity and pore accessibility. We note that a range of different
frameworks can be synthesized under similar steam-assisted conditions
and expect that more insight into the transformation mechanism may
provide a better-directed synthesis of zeolites with minimal environ
mental impact.

4.2. Synthesis of GME
The synthesis of GME was performed by grinding 1.00 g of FAU
(CBV400, Si/Al = 2.6) with 0.23 g of NaOH (Si/Na = 2.2) for 15 min in
80 ml agate mortar. The ground material was then transferred to a small
Teflon beaker and put inside a 200 ml Teflon-lined autoclave containing
15 ml of H2O. The autoclave was sealed and heated at 120 ◦ C for 20 h. In
this way, the solid gel was separated from the water until it formed
saturated steam. Without water, the interzeolite transformation did not
occur. Finally, the product was washed with water until neutral pH and
then dried overnight at 80 ◦ C. We investigated the effect of the Si/Na
ratio in the range of 1.5–3.0 by changing the amount of NaOH. Similarly,
we investigated the impact of temperature from 110 to 140 ◦ C and the
crystallization time from 2 to 48 h. The samples were assigned by the Si/

4. Experimental section
4.1. Materials and chemicals
H(Na)-Y type FAU (CBV400, Si/Al = 2.55) and Na-Y (CBV100, Si/Al
= 2.55) were purchased from Zeolyst and used without further purifi
cation or pretreatment. Sodium hydroxide (NaOH, >99%) were pur
chased from Sigma-Aldrich/Merck.
6
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