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Microwave heating of FAU zeolite in alkaline solutions results in
transformations into EDI, MER, LTJ, CAN, and ANA-type zeolites. The
use of microwaves significantly accelerates the synthesis and
uncovers a previously unobserved transformation to LTJ-type zeolite.

Zeolites are hydrated aluminosilicates whose active synthesis
began in the 1950s, driven by their commercialization in sep-
aration and purification processes." Initially, zeolite pro-
duction has been based on the hydrothermal conversion of
aluminosilicate gels. Over time, this method proved effective
not only for zeolites but also for a variety of chemically
different zeolite-like materials.>® For many years, gel-based
synthesis remained the dominant method. However, in the
pursuit of faster, more sustainable, and better-controlled syn-
thesis, an alternative technique - interzeolite transformation
(IZT) has reemerged, building on the early works of Barrer.*
The IZT method involves the hydrothermal® or room tempera-
ture® transformation of a pre-existing (“parent”) zeolite into a
structurally different “daughter” zeolite. This approach has
gained significant attention due to its simplicity and potential
advantages. These include faster crystallization, the ability to
produce frameworks with a high Si/Al ratio and advanced pore
chemistry, the creation of hierarchical structures, and the
achievement of low synthesis temperatures and short crystalli-
zation times—outcomes that are often difficult to reach with
conventional gel-based zeolite synthesis.®'* Among the parent
phases, FAU-type zeolite is one of the most studied due to its
wide availability, cost-effective synthesis, and low-density
framework, which allows transformations into a range of
lower-density zeolites."> One such transformation is the con-
version of FAU to MER-type zeolite, reported by Kirschhock
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and colleagues in 2013." They used an Rb- and Na-containing
hydroxide solution and FAU zeolite with a Si/Al ratio of 2.6,
obtaining MER zeolite after 96 hours at 95 °C. Similarly,
Chengyu et al. later reported the synthesis of MER zeolite by
transforming NaY and HY-FAU (Si/Al = 2.4-2.6) zeolites in a
K-containing solution at 100-150 °C for 96 hours."* MER
zeolite was obtained under dry conditions by the mechano-
chemical treatment of FAU zeolite (Si/Al = 2.4) with KOH at
110 °C for 120 minutes."” Additionally, MER has been syn-
thesized from clinoptilolite-rich natural zeolite.'® EDI zeolite,
another potassium-containing zeolite, was recently synthesized
by IZT of FAU in concentrated KOH solutions, either at room
temperature for 11-35 days or at 60 °C for 6-27 hours.® The
IZT resulting in ANA-type structures was reported in 1999 by
Chiyoda and Davis, who transformed NaY (Si/Al = 2.0-3.0) into
ANA zeolite using sodium-containing solutions.'” In 2010,
Wang et al. synthesized ANA zeolite crystals with a regular ico-
sitetrahedron morphology by transforming ultrastable zeolite
Y (Si/Al = 6.7) in NaOH solution at 100 °C for 42-288 hours."®
In 2013, Kirschhock and colleagues synthesized synthetic pol-
lucite (Cs-ANA) by IZT of FAU zeolite (Si/Al = 2.6) in CsOH solu-
tion at 95 °C for 48 hours"® More recently, ANA zeolite was syn-
thesized through mechanochemically-assisted transformation
of commercial FAU (Si/Al = 2.4) using CsOH or NaOH at 110 °C
for 120 minutes."> CAN zeolite was also synthesized under
similar conditions using KOH."*> Notably, the mechanochemi-
cally-assisted transformations of FAU are faster than the con-
ventional synthesis of MER and ANA, which typically take
6 hours'® and 5-10 hours,*® respectively.

Considering the need for more efficient synthesis routes,
various types of radiation, such as UV light,>"** gamma rays>’
and microwaves,>*2® have been used to enhance the zeolite
crystallization from gel media. However, similar methods have
not yet been applied to IZT-based synthesis. In this context,
this work introduces the first examples of microwave-assisted
interzeolite transformation and shows how this method can
significantly accelerate crystallization and uncover new trans-
formation pathways.
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Fig. 1 shows the indexed powder XRD patterns of EDI zeo-
lites (PDF: 025-0619) obtained by the transformation of FAU
zeolite under the conditions listed in Table 1. At 160 °C, the
EDI zeolite crystallizes within 10 minutes, while it takes
65 minutes at 80 °C and 365 minutes at 60 °C. At 60 °C, a
longer crystallization time (1325 minutes) results in EDI
zeolite with higher relative XRD peaks intensity. However, at
80 °C and 160 °C, the thermodynamic stability of EDI zeolite
is reduced, and longer synthesis times lead to the formation of
a dense KAISiO, phase (Fig. S17).

Fig. 2a shows the transformation of FAU to MER zeolite fol-
lowed by powder XRD (indexed by PDF: 01-086-1110) at
different temperatures for 15 minutes of synthesis with batch
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Fig.1 Powder XRD pattern showing the transformation of the (a)
parent FAU zeolite into EDI zeolite at (b) 160 °C for 10 minutes (no. 11),
(c), 80 °C for 65 minutes (no. 3), (d) 60 °C for 365 minutes (no. 2) and (e)
60 °C for 1325 minutes (no. 1).

Table 1 Synthesis conditions leading to ITZ of FAU to EDI, MER, LTJ,
ANA, and CAN zeolites

Temp FAU KOH Time  Daughter  Si/Al
No (°C) (2) (®) H,O(g) (min) Phase EDS
1 60 0.5 4.47 3.9 1325 EDI 1.2
2 80 0.5 4.47 3.9 365 EDI 1.2
3 80 0.5 4.47 3.9 65 EDI 1.3
4 130 0.5 1 4.5 15 FAU 1.7
5 140 0.5 1 4.5 15 FAU 1.7
6 150 0.5 1 4.5 15 MER 1.7
7 160 0.5 1¢ 4.5 15 CAN 1.2
8 160 0.15 1 4.5 15 LT) 1.3
9 160 1 1 4.5 15 MER 1.8
10 160 0.5 0.71> 3.5 15 Cs-ANA 2.6
11 160 0.5 1 2 10 EDI 1.3
12 170 0.5 1 4.5 15 MER 1.8
13 170 0.5 1.35>  2.59 65 Cs-ANA 3.3

“NaOH. ? CsOH.
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composition: 0.5-1 g FAU-1 g KOH-4.5 g H,O. The parent FAU
structure is maintained at 130 °C and 140 °C, but there is an
apparent shift of framework-dependent XRD reflections (in the
20-35°26 range) towards smaller angles. Especially indicative
is the atomic plane (555). The refined powder XRD patterns
(Fig. S2 and S37) of FAU obtained at 130 °C show unit cell of a
= 24.94 A, and FAU obtained at 140 °C shows unit cell a =
24.91 A that, according to Breck-Flanigen equation [Si/Al
((192 x 0.00868)/(ap - 24.191)) - (1)]*” corresponds to a Si/Al
ratio of 1.2 and 1.3, respectively. These values are slightly lower
than those determined by EDS analyses (1.7), suggesting the
presence of an amorphous phase. This amorphous phase is
formed during the desilication of FAU zeolite in alkaline solu-
tion, where silicon is preferentially removed from the frame-
work due to the higher susceptibility of Si-O-Si bonds to alka-
line hydrolysis, while aluminium tends to remain in the struc-
ture. This selective removal of silicon can lead to localized
framework degradation and the formation of amorphous,
silicon-rich aluminosilicate regions. As a result, bulk analysis
by EDS, which captures both crystalline and amorphous com-
ponents, shows a higher Si/Al ratio (e.g., 1.7), while XRD,
which only reflects the composition of the remaining crystal-
line FAU framework, shows a lower Si/Al ratio (e.g., 1.3). This
discrepancy indicates that desilication has introduced non-
crystalline, Si-rich amorphous material, and that the crystal-
line fraction of the zeolite has become relatively Al-enriched.
These observations suggest that the early stages of interzeolite
transformation not only alter the chemical composition but
also result in partial amorphization and framework reconstruc-
tion, which cannot be fully captured by XRD alone. The lowest
temperature at which MER zeolite crystallizes is 150 °C.
Despite the doubled amount of FAU seeds at 160 °C, MER
zeolite also forms and shows a higher relative peak intensity
compared to the MER obtained at 150 and 170 °C, suggesting
an improved crystallinity (Fig. 2a).

Fig. 2b shows the transformation of FAU zeolite to LIJ
zeolite (PDF: 01-080-3851) followed by XRD. This transform-
ation occurs in the system 0.15 g FAU-1 g KOH-4.5 g H,0 at
160 °C for 15 minutes. The difference with the FAU-MER
zeolite transformation is the lower amount of FAU seeds,
which apparently influence the phase selectivity in the studied
system. To the best of our knowledge, LTJ has not yet been syn-
thesized via IZT. Typical LTJ synthesis includes synthesis from
rice husk?® or kaolinite®® at hydrothermal conditions, which
takes more than 24 hours.

Fig. 3 shows the powder XRD patterns following the trans-
formation of FAU to ANA and FAU to CAN zeolites. The FAU-
ANA IZT was achieved at the system: 0.5 g FAU-1.36 g CsOH-
2.59 g H,0O (at 170 °C for 65 minutes), resulting in Cs-ANA
with a Si/Al ratio of 3.3 (Fig. 3b). A similar FAU-ANA (Si/Al =
2.6) transformation occurred at 0.5 g FAU-0.71 g CsOH-3.5 ¢
H,O (at 160 °C for 15 minutes) (Fig. 3c) leading to XRD pat-
terns with higher relative crystallinity. These results demon-
strate that both the framework composition and crystallinity
can be effectively controlled by adjusting the synthesis con-
ditions. CAN zeolite was synthesized at 0.5 g FAU-1 g NaOH-

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5dt00723b

Open Access Article. Published on 21 April 2025. Downloaded on 11/11/2025 10:45:43 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Dalton Transactions

View Article Online

Communication

a) = — b)
:35 s58R = §§§ BN 5T oo -
~ == 28 j79ec )
—~m
— NS5
MER =3 g
ss PR ~e
-~ %M - WM \ g B5gd e g2
=] S 4 == 37 == 20T
: 4 Topa L]
® | [ mer © WI"'MNM LI b3 \\ {L ;H =
=1 . - ety v o gt W 'fm‘\
2 [Tt A 0 2 i —
& =
o J FAU {(555) 2
£ MM £
£ { c
FAU ; =
I'vw e n ‘ ' ﬁl \ 130°C
“ L‘*”l"’ww N Y, 'kw.@,}\g\ﬁ\.u'u () o
parent
parent
T T T T T T T T T T T
T T T T T T T T T T T

10 15 20 25 30 35 40
2-theta (degrees)

20 25 30
2-theta (degrees)

35 40

Fig. 2 Powder XRD patterns of zeolites obtained by IZT of (a) parent FAU sample for 15 minutes at different temperatures — dashed line shows the
shift of (555) reflection of the parent FAU sample with increasing temperature of synthesis. (b) Powder XRD patterns of transformation of FAU to LTJ

zeolite at 160 °C for 15 minutes.
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Fig. 3 Powder XRD patterns of transformation of (a) FAU to (b) ANA
zeolite obtained at 170 °C for 65 minutes. (c) ANA zeolite obtained at
160 °C for 15 minutes. (d) CAN zeolite obtained at 160 °C for
15 minutes.

3.9 g H,0 (160 °C for 15 minutes), resulting in a framework
with a Si/Al ratio of 1.2 (Fig. 3d).

Fig. 4a outline the FAU-FAU, FAU-EDI, FAU-MER, FAU-
LTJ, FAU-ANA and FAU-CAN interzeolite transformations,
along with their respective temperatures and corresponding Si/
Al ratios. Except for the FAU-FAU transformation, none of the
interzeolite transformations (IZTs) exhibit common composite
building units (CBUs) between the parent FAU and the result-
ing daughter zeolite (Fig. S41). This suggests that the trans-
formation likely involves a complete breakdown of the parent
zeolite framework into amorphous or intermediate species

This journal is © The Royal Society of Chemistry 2025

before reconstruction into the daughter phase. Along with
powder XRD diffraction, these transformations were followed
by FTIR spectroscopy (Fig. 4b). All samples show different
intensity bands between 400 and 800 cm™" associated with the
secondary building units of the zeolite framework, reflecting
differences in framework topology.’® A comparison of the
spectra reveals clear differences in the framework structures of
the various zeolites. These differences are particularly evident
in the positions of the absorption bands associated with asym-
metric Si-O-T (T = Si or Al) vibrations. In particular, variations
in the position of the intense bands around 950-1090 cm™*
reflect both differences in the Si/Al ratio and changes in the
local environment within the framework.’**" Generally, the
position of the most intense band in the asymmetric stretch-
ing region shifts toward lower wavenumbers with decreasing
Si/Al ratio, as observed: FAUgja—; (991 cm™"), ANAgiai-2.
(986 cm™), MERgja1-1.s (977 ecm™), FAUgja1-1., (966 cm™),
LTJsiac1s (952 ecm™), EDIgjais (956 cm™), CANsjai-12
(960 cm™"). The only exceptions to this trend are LTJ, EDI, and
CAN, where the differences in Si/Al ratio are minimal. This
deviation may be attributed to framework-specific structural
features or local compositional effects that influence the
vibrational environment independently of the Si/Al ratio.>°

Fig. 5a-i shows SEM images of the parent FAU zeolite and
the different daughter zeolites. When the IZT is performed at
130-140 °C, the parent FAU zeolite partly dissolves (Fig. 5b, S5,
and S67). This dissolution retains the original particle shape
but produces numerous nanofins (100-500 nm) carved into
the surface. Compared to previous examples of post-synthetic
treatment of FAU and other zeolites that result in hierarchal
structures,'®*>** the microwave-assisted approach
potential for more simple (organic-free) and faster crystal hier-
archization. Between 150 and 170 °C, FAU transforms to pris-
matic intergrowths of MER crystals (Fig. 5¢ and S77}) with Si/Al
= 1.7-1.8. The crystals obtained at higher temperatures

shows
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Fig. 4 (a) Schematic presentation of the observed IZT. (b) FTIR spectra of (i) FAU Si/Al = 3, (ii) ANA Si/Al = 2.6, (iii) MER Si/Al = 1.8, (iv) FAU Si/Al =
(v) LTJ Si/Al = 1.3, (vi) EDI Si/Al = 1.2, (vii) CAN Si/Al =

Fig. 5 Representative SEM images of the (a) parent FAU zeolite transformed in the conditions listed in Table 1 to (b) FAU (no. 4, 5), (c) MER (no. 13),
(d) LTJ (no. 8), (e) EDI (no. 1, 2) and (f) EDI (no. 11), (g) Cs-ANA (no. 14), (h) Cs-ANA (no. 10) and (i) CAN (no. 7).

(170 °C) are better faced than those obtained at lower tempera- (Fig. 5d and S87). Similar prismatic morphology for LTJ zeolite
tures (150-160 °C). LTJ zeolite crystallizes as prismatic, well- has been observed in conventional synthesis.*®*° EDS chemi-
faced submicron crystals grown over micron-sized particles cal analysis on both crystal morphologies showed Si/Al close to

7624 | Dalton Trans., 2025, 54, 7621-7626 This journal is © The Royal Society of Chemistry 2025
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Table 2 Comparison of the time and temperature of selected interzeolite transformations of FAU zeolite

1ZT Heating Time Temp ('C) Ref.

FAU — MER Conventional 4d 95 13

FAU — Cs-ANA Conventional 2d 95 13

FAU — EDI Conventional 6h 60 6

FAU — Na-ANA Conventional & MC 2h 110 15

FAU — Cs-ANA Conventional & MC 2h 110 15

FAU — MER Conventional & MC 2h 110 15

FAU — ANA Conventional & MC 2h 110 15

FAU — CAN Conventional & MC 2h 110 15

FAU - KAISiO,* Microwave 15 min 160 This work
FAU — MER Microwave 15 min 150-170 This work
FAU - LTJ Microwave 15 min 160 This work
FAU — Cs-ANA Microwave 15 min 160 This work
FAU — EDI Microwave 10 min 160 This work
FAU — CAN Microwave 15 min 160 This work

MC - mechanochemical. ¢ Feldspathoid*®**

1.3. Fig. 5e shows SEM images of EDI zeolite obtained in the
system 0.5 g FAU-4.47 g KOH-3.9 g H,O0 for 1325 minutes at
60 °C and for 65 minutes at 80 °C, as shown in Fig. S7.7 In
both synthesis temperatures, EDI forms aggregates of nano-
particles (90-100 nm). When synthesized using lower KOH and
H,0 amounts (0.5 g FAU-1 g KOH-2 g H,0) at 160 °C, EDI
appears as well-formed, intergrown prismatic particles ranging
from submicron to micrometer sizes (0.5-1.7 pum) (Fig. 5f).
These morphologies are typical of EDI zeolite, as previously
reported under both room-temperature® and classical hydro-
thermal synthesis.>*® Cs-ANA zeolites were synthesized under
two different conditions: (1) 170 °C for 65 minutes (0.5 g FAU-
1.35 g CsOH-2.59 g H,0) (Fig. 52) and (2) 160 °C for
15 minutes (0.5 g FAU-0.71 g CsOH-3.5 g H,0) (Fig. 5h). In
both cases, Cs-ANA crystallizes as aggregates of submicron,
sphere-like particles. In the first system, the submicron
(400-600 nm) particles are decorated with second-generation
nanoparticles (50-70 nm), indicating a decrease in precursor con-
centration, leading to slower growth and smaller second-gene-
ration crystals. This feature is absent in the second CsOH concen-
trated system, where spherical particles of around 500 nm are
formed. Spherical particles of Cs-ANA zeolite have been pre-
viously described for interzeolite’> and conventional synthesis.*”
The Si/Al ratio of the sample obtained for 65 minutes is 3.3,
while the Si/Al ratio of the sample obtained for 15 minutes is 2.6,
indicating a potential for controlling the chemical composition
of Cs-ANA zeolite. Additionally, in a system of 0.5 g FAU-1 g
NaOH-4.5 g H,0, FAU zeolite transforms into a CAN-type struc-
ture at 160 °C in 15 minutes (Fig. 5i). The resulting phase crystal-
lizes as sub to micrometric intergrowths of prismatic crystals,
which is typical for CAN-type zeolites.*®

Table 2 compares the fastest reported IZTs leading to EDI,
MER, LTJ], ANA, and CAN zeolites with the phases synthesized
in this work. In addition, microwave radiation allows FAU-LT]
transformation, which has not been reported so far. The com-
parison shows that microwave-assisted synthesis at higher
temperatures assures dramatically faster crystallization than
the mechanochemically-assisted and the typical conventional

This journal is © The Royal Society of Chemistry 2025

heating approach. A non-zeolitic aluminosilicate with a kalio-
philite (KAISiO,) structure was also obtained.

In perspective, microwave heating significantly accelerates
IZT by introducing two key effects: selective volumetric heating
and enhanced dissolution-recrystallization dynamics. Unlike
conventional heating, microwaves interact directly with polar
molecules and ions, enabling uniform and rapid heating
throughout the reaction medium.* This promotes faster dis-
solution of the parent zeolite and accelerates nucleation and
framework reorganization. The increased mobility of species
under microwave conditions lowers energy barriers and drives
more efficient transformation via the dissolution-recrystalliza-
tion mechanism. Additionally, microwave-assisted synthesis
can guide the transformation pathway toward the formation of
the desired zeolite phase by favouring kinetic over thermo-
dynamic control, reducing the likelihood of competing or
metastable phases.

In summary, this work introduces microwave radiation in
the synthesis of zeolites by interzeolite transformation. This
approach provides control over the particle size and fast access
to zeolite structures such as EDI, MER, LTJ, ANA, and CAN.
Additional derivates of the microwave-assisted IZT are the dis-
covery of FAU-LT] interzeolite transformation and a pathway
to nanostructured faujasites by desilication of a parent zeolite
in a short time. From this perspective, further development of
the microwave-assisted IZT is expected to result in other
zeolite framework types.
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