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Synthesis of ferrierite-type zeolite by microwave method
using ethylenediamine as an organic structure-directing agent
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A new method for the synthesis of ferrierite-type zeolite has
been developed using microwave irradiation in the presence
of structure-directing agents (templates). The physicochemical
characteristics of the synthesized zeolites were investigated
by X-ray diffraction analysis, low-temperature nitrogen
adsorption—desorption and SEM-EDX. When comparing the
synthesis products, it was found that microwave irradiation
significantly reduces the crystallization time of the synthesized
zeolites compared to traditional hydrothermal treatment.
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Ferrierite (FER) zeolite is of great interest as a catalyst due to its
activity in acid-catalyzed reactions and the unique properties of
the molecular sieve. The porous structure of FER is formed by a
two-dimensional system of 10-membered (5.4x4.2 A) and
8-membered (4.8 x3.5 A) ring channels.1~4 FER found the most
promising application in such processes as skeletal isomerization
of linear olefins, synthesis of dimethyl ether, decomposition of
N,O, oligomerization of butene, isomerization of various substrates
(including m-xylene and a-pinene), oxidative dehydrogenation
of propane, epoxidation of styrene, oxidative dehydration of
glycerol, pyrolysis of polyethylene and others.>-14

Despite the interesting catalytic properties of FER, the practical
application of this zeolite is still limited due to the fact that its
synthesis takes a long time. Traditionally, like most zeolites, FER
is produced hydrothermally using various organic structure-directing
agents (OSDAs) suchasethylenediamine (EDA), cyclohexylamine,
piperidine, pyridine, pyrrolidine, n-butylamine and 1,8-diamino-
octane.’>-2% The main disadvantage of this method is the long
synthesis time; on average, the crystallization time is 2-3 days,
but in some cases it can reach 10-14 days.”*"?* Another approach
to producing FER is to use the seed-assisted method. This method
also has limitations, since it is necessary to use extra pure FER
crystals, free from foreign impurities, as a seed.?>% In recent years,
works have appeared on the synthesis of crystalline aluminosilicates
by the microwave (MW)-assisted method, which makes it possible
to obtain zeolites with a uniform phase composition and a high
degree of crystallinity in a short period of time.2"-28 In particular,
a method for producing FER by MW treatment using seed
crystals is described.?’ However, in this work, we obtained the
FER zeolite by a new method without the use of seed crystals.

In this work, FER zeolites were obtained by MW method with
different crystallization times of 6, 8 and 16 h in the presence of
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EDA as OSDA." Also for comparison, FER was synthesized by
the HT method for 72 h. The resulting zeolites were investigated
by X-ray diffraction (XRD), low-temperature N, adsorption—
desorption and SEM-EDX methods.*

Figure 1 shows XRD patterns of the synthesized samples.
Comparing the XRD patterns of these samples with the data for
a typical FER structure (JCPDS-ICDD 82-1395),% it was found
that the FER zeolite was obtained from all of the initial gels. The
relative crystallinity (RC) of the zeolites was calculated from the
sum of the intensities of the peaks at 26 of 9.3°, 22.3°, 23.5°, 25.2°
and 25.7°.1° The maximum value of the sum was taken as 100%

T Zeolites were synthesized using the following reagents: sodium hydroxide
(ChemMed), sodium aluminate (Sigma-Aldrich), tetraethyl orthosilicate
(TEOS, Sigma—Aldrich), EDA (ECOS-1) and deionized water.

The synthesis of FER zeolites was carried out according to the
following procedure. Sodium hydroxide was dissolved in deionized water
for 5 min, then sodium aluminate was added and stirred for another 10 min.
Next, TEOS was added dropwise to the solution with stirring for 30 min.
At the last stage, EDA was injected dropwise into the resulting gel, and
the mixture was stirred at maximum speed for 1 h. The prepared gel with the
molar composition 1SiO,-0.23NaAlO,—-0.08 NaOH-1.4EDA-50H,0
was crystallized at 463 K for 6, 8 and 16 h with MW treatment or 72 h with
hydrothermal (HT) treatment. MW-assisted synthesis was performed on
an Anton Paar Multiwave PRO device. HT synthesis was carried out in a
steel autoclave equipped with a Teflon lining. Finally, the resulting product
was centrifuged, dried at 110°C for 12 h and calcined in air at 550°C
(heating rate 5°C min~2) for 5 h. The samples obtained by the MW method
were named FER-MW-6, FER-MW-8 and FER-MW-16, where 6, 8 and 16
are crystallization times (in hours), respectively. The sample obtained by
the HT method was named FER-HT.

* XRD analysis was performed on a Thermo Fisher Scientific ARL
X' TRA diffractometer equipped with a Peltier energy-dispersive detector
when scanning in the range of 26 angles from 5 to 30°. N, adsorption—
desorption isotherms at 77 K were measured using a Micromeritics Instrument
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Figure 1 XRD patterns of the FER samples synthesized by MW and HT
methods (asterisk indicates the presence of the Silicalite phase): (1) FER-MW-16
(RC =100%), (2) FER-MW-8 (RC =96%), (3) FER-MW-6 (RC =94%),
(4) FER-HT (RC = 65%) and (5) FER (JCPDS-ICDD 82-1395).

crystallinity. In this study, an RC value of 100% is demonstrated
by the FER-MW-16 sample. The RC of FER zeolites obtained by
MW synthesis is approximately the same (the difference in
crystallinity is no more than 6%). These results indicate that a
synthesis time of 6-8 h using MW treatment is sufficient to obtain
FER with a high degree of crystallinity.

The FER-HT sample demonstrated the lowest crystallinity
(RC = 65%) among the studied samples. However, increasing
the synthesis time using the HT method will result in greater
crystallinity.t”

Also, the zeolite sample prepared by HT treatment contains
impurity phases. The XRD pattern of the FER-HT zeolite shows
peaks at 26 of 20.9 and 21.8° corresponding to the Silicalite phase
(JCPDS-ICDD 44-0696), indicating incomplete recrystallization
of the original SiO, source into the FER structure. At the same
time, FER-MW samples are homogeneous and do not contain
any impurity phases.

Figure 2 presents N, adsorption—desorption isotherms of the
prepared zeolites in the Na-form. Before measuring the isotherms,
the samples were evacuated at 400°C and 0.00133 Pa for 4 h.
The isotherms of all synthesized samples correspond to type |
isotherms characteristic of microporous materials.0

According to the results presented in Table 1, the FER-MW-8
sample has the best textural properties (highest Ssg+, total pore
volume and micropore volume) of all obtained zeolites. Samples
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Figure 2 N, adsorption—desorption isotherms at 77 K for the resulting FER
samples: (1) FER-MW-16, (2) FER-MW-8, (3) FER-MW-6 and (4) FER-HT.

Corporation ASAP 2020 Plus system. The morphology and elemental
composition of the obtained samples were examined using a Carl Zeiss
EVO 50 XVP scanning electron microscope equipped with an Oxford
Instruments INCA Energy 350 energy-dispersive spectrometer.

Table 1 Properties of FER samples synthesized by MW and HT methods.
Sger¥

Vtotalb/ Vmicrocl Vmesod/

. . -
Zeolite m? gt emigt cmigl cmé gt Si/Al ratio
FER-MW-6 270 0.136  0.097 0.022  8.40
FER-MW-8 330 0.150 0.121 0.016  8.36
FER-MW-16 300 0137 0111 0.013 857
FER-HT 194 0.098  0.071 0.015 856

aBET surface area. P Total pore volume calculated from the adsorption value
at P/Py=0.99. *Micropore volume calculated using the ‘t-plot” method.
dMesopore volume calculated from the difference V= Vinicro- € Molar
ratio from EDX measurements.

Figure 3 SEM images of the produced FER zeolites: (a) FER-MW-6,
(b) FER-MW-8, (c) FER-MW-16 and (d) FER-HT.

FER-MW:-6 and FER-MW-16 have almost the same total pore
volume (0.136 and 0.137 cm?® g1, respectively), while the FER-
MW-16 zeolite has a larger micropore volume than the FER-MW-6
zeolite (0.111 and 0.097 cm® g7, respectively). The FER-HT
sample exhibits the smallest total pore volume and micropore
volume (0.098 and 0.071 cm?® g1, respectively). The reason for this
effect may be the lower crystallinity of the FER-HT sample
compared to other obtained FER zeolites,23 which is also confirmed
by XRD results (see Figure 1).

The S;g7 value for the FER samples obtained by MW synthesis
exceeds that for FER-HT. At the same time, the FER-HT sample
demonstrates the highest Szt parameter among all the studied
zeolites (see Table 1).

The morphology and elemental composition of the synthesized
samples were studied by the SEM-EDX method. The values of the
molar ratio of Si to Al are presented in Table 1. The results obtained
for all samples are approximately the same. In Figure 3, we can
see that the obtained FER samples are composed of the
agglomerates of different sizes. Analysis of SEM images showed
that the average crystallite size for samples FER-HT, FER-MW-6,
FER-MW-8 and FER-MW-16 is 11x5.5, 12.5x%6.5, 13x7 and
16x9 um, respectively. Thus, FER crystallites formed under MW
synthesis conditions are larger than those formed under HT
synthesis conditions. Also, for the FER-MW samples, an increase
in crystal size with increasing synthesis time is observed.

In conclusion, it was demonstrated that the FER zeolites
synthesized by the MW-assisted method have better physico-
chemical properties compared to the FER sample obtained by the
HT method. In addition, the preparation of FER zeolites by MW
treatment makes it possible to significantly reduce their
crystallization time (by 10-12 times). On the basis of the obtained
results, we came to the conclusion that the optimal time for the
synthesis of FER by the MW method is 8 h, since FER-MW-8 has
a high crystallinity and the best textural characteristics of all the
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investigated FER samples. The described method can be employed
to find optimal conditions for the synthesis of an almost important
family of the FER-type zeolites, as well as other types of zeolites.

The authors acknowledge the financial support of the Ministry
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(project no. 075-15-2021-591).

References

1

2

3
4

10

11

12

13

S. Mesa, J. Arboleda, A. Echavarria and F. E. Lopez-Suérez, Chem. Eng.
Sci., 2019, 208, 115147.

A. B. Pinar, C. Mérquez-Alvarez, M. Grande-Casas and J. Pérez-Pariente,
J. Catal., 2009, 263, 258.

P. Sarv, B. Wichterlova and J. Cejka, J. Phys. Chem. B, 1998, 102, 1372.
W.J. Roth, T. Sasaki, K. Wolski, Y. Ebina, D.-M. Tang, Y. Michiue, N. Sakai,
R. Ma, O. Cretu, J. Kikkawa, K. Kimoto, K. Kalahurska, B. Gil, M. Mazur,
S. Zapotoczny, J. Cejka, J. Grzybek and A. Kowalczyk, J. Am. Chem.
Soc., 2021, 143, 11052.

A. Bonilla, D. Baudouin and J. Pérez-Ramirez, J. Catal., 2009, 265, 170.
G. Onyestyék, Microporous Mesoporous Mater., 2007, 104, 192.

E. Catizzone, S. Van Daele, M. Bianco, A. Di Michele, A. Aloise, M. Migliori,
V. Valtchev and G. Giordano, Appl. Catal., B, 2019, 243, 273.

Z. Sobalik, J. Novakova, J. Dedecek, N. K. Sathu, E. Tabor, P. Sazama,
P. Stastny and B. Wichterlova, Microporous Mesoporous Mater., 2011,
146, 172.

W. Kriprasertkul, T. Witoon and P. Kim-Lohsoontorn, Int. J. Hydrogen
Energy, 2022, 47, 33338.

D. Kaucky, K. Jisa, A. Vondrova, J. Novakova and Z. Sobalik, J. Catal.,
2006, 242, 270.

M. Maciel Pereira, A. Vieira, E. Brum Pereira, L. Rego Monteiro dos Santos
and Y. L. Lam, Appl. Catal., A, 2017, 548, 89.

R. Anand, S. S. Shevade, R. K. Ahedi, S. P. Mirajkar and B. S. Rao,
Catal. Lett., 1999, 62, 209.

V.1.Bogdan,A. E. Koklin, I. I. Mishanin, T. V. Bogdan, N. V. Mashchenko
and L. M. Kustov, Mendeleev Commun., 2021, 31, 230.

- 530 -

14

15
16

17

18

19

20

21

22

23

24

25
26

27
28

29

30

K. B. Golubev, O. V. Yashina, N. N. Ezhova and N. N. Kolesnichenko,
Mendeleev Commun., 2021, 31, 712.

L. M. Kustov and A. L. Kustov, Mendeleev Commun., 2021, 31, 526.
R. E. Morris, S. J. Weigel, N. J. Henson, L. M. Bull, M. T. Janicke,
B. F. Chmelka and A. K. Cheetham, J. Am. Chem. Soc., 1994, 116, 11849.
E. Catizzone, M. Migliori, T. Mineva, S. van Daele, V. Valtchev and
G. Giordano, Microporous Mesoporous Mater., 2020, 296, 109987.

R. Garcia, L. Gomez-Hortigiiela, T. Blasco and J. Pérez-Pariente,
Microporous Mesoporous Mater., 2010, 132, 375.

X. Liu, Z. Liao, H. Wang, J. Fu, J. Zheng, N. Zhang and B. Chen, Appl.
Catal., A, 2022, 642, 118676.

M. B. dos Santos, H. M. C. Andrade and A. J. S. Mascarenhas,
Microporous Mesoporous Mater., 2016, 223, 105.

E. Catizzone, M. Migliori, T. Mineva, S. van Daele, V. Valtchev and
G. Giordano, Microporous Mesoporous Mater., 2020, 296, 109988.
R.A. Rakoczy, Y. Traa, P. Kortunov, S. Vasenkov, J. Kérger and J. Weitkamp,
Microporous Mesoporous Mater., 2007, 104, 179.

X. Chen, T. Todorova, A. Vimont, V. Ruaux, Z. Qin, J.-P. Gilson and
V. Valtchev, Microporous Mesoporous Mater., 2014, 200, 334.

A. B. Pinar, P. A. Wright, L. Gomez-Hortiguela and J. Pérez-Pariente,
Microporous Mesoporous Mater., 2010, 129, 164.

H. Xu, J. Zhu, L. Zhu, E. Zhou and C. Shen, Molecules, 2020, 25, 3722.
H. Zhang, Q. Guo, L. Ren, C.Yang, L. Zhu, X. Meng, C. Li and F.-S. Xiao,
J. Mater. Chem., 2011, 21, 9494.

R. R. Ikreedeegh, Russ. Chem. Rev., 2022, 91, RCR5064.

X. Zeng, X. Hu, H. Song, G. Xia, Z.-Y. Shen, R. Yu and M. Moskovits,
Microporous Mesoporous Mater., 2021, 323, 111262.

P.Weli, X. Zhu, Y. Wang, W. Chu, S. Xie, Z. Yang, X. Liu, X. Liand L. Xu,
Microporous Mesoporous Mater., 2019, 279, 220.

G. Leofanti, M. Padovan, G. Tozzola and B. Venturelli, Catal. Today,
1998, 41, 207.

Received: 20th February 2023; Com. 23/7105





