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Abstract

Zeolite, as an intricate microporous material with redox sites, has been widely examined in many chemical industries. However,
zeolite is not available everywhere, and it is expensive considering the price of raw materials from which it can be synthesized. In
this study, ZSM-5 zeolite, as a local silica source with the high crystallinity, was synthesized, based on diatomite exploited from a
mine in the north-west of Iran. The diatomite was employed as the only source of silica, and underwent hydrothermal transforma-
tion in a Teflon-lined autoclave operating at 170 °C without any alkaline post-treatment. The effects of the reaction pH and the
reaction time on the properties of the synthesized MFI-type zeolite were monitored. The hydrothermal reaction time was optimized
and hierarchical ZSM-5 hexagonal crystals were obtained. Furthermore, the effect of Si/Al ratio on the crystallinity of the resulting
zeolite was investigated. The XRD, SEM, TEM, BET, FTIR, TPD, TGA, and DSC analyses were carried out to characterize the
synthesized zeolites. The results confirmed the creation of MFI-type zeolites from diatomite applying hydrothermal process at an
optimized pH and reaction time. In addition, the synthesized ZSM-5 zeolites exhibited a narrow pore size distribution resembling
the mesoporous structure of standard ZSM-5 zeolites. Plenty of regularly arranged pores with diameters of 300-500 nm were
observed inside the round circle-like sections of diatomite. For zeolites in which Si/Al ratio was higher (55 compared to 37), a
relatively narrower pore size distribution similar to that of the standard ZSM-5 zeolite was detected. Comparably, the synthesized
zeolites also contained stronger acid sites, rendering it as an excellent catalyst for the conversion of methanol to gasoline.
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payam.zarrintaj @ gmail.com Porous-silica-based materials are widely employed in various

applications including controlled drug delivery, catalysis,
thermal insulators, and bio molecular separation [1-3]. In par-
ticular, functionalized mesoporous silica-based products, e.g.,
zeolites, which encompass organic and inorganic groups to-
gether within their mesoporous structures, are promising can-
didates for newly-emerged heterogeneous catalysts, adsor-
bents, and ion-exchangers [4, 5]. However, relatively small
pore size of microporous zeolites may mitigate the diffusion
rate of reactants and products into and from the active sites
inside the zeolite crystals. Such phenomenon limits the indus-
trial application of zeolites [6—10].
Hierarchical zeolites are commonly prepared through a post-
treatment or secondary template synthesis method [11, 12].
i } ) Notwithstanding, a large number of secondary templates includ-
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Fig. 1 Schematic of the
preparation steps of
nanostructured HZSM-5
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[22, 23], soluble starch or sodium carboxy methylcellulose
[24-26] have been used in the hierarchical zeolites. However,
industrial applications of these hierarchical zeolites are still lim-
ited because of the complexity of synthesis processes and high
costs of the raw materials. MFI-type zeolites, e.g., ZSM-5, have
been regarded as the potential adsorbents and catalysts due to
their high strong acid sites, favored micro channels, large surface
area, and acceptable thermal stability [27-29].

Zeolites are primarily synthesized from sodium aluminosil-
icate sources, which form gels containing different commercial
silica and alumina reagents [30, 31]. However, ever-increasing
consumption of zeolites in recent years resulted in employing
the commercial silica and alumina sources; hence, elevated the
product cost. Therefore, cheaper raw materials are required to
reduce the cost of the synthesized zeolites. Since natural alumi-
nosilicate minerals possess the desired characteristics, several
attempts have been made to synthesize ZSM-5 from kaolin
[32], rectorite [33], palygorskite [34] and attapulgite [35].

Table 1

Although the low SiO,/Al,O5 ratio of the natural aluminosili-
cate minerals might not meet that of ZSM-5, an appropriate
modification can effectively tackle such a problem.
Diatomite is fine-grained, low density biogenic sedi-
ment, comprising amorphous hydrated silica (SiO,.nH,0)
derived from opalescent frustules of diatoms [36]. Diatoms
are a class of microalga with hard and porous cell walls
mainly composed of silica, but showing different morphol-
ogies and micro/nano pores [37, 38]. Diatomite has been
previously used to synthesize diatomite/zeolite composites
benefiting from its silica-based macroporous structure,
which improved the efficiency of mass transfer process
(i.e. diffusion). Yu et al. [36] prepared a diatomite/ZSM-5
composite through the hydrothermal treatment of an ultra-
sonic seeded diatomite in a solution containing a silica
source. They reported a high water diffusion rate. Wang
et al. used a vapor-phase transport (VPT) method in order
to prepare diatomite/MFI-type zeolite composites [39].

Elemental analysis of diatomite before and after acid leaching and the final composition of the synthesized zsm-5 Zeolite

diatomite before acid leaching

diatomite after acid leaching

zsm-5 Zeolite

Formula (%) Formula (%) Formula (%)
SiO, 91.85 SiO, 94.25 SiO, 97.2
AL O3 1.42 ALO; 1.21 AL O3 2.142
Fe,04 0.48 Fe,05 0.21 Fe,04 0.11
CaO 0.52 CaO 0.17 CaO 0.10
MgO 0.36 MgO 0.23 MgO 0.12
Na,O 0.26 Na,O 0.11 Na,O 0.24
L.OI 4.98 L.O.I 3.8 LO.I -
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Fig. 2 X-ray diffraction patterns for Diatomite after purification

However, optimization of microstructure of such silica ma-
terials has not been fully addressed.

This study aims to facilitate the large scale production of
ZSM-5 through the cost-effective silica-based material, diato-
mite that has been exploited from a mine in north-west of Iran.
To address this objective, the effect of different parameters
such as reaction time (24, 48 and 60 h) and Si/Al ratios (37
and 55) on the properties of the synthesized zeolite were stud-
ied. The X-ray diffraction (XRD), scanning electron micros-
copy (SEM), transmissive electron microscopy (TEM),
Brunauer-Emmett-Teller (BET), Fourier-transform infrared
spectroscopy (FTIR), Temperature programmed desorption
(TPD), thermogravimetric analysis (TGA), and differential
scanning calorimetry (DSC) analyses were performed for the
characterization of the synthesized zeolites.

2 Experimental
2.1 Chemicals and Materials

Sodium aluminate as the alumina source, Tetra propyl ammoni-
um bromide (TPABR), the template, sulfuric acid and sodium
hydroxide were purchased from Merck Chemical Company.
Diatomite as the silica source (containing 91.4 wt.% SiO,,
3.5 wt.% Al,O3 and 2.2 wt.% Fe,03) was purchased from west
Azerbaijan mines in the north-west of Iran.

2.2 ZSM-5 Synthesis

The natural diatomite was treated through a thermal activation
method at 500 °C for 2 h. Then, Fe,O5 and organic chemicals
were washed out via an aqueous solution of 2 M H,SO, at
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Fig. 3 X-ray diffraction patterns for a) standard ZSM-5 and zeolite with
different reaction time and b) different Si/Al ratio after hydrothermal
reaction

100 °C for 4 h while stirring under reflux and controlled tem-
perature. Next, the mixture was filtered, washed thoroughly
with deionized water and dried at 100 °C.
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Fig. 4 SEM images of a) diatomite, b, ¢) ZSM-5 zeolite with Si/Al ratio of 37 and 55 respectively, and d) spherical aggregates

The synthesis procedure of HZSM-5 via the hydrothermal
method [40] passed through the steps depicted in Fig. 1.

Namely, 2.21 g of purified diatomite, 0.24 g sodium
aluminate, 1.6 g TPABr and certain amount of deionized
water were mixed. The final pH of the mixture was adjusted to
10 by dropwise addition of sodium hydroxide under vigorous
stirring for 1 h at room temperature. The resulting mixture was
transferred into a Teflon-lined stainless steel autoclave in
which the hydrothermal process was carried out at 170 °C
for 60 h under the autogenous pressure. The precipitate was
filtered, washed thoroughly with deionized water for several
times and dried at 100 °C for 24 h which is followed by calci-
nation at 500 °C for 6 h to form Na-ZSM-5. The as-synthesized
powder was obtained without the organic template. Lastly, the
obtained Na-ZSM-5 was treated by ion exchange agent
(NH4NO3) for 6 h at 80 °C, filtered, washed with distilled
water and air dried. The HZSM-5 form was obtained finally

@ Springer

via calcination at 500 °C for 4 h. The elemental analysis of
diatomite before and after acid leaching and the final compo-
sition of the synthesized zsm-5 Zeolite are provided in Table 1.

2.3 Characterizations

The crystallinity of the prepared samples was characterized by
X-ray diffraction (XRD) using Siemens diffractometer D5000
in the range of 20 = 0—45 with mono-chromatized Cu-kx ra-
diation with an X-ray tube operated at 30 mA and 40 kV.
Diffraction patterns were identified by comparing with those
included in the Joint Committee of Powder Diffraction
Standards (JCPDS) data base. Crystal sizes of HZSM-5
were estimated using the Scherrer equation. Fourier trans-
form infrared (FTIR) spectroscopy analysis was used as a
complementary tool to the XRD to characterize the structure
of zeolite. The spectral data were recorded by Unicam 4000
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FTIR spectrometer using KBr, collecting spectra in the range of
400-4000 cm™'. The morphology and microstructure of sam-
ples were observed by field emission scanning electron micro-
scope (FESEM) HITACHI S-4160. The specific surface area of
the synthesized samples were measured by nitrogen
adsorption-desorption isotherms at -196 °C using
Quantachrom Chem BET-3000 apparatus; the samples were
degassed at 300 °C prior to the measurement .

Temperature programmed desorption of ammonia (NH;-
TPD) was carried out with a thermal conductivity detector.
Certain amount of the samples was placed in a quartz tubular
reactor and pretreated at 900 °C in an argon stream. After
cooling to 100 °C, gaseous NH; was passed through the sam-
ple for 30 min. Finally, the NH3-TPD curve of the sample was
recorded by programmed heating from 100 to 900 °C with a
heating rate of 10 °C/min after removal of physically adsorbed
NH; by flowing argon for 2 h at 100 °C.

3 Results and Discussions

The XRD pattern of Diatomite after purification is shown in
Fig. 2. As it can be seen there is some Quartz content present
in Diatomite sample and 20 peaks of 19.3, 30.7 and 36 can be
assigned to this material. However, after hydrothermal reac-
tion, according to Fig. 3, these patterns were not present in
Zeolites XRD diffractograms, which proves successful con-
version of raw Diatomite to an Aluminosilicate framework.
Figure 3a shows the XRD patterns of standard ZSM-5, as
well as zeolite synthesized applying 24, 48 and 60 h reaction
time, which are denoted as standard Z24, Z48 and Z60, re-
spectively. In addition, the samples of Z60 synthesized with

0.2 0.4 0.6 0.8 1.0
Relative pressure (P/P0)

Si/Al ratios of 37 and 55, which are represented by Z60-R37
and Z60-R55, respectively (Fig. 3b). A comparison be-
tween the synthesized diffractograms and the standard pat-
tern confirms the presence of ZSM-5 in the tetragonal
phase. Furthermore, it can be seen that the crystalline
growth increases as the hydrothermal process time pro-
ceeds. Namely, the structure seems to be crystalline phase
in the form of cristobalite for the reaction time is less than
60 h [41]. However, the weak peaks at 2 of 7.8, 8.8, 22.9,
23.7, and 24.5, can be assigned to MFI topology detected
in the sample Z60-R37. Typical diffraction lines corre-
sponding to the ZSM-5 are observed for samples Z60-
R37 and Z60-R55, indicating that changing the silica source
from the typical organic materials to a natural inorganic ma-
terial, i.e., diatomite, has no obvious influence on the crystal-
line structure of the synthesized ZSM-5. XRD patterns further
confirmed the high purity and crystallinity of the obtained
zeolite [42].

The SEM images of diatomite and as-synthesized sam-
ples are compared in Fig. 4. As it can be seen, diatomites
are mostly disc-like structures adjunct to each other with
diameters around 100 nm (Fig. 4). Moreover, plenty of
regularly arranged pores with diameters of 300-500 nm
were observed inside the round circle-like sections of diat-
omite (Fig. 4a). However, the starting diatomite consider-
ably transformed into ZSM-5 (Z60-R37) during hydrother-
mal process (Fig. 3b and Fig. 4b). Furthermore, at higher
Si/Al ratios (Fig. 4c), we can notice that uniformly-sized
cubic structure with a unit size of 0.6 um are formed.
However, some of the cubes formed with smaller sizes
are mingled with the larger ones, resulting in pseudo-
spherical aggregates and layers of thin films together with
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Fig. 6 The BJH plot for (a) Z60-
R55 and (b) Z60-R37
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egg-like particles (Oswald ripening). Particle size of such
spherical aggregates range is from 70 to 120 nm (Fig. 4d).

The N, adsorption—desorption isotherms of the synthesized
samples are presented in Fig. 5. The hysteresis loops in the
adsorption-desorption isotherms at various relative pressure
(P/Py from 0.35 to 1.0) may be attributed to the mesoporous
structures of Z60-R37 and Z60-R55. Both the hysteresis loops
behave as type I isotherm. Furthermore, the wider hysteresis
loop for the case of Z60-R55 compared to the Z60-R37 can be
ascribed to the gases adsorbed; considering that the former
adsorbed more gas (four times more), suggesting a micropo-
rous structure.

@ Springer
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Figure 6 shows the pore size distribution of Z60-R55
sample, which is estimated using BJH method. The results
of the pore size distribution show that the sample has a
relatively narrow pore-size distribution with mesopores
having size in the range of 2—10 nm. This outcome is
similar to the pore size of the standard ZSM-5 zeolite
[43].

The textural properties of the zeolites and raw diatomite are
compared in Table 2. BET surface area, micro and mesopore
volumes and the total pore volume of Z60-R55 zeolite are
obviously much higher than those reported for the diatomite
used in this study. The values of Z60-R37 are located between
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Table 2 Textural properties of the zeolites and raw diatomite

Sample Si/ Surface Area (ng_l) Pore Volume (micro) Pore Volume (meso) Pore Volume (Total) (cm3g_1) Crystal Size Pore Diameter
Al (em’g ™) (em’g ™) (nm)

Diatomite 64 2.00

760-R37 37 97.08 0.1284 0.1569 0.28535 74 2.89

760-R55 55 154.36 0.2170 0.5143 0.73136 51 2.05

the raw diatomite and Z60-R55, but the numbers reported
are mostly close to the other ZSM-5 sample. Therefore,
there is a meaningful gap compared to the diatomite, im-
plying that hydrothermal process successfully converted
the amorphous diatomite to ZSM-5 nanostructures. As
shown in Table 2, the total pore volume for Z60-R55 is
significantly larger than those for Z60-R37. This can be
correlated with textural features of Z60-R55. For Z60-
R37, it possessed much low surface area, which may be
due to the collapse of zeolite nanosheets [44].

Figure 7 shows the FTIR spectra of the samples synthe-
sized by the hydrothermal method. As it can be noticed, the IR
spectra of all synthesized samples are similar with no signifi-
cant differences. However, the intensity and the area of the
peaks are different. Vafaeian et al. [45] indicated that the ob-
served peaks in the interval of 450-1200 cm ' are mostly
related to the various zeolite types present in the samples
structure. The peak at 463 cm ' is assigned to TOT (where

T denotes Si or Al) bending vibration. The spectrum peak at
555 cm ! can be ascribed to the asymmetric stretching mode
of the double five-membered rings (D5R) of the pentasil
ZSM-5 zeolite structure. The peak at 3443 cm ' is attributed
to the bridging OH groups and interacting OH [46]. The other
peak at 1632 cm ™' is observed due to the physically adsorbed
water [47]. Moreover, the characteristic symmetric and asym-
metric TOT (where T denotes Si or Al) bending vibration
modes are detected at 750-850 cm ™' and 1100-1200 cm ™',
respectively. Consequently, these bands further confirm high-
ly crystalline diatomite-based ZSM-5 zeolite synthesized in
this study.

In order to investigate the structural properties of the syn-
thesized samples in detail, transmission electron microscopy
(TEM) was used. Figure 8 shows TEM images of the
synthetized catalyst. It was reported that there are many fac-
tors such as “zeolite-like” connectivity, high temperature syn-
thesis, and salt effect, which are favorable for the

Fig. 7 FTIR spectrum of the
ZSM-5 sample synthesized by
conventional hydrothermal
method and the spectra of zeolite
and diatomite
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Fig. 8 TEM images of the synthesized zeolite sample

hydrothermal stability of the mesoporous materials [5, 8, 9,
20, 21]. Taking these factors into account, the remarkable
special shape of ZSM-5 zeolite can be clearly observed. The
core of ZSM-5 crystals can be removed by base treatment
resulting in hollow zeolites with diameters below 50 nm.
The XRD patterns for the synthesized ZSM-5 zeolites at
various pH are shown in Fig. 9. This analysis clearly indi-
cates that zeolite synthesis is dependent upon the acidity of
the hydrothermal starting batch. Figure 9a shows the XRD
for the standard ZSM-5, while the other diffractograms il-
lustrate the effect of pH value on the X-ray diffraction pat-
terns of the samples. Consequently, in acidic solutions no
significant peak has been recorded (Fig. 9b), means that the
amorphous structure of the raw materials is not changed.
However, as the pH values gradually increase up to 5 or 7,
some of the zeolite phase peaks begin to rise in 20 angles
greater than 20, (ca. 22.1° and 36.2°). This suggests the
rearrangement of Si-O bonds and that new zeolite structures

@ Springer

shaping the process are partially formed. Further increase of
pH up to 10 led to a promising crystalline structure of ZSM-
5 zeolite (see Fig. 9).

Electrical properties of the zeolite samples stem from hy-
droxyl groups (i.e. Si—~OH) and aluminum—oxygen tetrahe-
drons. ZSM-5 contains both the charge sites. The negative
charges of aluminum—oxygen tetrahedrons are considered to
be stronger than those of surface silicon hydroxyl groups. The
silicon hydroxyl causes a negative charge in ZSM-5 zeolite
structure. The XRD patterns of the prepared zeolites with
different Si/Al ratio are plotted in Fig. 3. Typical diffraction
peaks corresponding to the ZSM-5 zeolites are observed in
both samples with similar hydrothermal seeding time. This
suggested that Si/Al ratio has no obvious effect on the frame-
work structure of ZSM-5 synthesized by hydrothermal proce-
dure. However, the recorded intensities of the sample with
higher Si/Al ratio are found to be higher than that of the
ZSM-5 zeolite with lower Si/Al ratio, demonstrating the
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higher crystallinity due to lower Al incorporation. Moreover,
X-ray absorption coefficient decreases with increasing the Si/
Al ratio, because of low Al content, leading to the sharper
peaks in XRD pattern of zeolite Z60-RS55.

TPD analysis was performed to evaluate the strength of the
acidic sites and desorbed species on the surface by increasing
the temperature [48]. NH3-TPD profile for ZSM-5 zeolite
(Z60-R55 and Z60-R37) is depicted in Fig. 10. The TPD plot
of catalyst shows temperature peaks at about 140 and 405 °C
in Z60-37, while at 180 and 420 °C in Z60-R37 sample. The
peaks at 140 and 180 °C can be attributed to the weak acidic

sites, while those at 405 and 420 °C can be attributed to the
strong acid sites. It would then be expected that the zeolites
with higher Si/Fe ratios show higher-temperature ammonia
desorption. The peaks at relatively low temperatures, i.e.
140-330 °C represent the chemisorbed NH3 on non-acid-
ic/weak acid sites [49]. On the other hand, normal desorp-
tion peaks observed at 375 °C or higher temperatures can be
attributed to the desorption of ammonia from strong acid
sites [50]. This result proves that there are both strong acid
sites along with weak and medium acid sites present in the
synthesized zeolites. The changes in the acidic properties
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Fig. 10 Temperature programmed desorption (TPD) spectrum of ZSM-5
zeolite (Z60-R55 and Z60-37)

resulting from surface characteristics may alter catalytic
performance of the nanocrystalline zeolites used in catalyt-
ic processes.

The results of the DSC and TGA analyses conducted on
ZSM-5 zeolite are illustrated in Fig. 11. The TGA and DSC
profiles of Z60-R55 show two major weight losses in 50—
250 °C and 250-650 °C range. The first significant weight
loss, approximately 6.70%, is due to the water desorption
from zeolite pore walls. The second weight reduction of
10% is most likely attributed to the decomposition of an or-
ganic compound, such as remaining directing agent molecules
in the zeolite structure. The decomposition at around 300—
450 °C could be explained by the removal of cations from
the micro pores [51]. It is also observed that the structure of

the synthesized H-ZSM-5 zeolite remain unchanged up to
about 650 °C. The sharp reduction that occurs beyond
650 °C is mainly due to the collapsing zeolite structures to
an amorphous phase followed by recrystallization to non-
zeolitic materials.

4 Conclusion

In this study, the hydrothermal process was used in order to
synthesis of zeolite-based catalysts from diatomite minerals
without alkaline post treatment. Moreover, the effects of dif-
ferent parameters including time duration of hydrothermal
process and the pH of the hydrothermal environment on the
synthesized zeolite are investigated using different techniques.
The reaction time was optimized to form hierarchical ZSM-5
hexagonal crystals. Comparing the SEM images before and
after hydrothermal process it was understood that disc-like
structures of diatomite diminished, while zeolite nanoparticles
emerged gradually. Furthermore, SEM and BET results
showed that for zeolites with higher Si/Al ratio (55 compared
to that of 37) a relatively narrower pore size distribution (sim-
ilar to standard ZSM-5 zeolites) was likely to happen. In fact,
decreasing Al in the zeolite structure resulted in more crystal-
linity, as proved by XRD analysis. Moreover, a more meso-
porous structure was observed for Z60-R55 similar to the
standard ZSM-5 zeolites. The synthesized zeolites showed
high thermal stability and also possessed many strong acid
sites along with some weak/medium acid sites. These results
suggest that diatomite minerals can be considered as abundant
inexpensive raw materials for manufacturing MFI-type cata-
lyst zeolites, to be used as catalyst in conversion of methanol
to gasoline.

Fig. 11 TGA/DSC diagrams for 0 2.0
ZSM-5 zeolite
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