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Abstract High structure-directing activity and specificity
of templating action of tetrapropylammonium cations
TPA™ as well as high concentration of framework-forming
substances in the initial reaction mixtures contribute to the
formation of zeolite ZSM-5 at relatively low temperature
(100 °C) in the alkali-free media. Zeolite ZSM-5 obtained
at 100 °C has higher micropore and mesopore volumes,
specific surface area, less uniform micropore size distri-
bution in comparison with ZSM-5 synthesized at 170 °C in
an alkaline medium in the presence of hydrated Na™
cations. Samples synthesized at 100 °C possess a lower
concentration of acid sites and broader distribution of them
in strength, compared with ZSM-5 obtained at 170 °C in an
alkaline medium. ZSM-5 obtained at 100 °C exhibits a
high catalytic activity in the reaction of cracking of
cumene, as well as a higher selectivity to propylene and
styrene, in comparison with isostructural analogue obtained
at 170 °C in an alkaline medium. It is assumed that the
investigated alkali-free reaction mixtures and the corre-
sponding sol-precursors of zeolite ZSM-5 containing the
elements of secondary building units can be used for
obtaining of micro-mesoporous aluminosilicates in the
conditions of low-temperature synthesis (100 °C) by dual-
template method—in the presence of molecular and
micellar templates.
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1 Introduction

Zeolites due to its physicochemical properties, the presence
of molecular sieve effect and form-selectivity effect, the
high ability to a variety of chemical and structural modi-
fications and functionalizations are widely used as adsor-
bents [1, 2], ion exchangers [3, 4], and catalysts in organic
synthesis [5, 6], petroleum refining and petrochemicals [7,
8]. The temperature of synthesis is one of the main factors
which determine the kinetics of crystallization, structure,
porosity and physicochemical properties of zeolites [9].
The process of formation of zeolite in relatively mild
conditions (low temperature, alkali-free medium) has a
certain interest. Therefore the further study of the influence
of temperature at certain values of the concentration and
the ratio of reactants and pH, can afford to expand the
boundaries and find out the features of zeolite formation,
including the early stages of the process. The conditions
close to those of individual formation of zeolites and
mesoporous molecular sieves (MMS), first of all—the
temperature, composition of the reaction mixture (RM), pH
as well as the presence of structure-forming templates and
cations of certain nature can contribute to successful direct
synthesis of perspective materials—micro-mesoporous
aluminosilicates (MMAS) [10, 11], combining the prop-
erties of zeolites and MMS. Taking this into account,
namely—selection and providing of close conditions for
the formation of zeolites and MMS, the synthesis of zeo-
lites at relatively low temperatures in low-alkaline and/or
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alkali-free media that are favorable for the formation of
MMAS attracts attention.

It is known that low-silica zeolites, for example, A, X,
Y, Rho types, and some others, are usually prepared at the
temperatures up to 100 °C [12-17], which is caused,
obviously, by the high reactivity of aluminum-enriched
reaction media and its high pH values, as well as high
concentration of structure-directing hydrated cations of
alkali and alkaline earth metals. However, there are reports
that template synthesis of some high-silica zeolites (ZSM-
5, ZSM-11, B et al.) is also possible under relatively mild
conditions [18]. Apparently, in these cases [19-21] namely
high activity and specificity of action of the molecular
template [for the formation of ZSM-5—tetrapropylammo-
nium cation (TPA™1)] contributes to the formation of zeo-
lites in a wide range of temperatures (70-175 °C) and pH
(10.5-13.5), in the presence or absence of alkali metal
cations. At the same time the process of zeolite formation
at low temperatures is time-consuming and sometimes lasts
up to 10 days (against from 3 to 5 days at high tempera-
ture), probably due to reducing the solubility, the rate of
formation of active substances and the sites of crystal-
lization [19]. However the prolonged induction period (up
to 3 days—the synthesis of ZSM-5 at 90 °C) allows
investigating the initial stages and products of crystalliza-
tion more carefully [22], as well as use them as the initial
building material in obtaining of MMAS.

The formation of zeolites ZSM-5 and ZSM-11 with a
high degree of crystallinity is possible at 90 °C
(t = 3-5 days) in concentrated alkali and fluoride RM:
H,0/Si 3-8 for the synthesis of ZSM-5 and ~ 13 for ZSM-
11 [18, 23]. The use of soft conditions of synthesis—hy-
drothermal treatment (HTT) at 70-90 °C, alkali-free reac-
tion media—enables to restrict the growth of crystals and
obtain the samples of ZSM-5 containing -crystallites
(10-20 nm) with a large external specific surface area (up
to 200 m?/g), strong acid sites (almost all the Al atoms are
in tetrahedral positions of zeolite structure). These samples
can exhibit catalytic activity in the reactions of cracking
and conversion of bulk molecules, the kinetic diameter of
which (>1 nm) is greater than the micropore size [24].

In accordance with this the further search and optimization
of conditions of low-temperature synthesis of zeolites, com-
parison of their structural and sorption properties, acidity and
catalytic activity with isostructural analogues obtained in
conventional conditions, in particular at high temperature,
seems to be actual. Accordingly, the aim of the present study
is to find out the conditions and features of low-temperature
synthesis of ZSM-5, as well as to carry out the comparative
analysis of structural and sorption properties, acidity and
activity in catalytic cracking of cumene of zeolites obtained at
low (100 °C) and high (170 °C) temperature.

@ Springer

2 Experimental
2.1 Synthesis of the samples

Zeolite ZSM-5 (Si/Al = 50—in the initial RM) was syn-
thesized at 100 and 175 °C in alkali-free reaction media
according to the technique similar to the method described
in work [25], using tetrapropylammonium hydroxide
(TPAOH) as molecular template, composition of zeolite
forming RM: 1.0Si0,: 0.01AL,O3: (0.10-0.36)TPAOH:
10.83H,0. Aluminum nitrate nonahydrate, Aldrich, 99 %
(0.078 g) and 0.9 ml of H,O were added to the required
amount of 40 % TPAOH aqueous solution, SACHEM, Inc.
[1.8 ml—at TPAOH/(Si + Al) = 0.35] and the mixture
was kept for 15 min at the room temperature. Then 2.3 ml
of tetraethylorthosilicate (TEOS, Aldrich, 98 %) was added
dropwise, stirred for 3 h (pH = 11.5-13.7) and subjected
to hydrothermal treatment (HTT) at 100 °C (samples 1zt-
100-5zt-100) for 3 days (sample 6zt-100 for 11 days at
100 °C); samples 7zt-170 and 8zt-170 were obtained at
170 °C similar to the previous technique (the duration of
HTT for these samples was 3 days), Table 1.

For obtaining of the reference sample—zeolite ZSM-5-
170 with Si/Al = 50 (Table 1) in alkali-free RM the
standard technique was used, which was given in [26, 27],
the composition of RM for zeolite formation: 1.0SiO;:
0.01A1,05: 0.19TPAOH: 17.16H,O. Aluminium iso-
propoxide [0.071 g of Al(OiPr);, Fluka, 98 %] and 4.2 ml
of TPAOH, Sigma-Aldrich (20 %) were added to 3.1 ml of
H,0 and the resulting mixture was stirred until dissolution
of Al(OiPrO);. Then 4.8 ml of TEOS was added, stirred for
1 h and the obtained RM (pH =~ 13.1) was subjected to
HTT for 3 days at 170 °C.

For obtaining of the sample Na-ZSM-5-170 (Si/
Al = 50), the RM of which contains Na™, the typical RM
for forming this zeolite was used: 1.0Si0,: 0.012A1,0;:
0.38TPAOH: 0.024NaOH: 0.61NaCl: 178H,0, similar to
that was used in the work [28] (Table 1). As-synthesized
aluminum hydroxide (0.14 g) containing 10 wt% of Al,O3,
sodium chloride (0.41 g), 4.2 ml of TPAOH solution
(22 %) and NaOH (0.01 g) were sequentially added to
33 ml of water and the obtained mixture was stirred until
complete dissolution of aluminum hydroxide. Than 2.6 ml
of TEOS was added, the mixture was stirred for another 2 h
(pH =~ 11) and subjected to HTT at 170 °C for 2 days.

All obtained samples (initial, intermediate and final
products of the synthesis) were prepared for further
investigation and characterization by standard technique:
washed with distilled water, dried and calcined in air at
550 °C for 5 h (heating rate 2 °C/min). The reference
sample of zeolite (in Na-form) after calcination was sub-
jected to ion exchange in 1 M NH,Cl solution at 40 °C for
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Table 1 The synthesis conditions and the degree of crystallinity of zeolites samples

Samples TPAOH/(Si + Al) HTT of the reaction mixture of pH of the reaction mixture of zeolite The degree of crystallinity
zeolite
T (°C) T (days) Before HTT After HTT
1zt-100 0.10 100 3 11.2 11.2 Amorphous
27t-100 0.14 100 3 11.5 13.1 0.90
3zt-100 0.18 100 3 12.3 13.6 1
47t-100 0.27 100 3 13.3 13.8 0.15
5zt-100 0.35 100 3 13.7 13.7 0.15
6zt-100 0.35 100 11 13.4 13.9 0.10
7zt-170 0.14 170 3 11.5 13.2 0.70
8zt-170 0.35 170 3 13.7 13.7 0.50
ZSM-5-170 0.19 170 3 13.1 11.9 0.80
Na-ZSM-5-170 0.37 170 2 11.0 11.9 0.80

? Duration of HTT

24 h for obtaining of NH,"-form and then converted to
H-form (H-ZSM-5-170) by standard procedure (heating to
550 °C with rate 2 °C/min, holding time 5 h).

2.2 Characterization of samples

Phase composition of the obtained samples was analyzed
using X-ray diffractometer D8 ADVANCE (Bruker AXS)
with CuK,-radiation. The degree of crystallinity was
evaluated by change in the ratio of the intensities of the
characteristic reflections at 20 = 23.0°; 23.8°; 24.2° of the
investigated samples and sample 3zt-100 with the most
intense reflections in the XRD pattern, for which the degree
of crystallinity was adopted as one. The crystallite size of
ZSM-5 was calculated by the Scherrer’s equation [29].

The method of dynamic light scattering (DLS)—Mal-
vern Instruments’ Zetasizer Nano S, was used to estimate
the particle size of sol-precursors in RM for zeolite for-
mation as well as particle size of the obtained zeolite
samples (before the measurement the sample was dispersed
in water in an ultrasonic bath within 15 min, the concen-
tration of suspension was 0.1 wt%); measurement accuracy
was £2 %.

IR spectra of the initial and calcined samples (tablets
with KBr, 1: 100) were recorded on the Fourier spec-
trometer Spectrum One (Perkin Elmer).

The SEM images were obtained by using field emission
SEM JSM-6700 F («JEOL»). Images were generated using
an accelerating voltage of 15 kV and a beam current of
0.65 nA. Before imaging samples were coated, using
sputtering method, by platinum film of 15 nm thickness.

The chemical composition of samples was determined
using a SEM JSM-6700F equipped with a JED-2300
energy-dispersive spectrometer («JEOL»). Operating

conditions were as follows: 15 kV accelerating voltage,
0.65 nA beam current, 2 pm beam size and a counting time
of 60 s for one analysis. Pure Al and Si were used for
calibration. Raw counts were corrected for matrix effects
with the ZAF algorithm implemented by «JEOL».

Nitrogen adsorption was measured by volumetric
method (77 K, up to 1 atm) on the analyzer of porous
materials Sorptomatic 1990 (Thermo Electron Corp.).
Samples were previously evacuated (p ~ 0.7 Pa) at
350 °C for 5 h. The total specific surface area Sggr was
evaluated according to [30]; the micropore size was cal-
culated by the method of Saito and Foley [31]; the meso-
pore size distribution was determined on the adsorption
branch, in accordance with [32, 33], and desorption branch
of the isotherm, using the method of Barret et al. [34]; the
mesopore volume as well as mesopore specific surface area
and external surface area were determined by the com-
parative t-plot method [35]. The characteristic energy of
adsorption E, and micropore volume were determined by
the Dubinin—Radushkevich equation of the theory of vol-
ume filling of micropores [36].

The acidic properties of the samples were investigated
by the standard method of temperature-programmed des-
orption of ammonia (TPDA) [37]: the sample was activated
for 30 min in a flow of helium at 550 °C (heating rate to a
given temperature was 15 °C/min), cooled to 100 °C and
saturated with ammonia for 20 min; physically bound NHj;
was desorbed by venting with helium at 100 °C; the
remaining NH; was desorbed by heating in the temperature
range 100-700 °C (15 °C/min); the position of the maxi-
mum of desorption was determined using chromatograph
(thermal conductivity detector) and recorded as curve of
TPDA and the amount of desorbed ammonia was deter-
mined by titrating with 1 x 107> M solution of
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hydrochloric acid. The peaks of thermal desorption of NH3
were determined by deconvolution of TPDA curves by
using the Gaussian distribution.

The method of ad(de)sorption of pyridine with IR-
spectral control generally acceptable in the study of zeo-
lites was used for characterization of the nature, strength
and quantity of acid sites [38]. The thin plates of the
studied samples (8-12 mg/cm?, without binder) were
placed in a cuvet with NaCl windows and evacuated
(p = 1.4 Pa) at 400 °C for 1 h; pyridine was adsorbed at
150 °C for 15 min, and desorbed at 150—400 °C (step
50 °C, holding time 30 min). The concentration of Lewis
(L-sites) and Brgnsted (B-sites) acid sites was determined
by integral intensity of the absorption bands at 1454 and
1545 cm ™' respectively with using of the integral molar
extinction coefficients for these bands: &(L) = 2.22 cm/
pmol and €(B) = 1.67 cm/pmol [39].

For determining the nature, strength and concentration
of acid sites located on the external surface of the samples
the method of ad(de)sorption of 2,6-di-tert-butylpyridine
with IR-spectral control was used [40]. The technique of
the experiment is similar to the methods described above
for the ad(de)sorption of pyridine. The concentration of
B-sites was determined by integral intensity of the
absorption band at 1530 cm™' with using of the integral
molar extinction coefficient for this band: ¢(B) = 1.67 cm/
pmol [41].

The catalytic cracking of cumene on the obtained sam-
ples was performed in the micropulsed mode (carrier gas—
helium, flow rate—15 cm®/min) at atmospheric pressure in
the temperature range 300400 °C (step 25 °C). The
samples were previously activated for 1 h in a flow of
helium (10 cm®/min) at 550 °C. For the analysis of the
cracking products the gas chromatograph «Cvet-104» was
used with a flame ionization detector and a packed column
with an internal diameter of 3 mm and a length of 2 m. The
packed column was filled with solid phase «Inerton AW-
10-dimethyldichlorosilane» (fraction 0.2-0.25 mm), on
which the active phase XE-60 in amount of 5 wt% was
deposited. The conversion of cumene (X) was calculated as
the sum of yield of the reaction products in mol%. The
selectivity towards each of the reaction products (in mol%)
was calculated from the formula S = (Y/X)-100, where
Y—product yield (in mol%).

3 Results and discussion

Zeolite is not formed in the conditions of HTT at 100 °C
for 3 days and under ratio of TPAOH/(Si + Al) = 0.10 in
zeolite forming RM of ZSM-5 on the basis of aluminum
nitrate and TEOS (Si/Al = 50—in the initial RM)—the
sample 1zt-100 is X-ray amorphous (Fig. 1; Table 1).
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Fig. 1 XRD patterns of the samples 1zt-100-6zt-100, 7zt-170, 8zt-
170, ZSM-5-170, Na-ZSM-5-170 (the synthesis conditions are
presented in Table 1)

Probably due to the fact that the dissolution of the
hydrolysis products of TEOS is complicated at pH ~ 11
and the corresponding concentration of OH™ ions. With
increasing the ratio of TPAOH/(Si 4+ Al) up to 0.14
(pH = 11.5) and 0.18 (pH = 12.3) respectively the crys-
tallization of ZSM-5 is possible already (samples 2zt-100
and 3zt-100). These samples (2zt-100 and 3zt-100) with
particle size ~0.6 and ~0.4 pm (by the DLS) respectively
possess zeolite structure with high degree of crystallinity.
This is evidenced by the high intensity of the characteristic
reflections in the XRD pattern, their good resolution and
display of fine structure of diffraction lines (Fig. 1), as well
as the presence of absorption band at ~550 cm™", which
can be attributed to the asymmetric stretching vibrations of
(alumino)siloxane bonds in the five-membered rings of
Si(Al)Oyy, tetrahedra [42, 43] in IR spectra of these sam-
ples (Fig. 2). The intensity of this band is close to that of
the samples of ZSM-5-170 and Na-ZSM-5-170 with high
degree of crystallinity (Table 1), that are obtained at ele-
vated temperatures in alkali-free and alkaline medium
respectively. Noticeable increase in pH of zeolite forming
RM after HTT (to 13.1 for 2zt-100 and 13.6 for 3zt-100)
can be associated with the inclusion of silicate ions in
zeolite structure and, consequently, an increase in the ratio
of concentrations [OH™]/[SiO,] in the solution [22].

With further increase in the ratio TPAOH/(Si + Al) up
to 0.27 and 0.35 (pH = 13.3 and 13.7 respectively) in
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Fig. 2 FTIR spectra of the dispersed phase of the initial zeolite
forming RM, TPAOH/(Si + Al) = 0.35 (/), sol-precursor after
preliminary HTT of the RM of zeolite at 100 °C for 1 day (2), sol-
precursor after preliminary HTT of the RM of zeolite at 100 °C for
2 day (3), samples 2zt-100 (4)—-6zt-100 (8), 7zt-170 (9), 8zt-170 (10),
ZSM-5-170 (11), Na-ZSM-5-170 (12)

initial zeolite forming RM at the same conditions (100 °C,
3 days), the degree of crystallinity of the samples 4zt-100
and 5zt-100 (Fig. 1; Table 1) is significantly reduced (up to
0.15). Besides, the intensity of characteristic band at
550 cm™!' in IR spectra of these samples is decreased,
which is probably due to the increase of solubility of alu-
minosilicate. It should be noted that the initial zeolite
forming RM [TPAOH/(Si + Al) = 0.35], containing
X-ray amorphous particles with size from 1.1 to 4.2 nm
(maximum on distribution curve ~2 nm, which corre-
sponds to the data of work [44]) and X-ray amorphous sol-
precursors, that were obtained by preliminary HTT of the
RM of zeolite at 100 °C for 1 day (particle size 21-43 nm,
average size—28 nm) and 2 days (particle size of
18-90 nm, average size—40 nm) contain the elements of
secondary building units of ZSM-5 (Fig. 2). Increasing of
the duration of HTT of RM of zeolite [TPAOH/
(Si + Al) = 0.35] up to 11 days does not lead to an
increase in crystallinity (Fig. 1; Table 1), as well as
intensity of absorption band at 550 cm_l—sample 6zt-100
(Fig. 2). The samples 4zt-100, 5zt-100 and 6zt-100 contain
mainly amorphous particles with size 0.3-0.4 um; the
crystallites of ZSM-5 with size 80-110 nm (estimated by
Scherrer equation) are also presented in these samples.

Increasing of the temperature of HTT of RM of zeolite
[TPAOH/(Si + Al) = 0.14, pH = 11.5] to 170 °C (sample
7zt-170, Table 1) results to some decrease of the degree of
crystallinity (up to 0.7) compared with samples 2zt-100 and
3zt-100, that can be caused by increase in solubility of
aluminosilicate with increasing the temperature of syn-
thesis. Besides, the sample 7zt-170, along with predomi-
nantly large particles with size ~1 pm (by the DLS),
contains the particles with size ~0.25 pm. The increase of
the degree of crystallinity, at ratio TPAOH/
(Si+ Al) = 0.35, up to 0.5, in comparison with sample
6zt-100, is possible with increasing of the temperature of
HTT up to 170 °C (sample 8-zt-170, Fig. 1; Table 1);
wherein, the particle size reaches 0,45 pm and the intensity
of absorption band at ~550 cm™" in the IR spectrum of
this sample is almost the same as for the fully crystalline
sample 3zt-100 (Fig. 2).

It is obvious that the decrease in temperature of syn-
thesis leads to increase of the induction period and slowing
of crystallization (decrease in the rate of crystallization)
[45]; which is consistent with experimental data—the
nucleation process at 100 °C begins after 35 h of HTT
(sample  3zt-100), in high-temperature  synthesis
(160 °C)—after 27 h (sample ZSM-5-160); the degree of
crystallinity of the samples 3zt-100 and ZSM-5-170 after
48 h of HTT is 0.2 and 0.4 respectively. The degree of
crystallinity of the sample Na-ZSM-5-170 is ~0.8 after
HTT of RM containing Na™ cations, for 3 h (at 170 °C),
which is probably due to their high structure-forming
activity in these conditions of synthesis [46].

According to SEM data the sample 2zt-100 (Fig. 3a)
consists of crystallites of spherical shape with size from 0.4
to 0.7 um (maximum of distribution is ~0.55 pm,
Fig. 3d). The shape of these crystallites is more pro-
nounced than that of the sample ZSM-5-170 (Fig. 3b,
maximum of distribution is ~0.45 pm, Fig. 3e), which
was synthesized at 170 °C in the alkali-free RM. Sample
7zt-170 contains larger particles (maximum of distribution
is ~0.9 um, Fig. 3f), which probably consist of small
crystallites with size up to 100 nm (Fig. 3c). In this sample
the small proportion of crystals with size of about 2.5 pm is
also presented. Their occurrence is associated with an
increase in temperature of HTT from 100 (sample 2zt-100)
to 170 °C (sample 7zt-170). The particles of the samples
2zt-100, ZSM-5-170 and 7zt-170 have the less defined
shape and smaller size in comparison with zeolite ZSM-5
(crystal size with shape of prisms is ~4-5 pum), obtained
in conventional conditions at 170 °C in an alkaline medium
[28, 47]. This can be due to the absence of hydrated Na*
cations in the used RM (as in the RM of the samples 2zt-
100, 7zt-170 and ZSM-5-170). The Na™ cations exhibit the
high structure-forming activity and contribute to the

@ Springer



522

J Porous Mater (2016) 23:517-528

Fig. 3 SEM images (a—c) and
particle size distribution (d—f,
according to SEM) of the
samples 2zt-100 (a, d), ZSM-5-
170 (b, e), 7zt-170 (c, f)
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formation of large, uniform crystals with well-defined
edges and faces.

Structural and sorption characteristics of sample 2zt-100
in general are similar to zeolite ZSM-5 (Fig. 4; Table 2)
and do not differ substantially from ZSM-5-5-170, which
was obtained at 170 °C in alkali-free reaction medium with
similar composition. Sample 2zt-100 possesses higher Sggr
470 mz/g) compared to ZSM-5-170 (Sger = 425 mz/g).

Increasing of the temperature of HTT of alkali-free RM
(100 °C — 170 °C) leads to obtaining of the sample 7zt-
170, which possesses mesopores: volume Ve = 0.19
cm3/g, diameter D50 = 7.2 nm (by the adsorption branch
of the isotherm), 6.3 nm (by the desorption branch), sur-
face area Speqo = 160 mz/g and has higher total pore vol-
ume (V, = 0.35 crn3/g) and external surface area
(Sexc = 70 m2/g) in comparison with samples 2zt-100,
ZSM-5-170 and Na-ZSM-5-170 (Table 2). Formation of
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mesopores (Fig. 4c) in the sample 7zt-100 can be associ-
ated with a reduction in crystallites size due to an increase
of solubility of silica at higher temperatures [24] and
generation of the secondary structure from the aggregates
of condensed nanoparticle.

Increasing of the ratio TPAOH/(Si + Al) from 0.14 to
0.35 (samples 7zt-170 and 8zt-170 respectively) leads to an
increase in external surface area (70 — 135 mzlg). This is
probably because the TPA™ cations at high concentrations
[TPA™/(Si + Al) = 0.35] can compensate the negative
charge on the external surface of particles, prevent their
aggregation and thus slow down the growth of crystals and
promote the formation of crystallites with size ~0.45 pm
(by the DLS)—sample 8zt-175, which is consistent with
the data of [16, 48].

There are significant differences under comparing the
characteristics of the porous structure of the sample 2zt-
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Fig. 4 Nitrogen ad(de)sorption isotherms at 77 K (a) and micropore
size distribution (b) for samples 2zt-100, 7zt-170, 8zt-170, ZSM-5-
160 and Na-ZSM-5-170 (the isotherms of the samples 2zt-100, 7zt-
170, 8zt-170 are vertically offset by 50 cm3/g), mesopore size
distribution (c) for sample 7zt-170 calculated from the adsorption (/)
and desorption (2) branches of the isotherm

100 with zeolite Na-ZSM-5-170 obtained at 170 °C in
alkaline medium, as it could be expected. Sample 2zt-100
has larger micropore volume (Vo = 0.17 cm3/g), Vi
0.22 cm3/g), Sger (470 mz/g) compared to Na-ZSM-5-

170 (Table 2). The reason of this is a high structure-
forming activity of the hydrated Na™ cations along with
that one of the organic template—TPA™ [9, 46]. Herewith
the characteristic energy of adsorption E, for sample 2zt-
100 (5.1 kJ/mol) is smaller than for samples ZSM-5-170
(5.7 kJ/mol) and Na-ZSM-5-170 (6.1 kJ/mol, Table 2)
probably due to the fact that the sample 2zt-100 has larger
micropores (Fig. 4b). The differences in E, can also be
caused by different types of adsorption sites (including the
silanol groups and acid sites of different nature and
strength) and their location on the external surface or in the
micropores of these samples.

The calcined sample 2zt-100 (Si/Al in the sample—27)
has slightly stronger acid sites—maximum of thermal des-
orption of ammonia is at 435 °C (concentration is
120 pmol/g), Fig. 5, in comparison with the sample 8zt-170
(Si/Al—24)—maximum of thermal desorption is at 410 °C
(concentration is 150 pmol/g). It can be assumed, in
accordance with [49], that the sample 8zt-170 possessing
larger external surface area (Sex—135 m?/ g, against 15 m?/
g in 27t-100) contains larger amount of strong acid sites on
external surface, from which the ammonia desorbs at a
lower temperature than from micropores (due to higher
adsorption potential and diffusional difficulties of desorp-
tion of ammonia). The maximum of desorption at
200-210 °C is apparently due to interaction of ammonia
with surface silanol groups resulting in the formation of
hydrogen bond (weakly bounded NHj3). In comparison with
decationized sample of H-ZSM-5-170 (by preliminary ion-
exchange of Na™ on NH4' and subsequent heating at
550 °C), that was obtained on the basis of the sample Na-
ZSM-5-170 (Fig. 5), the sample 2zt-100 has a lower con-
centration of acid sites (120 pmol/g, in H-ZSM-5-170—
136 pmol/g) and a broader distribution of these sites by

Table 2 Structural and sorption characteristics of the samples determined by N, ad(de)sorption, 77 K

Samples Microspores Mesopores Vi (cm3/ 2)  Sper (m2/ ) Sext (m2/ 2) Ep(kJ/mol)
Vmicro (Cm3/ Dmicro (nm) Vmeso (Cm3/g) Dmeso (nm) Smeso (mZ/g)
g
2z7t-100 0.17 0.56 0.05 - 135 0.22 470 15 5.1
7zt-170 0.16 0.56 0.19 7.2% 6.3° 160 0.35 455 70 4.6
8zt-170 0.17 0.55 0.17 - 115 0.34 455 135 4.8
ZSM-5-170 0.16 0.55 0.05 - 140 0.21 425 20 5.7
Na-ZSM-5- 0.14 0.55 0.02 - 95 0.16 375 5 6.1
170

Vmicro» Micropore volume; Dy;c., average micropore diameter; Vieso, mesopore volume; Dypeso, mesopore diameter; Spes0, mesopore specific
surface area; V, total pore volume at p/py = 0.95; Sggr, total specific surface area; Sy, external surface area; E,, characteristic energy of

adsorption

* Mesopore diameter calculated from the adsorption branch of the isotherm

® Mesopore diameter calculated from the desorption branch of the isotherm
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Fig. 5 NH;-TPD profiles for samples 2zt-100, 8zt-170 and H-ZSM-
5-170

strength (Fig. 5). It can be due to the presence (in sample
27t-100) of Lewis acid sites as well as OH-groups (on which
the ammonia can be adsorbed) bonded with the aluminum
atoms, which located in an octahedral coordination, in
addition to Brgnsted acid sites, that typical for zeolites. The
extra-framework aluminum species and structural defects
(three-coordinated Al atoms) [50] can be attributed to the
Lewis acid sites. These differences can also be caused by
the change of bond lengths and angles of Si—-OH-Al in the
sample 2zt-100 in comparison with the H-ZSM-5-170.

In IR spectra of the samples 2zt-100, 8zt-170 and
H-ZSM-5-170 after evacuation at 400 °C the absorption
band is observed in the range of 3727-3735 cm™' (Fig. 6).
This band corresponds to the stretching vibrations of O-H
in silanol groups, the presence of which is associated with
incomplete condensation of the framework [51]. In the
spectrum of the sample 8zt-170, which possesses higher
Sext (135 mz/g) compared to 2zt-100 and H-ZSM-5-170
(Table 2), the absorption band (Fig. 6) is also presented at
3745 cm ™', which can be attributed to the vibrations of O—
H bond of silanol groups located on the external surface of
the sample [51]. In the spectra of samples 2zt-100 and 8-zt-
100, in contrast to the H-ZSM-5-170, the absorption bands
are observed at 3700 cm™! and about 3500 cm™!, which
corresponds to the vibrations of O-H in hydroxyl groups
bounded with aluminum atoms in octahedral coordination

@ Springer
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Fig. 6 FTIR spectra of samples 2zt-100, 8zt-170 and H-ZSM-5-170
(in the region of vibrations of OH-groups) after preliminary
evacuation at 400 °C and after adsorption of pyridine and its
desorption at 150 °C: 2zt-100(150), 8zt-170(150), H-ZSM-5-
170(150)

[52] and the vibrations of O-H in H-bonded silanol groups
[51]. Consequently, zeolite ZSM-5 obtained at 100 °C,
contains more defects in the structure (e.g., silanol groups
or T-vacancies, due to the lack of framework-forming
atoms in the lattice sites) compared with H-ZSM-5-170—
decationized form of Na-ZSM-5-170 obtained at high
temperature [53]. The presence of absorption band at
3700 cm ™! in the spectra of samples 2zt-100 and 8zt-100
can indicate that these samples have extra-framework
aluminum species [51], the formation of which can be
caused by lack of Na® cations in RM. These cations
facilitate the inclusion of aluminium into the framework
and its stabilization in the tetrahedral oxygen surrounding
(this absorption band is not present in the spectrum of
H-ZSM-5-170, Fig. 6). In the spectra of the samples 2zt-
100 and ZSM-5-170 the absorption band at 3610 cm™" is
also presented (Fig. 6, it is weak in the spectrum of 8zt-
170), which corresponds to the stretching vibrations of O-
H in the bridging hydroxyl groups Si—~OH-Al (B-sites)
[51]. As a result of pyridine interaction with B-sites the
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absorption band at 3610 cm ™' disappears, at the same time,
in the IR spectra of the all samples recorded after desorp-
tion of pyridine at 150400 °C (Fig. 7, 8, 9), the absorption
bands at 1548 and 1456 cm™" are appeared, corresponding
to the stretching vibrations of bonds of pyridine ring
adsorbed on the bridging OH-groups (B-sites) as a pyri-
dinium ion PyH™, as well as pyridine molecules interacting
with the coordinatively-unsaturated aluminum ions (L-
sites), respectively (Fig. 7, 8, 9) [51]. At the same time the
intensity of the absorption band at 3700 cm ™" is decreased
in IR spectra of samples 2zt-100 and 8zt-170 (Fig. 6), that
can be due to the interaction of pyridine with Al-OH-
groups (aluminium atoms are in octahedral coordination)
with formation of hydrogen bond (pyridine is completely
desorbed from these groups at 250 °C). The sample
H-ZSM-5-170 mainly possesses the strong B-sites (the
concentration is 113 pmol/g), the absorption bands at 1548
and 1639 cm ™' remain in the IR spectrum after desorption
at 400 °C (Fig. 9). The samples 2zt-100 and 8zt-170 in
addition to B-sites (the concentration is 40 and 50 pumol/g

1639
\ 0.2
400 °C 1623 1492

1463 1456

\

Absorbance (a.u.)

-——77 77
1700 1650 1600 1550 1500 1450 1400
Wavenumber (cm™)

Fig. 7 FTIR spectra of sample 2zt-100 in the region of
17001400 cm™" recorded after adsorption of pyridine at 150 °C
and its desorption at 150400 °C

525
1639 :[0'2 1492 1463 1456
1623
400 °C \ -~
1548

350 °C |

300 °C
3
: |
8 | 250°C
g 1598
S 1446
Q
< | 200°C

150 °C

L) I L) I L) I L) I L) I L)

1700 1650 1600 1550 1500 1450 1400

Wavenumber (cm™)

Fig. 8 FTIR spectra of sample 8zt-170 in the region of
17001400 cm ™" recorded after adsorption of pyridine at 150 °C
and its desorption at 150400 °C

respectively, the pyridine remains after evacuation at
400 °C), also contain L-sites (the absorption bands at 1456,
1463 and 1623 cm™!, the concentration is ~40 pmol/g,
the absorption bands remain after evacuation at 400 °C)
and silanol groups (the absorption bands at 1446 and
1598 cm™") interacting with pyridine (the absorption bands
do not appear after evacuation at 350 °C, Fig. 7, 8).

The investigation of ad(de)sorption of 2,6-di-tert-
butylpyridine (DTBPy) allowed to characterize the nature,
concentration and strength of acid sites located only on the
external surface of the samples of zeolites, since the
micropores of zeolite ZSM-5 are not accessible for the
molecules of DTBPy (the kinetic diameter of DTBPy is
0.8 nm) [38]. In IR spectra of the samples 2zt-100, 8zt-170
and H-ZSM-5-170 (Fig. 10) recorded after adsorption of
DTBPy (at the temperature of 150 °C) and its desorption at
the same temperature, the absorption bands at 1615 and
1530 cm ™', corresponding to the stretching vibration of
bonds of DTBPy ring adsorbed on the bridging OH-groups
in the form of DTBPyH" ion [41] are presented. The
sample 8zt-170 with the external surface of 135 m%g
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Fig. 9 FTIR spectra of sample H-ZSM-5-170 in the region of
1700-1400 cm™" recorded after adsorption of pyridine at 150 °C and
its desorption at 150400 °C

(Table 2) possesses the higher concentration of Brgnsted
acid sites, which are accessible for DTBPy (11 umol/g,
temperature of the complete desorption is 350 °C), com-
pared with 2zt-100 (4 pmol/g, pyridine is completely
desorbed at 300 °C) and H-ZSM-5-170 (3 umol/g, pyridine
is completely desorbed at 200 °C), the external surface of
which is negligible (15 m*/g—2zt-100, 5 m*/g—H-ZSM-
5-170).

The results of previous [16, 18, 24] and the present
studies indicate that the processes of dissolution-reprecip-
itation of the initial substances with formation of active
dissolved compounds and precursors, the generation of
nucleation sites and the process of the crystallization of
ZSM-5 as a whole are possible in the used conditions—at
relatively low temperatures and in alkali-free media. The
apparent activation energy (E,) of formation of zeolite
ZSM-5 is in the range of 40-90 kJ/mol (at a temperature
range of 80—-175 °C) according to [54, 55]. These values of
E, indicate, in accordance with [46, 54], that the interaction
between the active dissolved substances with formation of
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Fig. 10 FTIR spectra of the samples 2zt-100 (a), 8zt-170 (b),
H-ZSM-5-170 (c¢) in the region of 1700-1400 cm™! recorded after
adsorption of 2,6-di-tert-butylpyridine and its desorption at different
temperatures

zeolite precursors, as well as between the primary parti-
cles—building units with formation of nuclei or conden-
sation of the dissolved compounds on the growing crystal
faces, rather than the process of diffusion of dissolved
compounds to the surface of nuclei or crystals, for which
the E, is significantly = smaller—approximately
12-17 kJ/mol [46] can be the limiting stage of the forma-
tion of zeolite ZSM-5. The possibility of zeolite formation
in the used RM at 100 °C (though, obviously, with smaller/
slower rate of nucleation and crystal growth [46, 56]) can
be attributed to the high structure-directing activity and
specificity of action of TPA™ cations toward the formation
of zeolite ZSM-5 (as probably and cations—TEA™, TBA™)
in alkali-free RM, as well as high concentration of reac-
tants in the initial RM: H,O/(SiO, + Al,O3) = 11, in most
of the experiments on the synthesis at 160-170 °C—H,0/
(SiO; + Al,O3) = 30-180 [26, 28, 57], which is consis-
tent with the data of [18, 24, 58].
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Table 3 The catalytic conversion of cumene on the synthesized samples, products selectivity and propylene/benzene molar ratio at different

temperatures of the process

Samples T Conversion of cumene Selectivity (mol%) Propylene/benzene molar
°C) (mol%) ratio
Propylene Benzene Toluene Ethylbenzene Styrene
2zt-100 300 96.7 42.2 52.5 1.5 1.6 22 0.80
325 97.2 443 49.7 1.5 1.9 2.6 0.89
350 98.0 43.0 51.3 1.6 2.0 2.1 0.84
375 98.5 40.1 54.2 1.7 2.3 1.7 0.74
400 98.9 429 51.2 1.9 2.7 1.3 0.84
H-ZSM-5- 300 98.1 37.9 55.6 3.1 1.9 1.5 0.68
170 325 987 37.5 54.4 3.8 2.9 1.4 0.69
350 98.9 38.3 53.5 3.7 33 1.2 0.72
375 99.1 40.9 50.9 3.6 3.6 1.0 0.80
400 99.2 41.0 50.2 4.0 39 0.8 0.82

Samples 2zt-100 and H-ZSM-5-170 were tested in a model
reaction of catalytic cracking of cumene [59]. Sample 2zt-100
obtained at 100 °C exhibits a high catalytic activity in the
entire investigated range of temperatures (300—400 °C, the
conversion of cumene is 96.7-98.9 mol%), which is com-
parable with the decationized form of Na-ZSM-5-170
obtained at 170 °C in an alkaline medium—sample H-ZSM-
5-170 (98.1-99.2 mol%). Both samples exhibit a high
selectivity to the major products of the cracking reaction—
propylene (40.1-44.3 mol% for 2zt-100, 37.5-41.0 mol%
for H-ZSM-5-170) and benzene (49.7-54.2 mol% for 2zt-
100, 50.2-55.6 mol% for H-ZSM-5-170), Table 3. The
propylene/benzene molar ratio (0.74-0.89) is higher for the
sample 2zt-100, in comparison with H-ZSM-5-170
(0.68-0.82), Table 3. This can indicate that a more active
propylene oligomerization occurs on the sample H-ZSM-5-
170 with a higher concentration of Brgnsted acid sites. The
products of propylene oligomerization remain on the sample
in the form of coke precursors. The selectivity to toluene and
ethylbenzene (byproducts) is higher for the sample H-ZSM-
5-170 compared with 2zt-100 (Table 3), that can also be
associated with a higher concentration of strong Brgnsted
acid sites in ZSM-5 obtained at 170 °C. Ethylbenzene can
also be formed on the Lewis acid sites and by reacting cumene
and benzene, herewith toluene is also formed in the last case
[60]. The sample 2zt-100 exhibits a higher selectivity to
styrene (2.2 mol%—at 300 °C), compared with H-ZSM-5-
170 (1.5 mol%), because 2zt-100 possesses a higher con-
centration of Lewis acid sites (40 pmol/g, for H-ZSM-5-
170—23 pmol/g), which are catalytically active in the styr-
ene formation [61]. The reduction of selectivity to styrene by
increasing the temperature of cracking up to 400 °C (to
1.3 mol% for 2zt-100, to 0.8 mol% for H-ZSM-5-170) is
probably due to the fact that reaction of ethylbenzene for-
mation occurs predominantly on Lewis acid sites in these
conditions [60].

4 Conclusions

The results of conducted research show that zeolite ZSM-5
with a high degree of crystallinity comparable to that of
zeolites obtained at an increased temperature (170 °C) and
in alkaline media can be formed at a relatively low tem-
perature (100 °C) in alkali-free media. It is facilitated by
the high structure-directing activity and specificity of
templating action of tetrapropylammonium TPA™ cations,
as well as a high concentration of reactants in the initial
reaction mixtures [H,O/(SiO, + Al,O3) = 11].

The differences in structural and sorption properties of
zeolite ZSM-5 obtained at 100 °C, compared with
isostructural analog, synthesized at 170 °C in an alkaline
reaction medium—higher values of micropore and meso-
pore volumes, total specific surface area, less uniform
micropore size distribution for ZSM-5, are caused by dif-
ferences in media of zeolite formation, as well as the fea-
tures of action of templates—only TPA™ cations—in the
first case, and TPA™ and Na™ cations—in the other.

Zeolite obtained at 100 °C has lower concentration of
acid sites and broader distribution of them by strength, in
comparison with zeolite synthesized at 170 °C in an alka-
line medium and preferably containing Brgnsted acid sites.
ZSM-5 obtained at 100 °C exhibits a high catalytic activity
in the reaction of cracking of cumene, as well as a higher
selectivity to propylene and styrene, in comparison with
isostructural analogue obtained at 170 °C in an alkaline
medium.

Results of the research suggest the possibility of use the
sol-precursors of ZSM-5 containing the elements of sec-
ondary building units of zeolite as the initial building
material for realization of the process of dual template
synthesis of micro-mesoporous aluminosilicates, that
combine in some extent the properties of zeolites and
mesoporous molecular sieves.
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