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CHUHTE3 I'PAHYJMPOBAHHBIX HU3KOMOAYJBbHBIX HEOJUTOB U3 METAKAOJINHA
C UCHOJIB30BAHUEM YJbTPA3BYKOBOM OBPABOTKH

Hccenedosanvt npoueccol cuHmesa HUZKOMOOYIbHBIX ZPAHYIUPOBAHHBIX UEOIUMOE U3
cemeceii 6A1,Si,07:12NaOH u 6A1,Si,0,:12NaOH:12Si0, ¢ ucnonvioeanuem ynompaszeykoeoi
obpabomku eo0nvix cycnenzuil. /[na KOHMpPonNs npoueccos cUHmMe3qa UCHOIb308ANU PEHMIZEeHO-
dazosvtit ananuz, ckaHUPYIOWYIO INEKMPOHHYI0O MUKPOCKORUIO U UHQPAKPACHYIO CHEKMPOCKO-
nur. Ilokazano, umo nocie mepmuyeckoii oopavomku cmecu 6A1,S1,0;:12NaOH npu 650 °C
cunmesupyriomea COJ yeonum (|Nag|[AlsSicOn)) u amomocunuxam nampus(NagAl;SiO1g).
Ipokanka cmecu 6A1,Si,0,:12NaOH:12Si0O, ne npusodum k o6pazoeanuto nHoevix Kpucmaiiu-
yeckux (asz. Iocne zuopomepmanvnon kpucmanauzayuu cmecu 6A1,Si,0;:12NaOH ¢ 2M pac-
meope NaOH cunmesupyemcsa JITA ueonum (|Naio|[Al12Si1:04]). Bvino ycmanosneno, umo
NagAl,Si,015 sensnemes npexypcopom JITA wyeonuma. T'uopomepmanvhas Kpucmannuzayus
cmecu ¢ uszovimkom SiO, ¢ 2M pacmeope NaOH npueooum k oobpazoeanuio IIXU yeonuma
INag|[AlgSi100sy. Bvlno noxazano, umo nocne Kpucmannuszayuu obeux cmeceit 8 6M pacmeope
NaOH monsko CO/ yeonum obpazyemcsa Kak KOHeYHbLIl RPOOYKM.

KuaroueBble cioBa: cuate3, COJl neonur, JITA neonut, [IXH neonur
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SYNTHESIS OF GRANULATED LOW-MODULUS ZEOLITES FROM METAKAOLIN USING

ULTRASONIC TREATMENT

The synthesis processes of the low-modulus granulated zeolites from mixtures of
6Al,Si,07:12NaOH and 6Al,Si,0,:12NaOH:12Si0O, were studied using ultrasonic treatment of
the aqueous suspensions. To control the synthesis processes, X-ray diffraction, scanning electron
microscopy and infrared spectroscopy were used. It was shown that after thermal treatment of the
mixture of 6Al,Si,0,:12NaOH at 650 °C, SOD zeolite (|Nag|[AlsSisO,4]) and sodium aluminosili-
cate (NagAl4Si;O4g) are synthesized. The calcination of the mixture of 6Al,Si,0;:12NaOH: 12Si0O,
does not result in a formation of new crystalline phases. After the hydrothermal crystallization of
the mixture of 6Al,Si,0;:12NaOH in 2M NaOH solution LTA zeolite ([Nay|[Al12Si1204g]) is synthe-
sized. It was established that NagAl,Si,O45 is a precursor of LTA zeolite. Hydrothermal crystalliza-
tion of the mixture with SiO, excess in 2M NaOH solution results in a formation of zeolite PHI
(|Nag|[AlsSinO32]). It has been shown that after crystallization of the both mixtures in 6M NaOH

solution, only SOD zeolite is the final product of the synthesis.

Key words: synthesis, SOD zeolite, LTA zeolite, PHI zeolite

INTRODUCTION

Zeolites are the porous framework alumino-
silicates which have the regular cavities [1]. As the
starting material for the synthesis of zeolites, sols and
gels of Si and Al compounds as well as kaolin are
used [1-3]. The sol-gel synthesis allows obtaining the
crystals of zeolites with a high degree of crystallinity,
but only in the form of powders. For industrial appli-
cations, it is necessary to have pellets. For this reason,
a metakaolin is widely used in industry as a starting
material [3, 4]. The disadvantage of these methods is
the multistage hydrothermal crystallization.

To intensify the heterogeneous processes, the
ultrasonic treatment may be used [5, 6]. In the review
[7], it was shown that ultrasound allows reducing the
hydrothermal crystallization time of the zeolites. In
Ref. [8], we established that a preliminary ultrasound

treatment of the suspension of metakaolin and alumi-
num oxide allows synthesizing the granulated LTA
zeolites. In this case, the hydrothermal crystallization
is carried out in one step. The zeolite type will be de-
termined by the concentration of NaOH solution.

The zeolite type is also determined by the
composition of the starting ingredients. In Refs. [8-
10] for the synthesis of the LTA zeolite, the Al,O;
excess over the stoichiometry has been used. The
purpose of this work is a study the synthesis of granu-
lated low-modulus zeolites from the suspension of
metakaolin with a SiO, excess. To intensify the pro-
cesses of synthesis, ultrasonic treatment will be used.

EXPERIMENT

For metakaolin producing, the perfume kaolin
was used. Kaolin was calcined at 700 °C for 4 h. The
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silica gel and the solid aluminum hydroxide were also
used. Two mixtures were prepared for the study:

(i) 6Al,Si,07: 12NaOH;

Composition of the mixture (i) corresponds to
the stoichiometry of the synthesis reaction of the LTA
zeolite (lNalzl[A|128i1204g]).

The ultrasonic treatment (UST) was carried
out in an ultrasonic dispergator UD-20 with an oscil-
lation frequency of 22 kHz and an amplitude at the
end of the concentrator of 8 microns for 10 min. The
suspension was then evaporated to a residual moisture
content of about 20 wt%. The pellets with diameter
3 mm was molded from the received paste. The pel-
lets were dried at 100-110 °C. The thermal treatment
(TT) of dried pellets was carried out at 650 °C for 4 h.
Hydrothermal crystallization (HTC) was carried out at
100 °C for 4 h in an aqueous solution with NaOH
concentration of 2 and 6 mol/l. Conditions of TT and
HTC were chosen based on the results of our earlier
studies [10, 11]. After HTC, the pellets were washed
with distilled water and were dried.

The reliable identification and characteriza-
tion of the zeolite micro crystals requires the simulta-
neous use of various testing methods [12]. In this
work, the following testing procedures were used:

» The powder X-ray diffraction (XRD) pat-
terns were recorded on DRON-3M X-ray diffractome-
ter. The CuKa radiation (k = 0,15406 nm, Ni-filter)
was used with a power supply settings of 40 kV and
20 mA. The scan rate was 1 min, and the scanning
step was 0,01°.

* The Fourier transformed infrared (IR) spec-
tra were measured by Avatar 360 FT-IR ESP spec-
trometer in the range of 4000-400 cm™. The samples
were prepared by the KBr method with the sample-to-
KBr ratio of 1:100.

» The scanning electron microscopy (SEM)
measurements were taken with the JSM-6460 LV mi-
Ccroscope.

The crystalline phases in the XRD patterns
were identified by the comparison of the calculated
interplanar spacings (d = A/2sin®, where 1 is the
wavelength, and @ is the diffraction angle) with those
taken from the ASTM databases.

Since the LTA, SOD and PHI belongs to the
cubic syngony, the lattice parameter was calculated
from the equation of [13]

1/d% = (h* + K2 + 19)/a?,
where h, k, and | are the Miller indexes.

To identify the absorption bands on the IR
spectra, data of Ref [1, 14] were used.

RESULTS AND DISCUSSION

After UST of the mixture (i) on the XRD pat-
terns, the halo and the reflex of quartz were detected
(Fig. 1, a). After UST of the mixture (ii), an analo-
gous pattern is observed (Fig. 2, a). This type of XRD
patterns is characteristic for metakaolin.

Ia : : : IQ

T
5 10 15 20 25 30 35 40 45
Difraction angle, 20, deg

Fig. 1. XRD patterns of mixtures (i) 6Al,Si,0;: 12NaOH. a) after
UST; b) after UST and TT; c) after UST, TT and HTC in solution

with a concentration of 2 mol/l; d) after UST, TT and HTC in

solution with a concentration of 6 mol/l. A is sodium aluminum

silicate (NagAl,SisO4g); L is LTA zeolite (JNag,|[Al15Si1504g]);

Q is quartz (SiO,); S is SOD zeolite (|Nag|[AlgSigO-4])

Puc. 1. Perrrenorpammsi cmeceii (i) 6Al,Si,0;: 12NaOH. a) mo-
cie ynbTpa3BykoBoit 00padboTku (YO); b) mocie ynsTpa3ByKoBOH
u repmuaeckoit 0opadotku (TO); ¢) mocie ynmpTpa3ByKOBOH 1
TEPMHYECKOH 00pabOTKH M THAPOTEPMAIBHON KPUCTATITM3ALNN
(I'TK) B pacTBOpe ¢ KOHLIEHTpauuei 2 Moib/1; d) mocie yipTpa-
3BYKOBO# U TepMHYECKOiT 00pabOTKH U THAPOTEPMAaNbHOMH KpH-
CTaJUTM3AIMH B PACTBOPE C KOHIIEHTpAIHeil 6 MOJIb/I

On the SEM images of the mixture (i), the
particles with a size of 0.1-0.5 um were detected (Fig.
3, a). These particles are combined into the aggre-
gates with a size of 0.2-2 um. There are also the parti-
cles with a size of 15 pm and the needle-shaped parti-
cles with a length of 2-3 um. In the mixture (ii) after
UST, there are the irregularly shaped particles, which
are combined into aggregates with a size of 1-5 um
(Fig. 4, a).
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va : : :Q
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Fig. 2. XRD patterns of mixtures (ii)
6Al,Si,O7: 12NaOH: 12Si0,. a) after UST; b) after UST and TT;
c) after UST, TT and HTC in solution with a concentration of 2
mol/l; d) after UST, TT and HTC in solution with a concentration
of 6 mol/I. P is PHI zeolite (|Nag|[AlgSi1045]); Q is quartz (SiO,);
S is SOD zeolite (|Nag|[AlgSigO24])
Puc. 2. Penrrenorpammsl cmeceii (ii)
6Al,Si,07: 12NaOH: 12Si0,. a) mocne YO; b) nocie YO u TO;
c¢) mocne YO, TO u I'JIK B pacTBope ¢ KOHI[EHTpanueit 2 MOJIb/T;
d) mocne YO, TO u I'JIK B pacTBOpE ¢ KOHIICHTpAIHEH 6 MOJIB/IL.
P - IIXA HCOHI/IT(|N35|[AI5Si10032]); Q — KBapn (SIOZ), S— COI[
HeOHHT(|NaG|[AIGSiGOZ4])

Fig. 3. SEM images of mixtures (i) 6Al,Si,O;: 12NaOH. a) after
UST; b) after UST and TT; c) after UST, TT and HTC in solution
with a concentration of 2 mol/l; d) after UST, TT and HTC in
solution with a concentration of 6 mol/Il
Puc. 3. COM usobpaxenus cmecei (i) 6Al,Si,0;: 12NaOH. a)
nociie YO; b) nocie YO u TO; ¢) nocne YO, TO u I'TK B pac-
TBOpE ¢ KoHUenTpanuein 2 mous/i; d) mocie YO, TO u I'TK B
pacTBope ¢ KOHIEHTpaIuel 6 MOJIb/I

Fig. 4. SEM images of mixtures (ii) 6Al,Si,0;: 12NaOH: 12Si0,. a) after UST; b) after UST and TT; c) after UST, TT and HTC in
solution with a concentration of 2 mol/l; d) after UST, TT and HTC in solution with a concentration of 6 mol/I
Puc. 4. COM wuzobpaxenus cmeceii (ii) 6Al,Si,0;: 12NaOH: 12Si0,. a) nocie YO; b) mocie YO u TO; ¢) mocie YO, TO u I'TK B pac-
TBOpe ¢ KoHIeHTpamueit 2 mons/i1; d) nociae YO, TO u I'TK B pacTBope ¢ KOHIEHTpaImei 6 Mo/
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On the IR spectrum of the mixture (i), the
band at 1000-900 cm™ is attributed to the bending
vibrations of Si-O and Al-O(H), and bands at 757,
698 and in the range 1200-1000 cm* correspond to
the stretching vibrations of Si—O and AI-O (Fig. 5, a).
The bands at 1490 and 1450 cm ™ are attributed to
vibrations of the surface OH groups and band at 1600
cm ! is ascribed to condensed molecular water. A set
of bands in the range 3700-2800 cm ™ responds to the
external and internal vibrations of OH groups. On the
IR spectrum of the mixture (ii), a similar set of ab-
sorption bands was detected (Fig. 6, a), but there are
differences. Firstly, there is the band at 540 cm™
which corresponds to the deformation vibrations of
Si—0. Second, all absorption bands have a higher in-
tensities.

All above differences are explained by the
presence of a SiO, excess in the mixture (ii).

Absorption

rF-~""~""T™"~"™""™"7T*T*"™T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber, v, cm”

Fig. 5. IR spectra of mixtures (i) 6Al,Si,O;: 12NaOH. a) after
UST; b) after UST and TT; c) after UST, TT and HTC in solution
with a concentration of 2 mol/l; d) after UST, TT and HTC in
solution with a concentration of 6 mol/Il
Puc. 5. UK cniexrpsr cmeceii (1) 6A1,Si,0;: 12NaOH. a) nocie
YO; b) mocne YO u TO; ¢) nocne YO, TO u I'TK B pactBope ¢
KoHIeHTpanueit 2 mons/i; d) nociae YO, TO u I'TK B pactBope ¢
KOHIICHTpAITHEH 6 MOJIB/IT

After TT of the mixture (i), the new reflexes
were detected on the XRD pattern (Fig. 1, b). These
reflexes have been identified as the SOD zeolite
(JNag|[AlSisO2]) and the sodium aluminum silicate

(NagAl,Si;O4). Thus, the main reactions of solid
phase synthesis can be represented as
3A|28i207 + 6NaOH — |N35|[A|58i5024] + 3Hgo, (l)
2A|28i207 + 8NaOH — NagA|4Si4018 + 4H20 (l |)
The presence of the halo and the small inten-
sities of the reflexes suggest that the solid phase reac-
tion doesn’t proceed completely. TT of the mixture
(ii) does not result in the formation of new crystalline
phase (Fig. 2, b).

a

Absorption

LI B B I L B B B
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber, v, cm’’

Fig. 6. IR spectra of mixtures (ii) 6Al,Si,0;: 12NaOH: 12SiO,.
a) after UST; b) after UST and TT; c) after UST, TT and HTC in
solution with a concentration of 2 mol/l; d) after UST, TT and
HTC in solution with a concentration of 6 mol/Il
Puc. 6. UK criekrpsr cmeceii (ii) 6Al,Si,07: 12NaOH: 12Si0.,.
a) mociie YO; b) mocie YO u TO; ¢) mocne YO, TO u I'TK B pac-
TBOpe ¢ KoHIeHTparueit 2 Monb/i1; d) mocne YO, TO u 'TK B
pacTBope ¢ KOHIEHTpaIuel 6 MOJIb/I

On the SEM images of the mixture (i) after
TT, the particles with a size of 0.1-0.5 um were dis-
covered (Fig. 3, b). It should be noted that the parti-
cles have a clear-cut faceting. This is explained by the
formation of the new crystalline phases. In the mix-
ture (ii) after TT, the essential changes were not de-
tected (Fig. 4, b).

On the IR spectrum of the mixture (i) after
TT, an increase in intensity of all absorption bands is
observed (Fig. 5, b). It should be noted the appearance
of the new band in the range of 500-435 cm™, which
corresponds to the asymmetric and bending vibrations
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in the TO, tetrahedron (where T is Si or Al). A similar
pattern is observed on the infrared spectrum of the
mixture (ii) (Fig. 6, b). These phenomena confirm
proceed of solid state reactions (1) and (I1).

HTC of the mixture (i) in 2M NaOH solution
leads to an increase in the content of SOD zeolite and
to the formation of a new phase of the LTA zeolite
(INag2|[Al12Si1204]) (Fig 1, €). The parameter a of the
crystal lattice of the SOD zeolite is 9.042 A, and the
parameter a of LTA zeolite is 24.763 A (Table). The
experimental values slightly exceed ASTM database
data (8.848 and 24.555 A, respectively). After HTC of
the mixture (ii) in 2M NaOH solution, the phase of
PHI zeolite (|Nag|[AlgSio03,]) is formed (Fig. 2, ¢).
The lattice parameter a of PHI zeolite is 10.078 A (10 A
is ASTM data). On XRD pattern, there are also the
reflexes of quartz.

The SEM images (Fig. 3, ¢) demonstrate that
the mixture (i) after HTC in 2M NaOH solution con-
sists of particles with a size of 0.1-0.2 pm, that are
combined into aggregates with a size of 0.5 to 1.5 um.
HTC of the mixture (ii) in 2M NaOH solution gives
the formation of the clearly faceted crystals with a
size of 0.2-0.5 um, which constitute the solid agglom-
erates with a size from 1 to 5 um (Fig. 4, c).

On the IR spectrum of a mix-

HTC in 6M NaOH solution results in the
formation of SOD zeolite only in both mixtures (i)
and (ii) (Fig. 1, d and 2, d). On the diffraction patterns
of the mixtures, there are reflexes of quartz. The SEM
images of mixtures (i) and (ii) are also similar (Fig. 3,
d and 4, d). In both cases, there are particles with a
size of 0.1-0.2 pum, that are combined into larger ag-
gregates with the size up to 15 pm. IR spectra of mix-
tures (i) and (ii) are typical for the SOD zeolite (Fig.
5, d and 6, d). In the range of 820-620 cm* there are
bands that are attributed to the symmetric and asym-
metric stretching vibrations of simple 4-membered
rings. The band at 534 cm™ on the spectrum of the
mixture (ii) corresponds to the bending vibrations of
SiO,, which has been introduced into the mixture in
excess. Thus, the result of the HTC in 6M NaOH so-
lution is not dependent on the composition of the
starting mixture and the final product is a SOD zeo-
lite, that is formed by the reaction of (I). It should be
noted that the lattice parameters of the SOD zeolite
are close to ASTM data (Table).

Table

The lattice parameters for the crystalline phases after HTC

Tabnuya. IapamMeTpshl pelIeTOK 1JIsl KPUCTAIMYECKUX
(a3 nocJie ruApOTEPMAIBHON KPUCTAJIIN3AIUA

ture (i), the band in the range of 600-
500 cm* is shifted to the high fre-
quency region from 543 to 560 cm™
(Fig. 5, ¢). This indicates the for-
mation of double 4-membered rings

which are the structural units of the
LTA zeolite framework. On the IR
spectrum of the mixture (ii), the ap-

pearance of new bands in the range of
630-570 cm™ is detected (Fig. 6, ).

The composition of the | The concentra-
starting mixture tion of NaOH . The lattice pa-
N . Crystalline phase
Cocras ucxoguoi cmecu | solution, mol/l rameter, a, A
Kpucrannmueckas
Konnentpanus (basa [Tapamertp pe-
pactBopa NaOH, meTky, a, A.
MOJIB/JI
5 LTA 24.763
6(Al,05-2Si0,):12NaOH SOD 9.042
6 SOD 8.925
6(Al,05-2Si0,):12NaOH: 2 PHI 10.078
12Si0, 6 SOD 8.899

These bands correspond to the bending vibrations of
the 8-membered rings, which are the basis of the PHI
zeolite framework.

Thus, in the HTC process of the mixture (i) in
2M NaOH solution, the formation reaction of SOD
zeolite is continued. At the same time in alkaline me-
dium, the zeolitization reaction of the sodium alumi-
nosilicate and the metakaolin occurs. This process can
be described by the gross reaction:

2NagA|4Si4olg + 2A|28|207 + 2H,0 —

— |N3.12|[A|128i12048] + 4NaOH. (“l)

In the mixture (ii), HTC in 2M NaOH solu-
tion leads to the formation of the PHI zeolite. The
process can be represented by the gross reaction:

3Al,Si,0; + 4Si0O, + 6NaOH =

=|Na6|[AIGSi1()O32] + 3H,0. (lV)

Izv. Vyssh. Uchebn. Zaved. Khim. Khim. Tekhnol. 2016. V. 59. N 11

CONCLUSIONS

The synthesis processes of the low-modulus
zeolite from mixtures 6AIl,Si,0;:12NaOH and
6Al,Si,07:12NaOH:12Si0, using of ultrasonic treat-
ment was investigated by X-ray diffraction, scanning
electron microscopy and infrared spectroscopy.

It was shown that ultrasonic treatment of sus-
pensions does not result in a formation of new crystal-
line phases.

It was found that the thermal treatment of the
mixture 6Al,Si,0;: 12NaOH at 650 °C results in the
synthesis of SOD zeolite (|Nag|[AlsSicO24]) and sodi-
um aluminosilicate (NagAl;Si4O45). The calcination of
the mixture 6AIl,Si,O;: 12NaOH: 12SiO, does not
give the formation of new phases.

75



Izv. Vyssh. Uchebn. Zaved. Khim. Khim. Tekhnol. 2016. V. 59. N 11

It was shown that the hydrothermal crystalli-
zation of the mixture 6Al,Si,O;: 12NaOH in 2M
NaOH solution results in the synthesis of LTA zeolite
(INag2|[Al12Si204g]). It was established that the sodi-
um aluminosilicate is a precursor for the synthesis of
LTA zeolite. Crystallization of the mixture with a SiO,
excess results in the formation of the PHI zeolite.

It was shown that in the process of the hydro-
thermal crystallization in a 6M NaOH solution in both
mixtures, only SOD zeolite is formed.
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