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Zeolites are wide used materials in a range of processes of chemical, petrochemical, and nutritional
industry. They are the active catalysts and sorbents, in particular, zeolites are characterized by high
efficiency towards extraction of heavy and radioactive metals from the aqua medium. An important factor of
high zeolite catalyst activity is preserving the integrity of the crystal structure. The purpose of this research
was to check out the features of MOR zeolite modifications with nickel by means of low temperature nitrogen
adsorption/desorption, IR-spectroscopy, and X-Ray Diffraction (XRD). Using ion exchange and following
calcination the hydrogen form of zeolite was obtained. The last was impregnated by nickel in quantity of 1, 5,
and 15 wt. %. The investigations of nickel-modified samples demonstrated that MOR-type zeolite was
relatively resistant to the used manipulations. However, the hysteresis loops of their isotherms are observed.
The last can be connected with mesoporosity appearance. The degree of zeolite destruction is found out to
increase with rise of nickel content in the samples. Based on IR spectra analysis by means of checking out
the ratio between intensity of bands at 560 and 440 cm™ using Gaussian function in Origin medium the same
conclusions were drawn. Crystalline structure of mordenite was confirmed by using XRD method, but minor
guantitative destruction cannot be recognized without application of methods of the internal and external
standards.
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1. Introduction

Today zeolites are wide used materials
in a range of processes of chemical,
petrochemical, nutritional industry, etc. [1-4].
Being the materials with unique properties [5-
7] they are the effective catalysts and
sorbents, in particular, they have high
efficiency towards extraction of heavy and
radioactive metals from the aqua medium [8-
11]. The most used in industry are LTA,
FAU, MFI, and MOR-type zeolites. The latter
two modified with nickel demonstrated high
activity in hydroisomerization of linear

hexane [12-14]. An important factor of high
catalyst activity in target reaction is
preserving the integrity of the zeolite
structure, which will promote the presence of
the maximum number of active sites in the
samples. The most widely used method for
assessing the crystallinity of zeolites is X-ray
diffraction analysis [15, 16]. The
investigations of the features of the
absorptions in the region of crystalline lattice
vibrations by using IR spectroscopy also give
substantial  information concerning the
peculiarities of zeolite structure [17]. Another
method that can provide the information on
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the integrity of the zeolite structure is the
adsorption of gases [5, 18, 19].

Therefore, the purpose of this research
was to check out the features of MOR zeolite
modifications with nickel by means of low
temperature nitrogen adsorption/desorption,
IR-spectroscopy, and XRD methods.

2. Materials and Methods

As a starting material the powder
NaMOR zeolite (SiO2/Al,03=9.8) produced
by JS “Sorbent” (Nizhnii Novgorod, Russia)
was used. The static capacity to water vapor
was 0.12 cm*/g.

Ammonium form of MOR-type zeolite
(fraction 1-2 mm) was obtained from Na-form
by means of 3-fold ion exchange of native
sodium cations on ammonium ones using 3
mol/dm® aqueous solution of ammonium
nitrate.  Conditions of ion exchange:
temperature — 358 K, solid to liquid phases
ratio — 1:2, time — 2 h. Each exchange was
followed with zeolite calcination for 2 h at
823-833 K for ammonium decomposition and
hydrogen form of zeolite obtaining. In the
result HMOR sample was synthesized for
nickel impregnation.

Air-dry hydrogen form of zeolite was
poured with 0.6 or 0.12 mol/dm? solution of
nickel nitrate hexahydrate Ni(NO3z)2 * 6H20 in
the required amount to obtain samples
containing 1, 5, and 15 wt % of nickel per
metal. It was believed that the use of nickel is
100%. The solution was evaporated at a sand
bath for 3 hours. After that, the sample was
dried for 2 h at 373 K. In the result samples
HMOR-Im1Ni, HMOR-Im5Ni, and HMOR-
Im15Ni were obtained. Metallic component
were reduced in hydrogen flow at 653 K for 6
h.
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IR spectra of the catalysts in the region
of lattice vibrations 400-1400 cm™? were
recorded by using FTIR spectrometer
IRAffiniti-1s (Shimadzu, Japan) with the
prefix of the broken full internal reflection
(ATR) Specac Quest GS 10801. The sample
was applied to the surface of the diamond
prism of the accessory ATR and the spectrum
was recorded.

Low temperature nitrogen
adsorption/desorption (77 K) isotherms for
zeolite  catalysts were taken on a
Quantachrome Autosorb NOVA 1200e®
automatic ~ sorbometer  after  thermal
dehydration of the sample in the muffle
furnance at 653 K for 2 h and additional in
situ evacuation at 250 °C for 1 h. The
parameters of the porous structure of the
catalysts were calculated by using NOVAWIn
software™: specific surface area Sger — by
using the multipoint BET method (it should
be noted that the presence of micropores in
the studied objects causes an error in the
absolute values calculated by BET); the
specific surface area excluding micropores St
and the volume of micropores Vimicro - t-
method, the surface of micropores - by the
formulae Smicro = Seer - St the total pore
volume Vs - by the volume of adsorbed
nitrogen at p/ps> 0.99.

The diffraction patterns were recorded
on a DRON-4-07 diffractometer in filtered
(Ni) CuKa radiation in a reflected beam in the
Bragg-Brentano survey geometry in the
angular range of 5-80 deg with a step of 0.05,
exposure time - 1 s. Individual intervals were
recorded with a step of 0.02 deg and exposure
time - 4 s. The phase composition of the
samples was determined using the X-ray
diffraction database PDF-2, ICDD, Newton
Square, PA.
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3. Results and Discussion

Figure 1 illustrates the isotherms of
low-temperature  nitrogen adsorption for
zeolite samples. Adsorption isotherms for
MOR zeolite-based catalysts with introduced
nickel by impregnation method, in contrast to
MFI-based catalysts [12], have pronounced
hysteresises, which are a confirmation of the
partial destruction of zeolite and the
emergence of mesoporosity. Isotherms are
typical for micro/mesoporous sorbents. They
are characterized by a steep rise at low values
of relative pressure caused by microporosity
and the presence of a hysteresis loop at higher
values of p/ps [19]. The cause of the latter,
considering the presence of hysteresis for
sample of hydrogen form, may be not so
much in the modification of nickel, as in the
partial destruction of the structure of the
zeolite during the obtaining of its hydrogen
form. The observed hysteresis loops can be
classified as H4 according to the IUPAC
classification. A moderate rise near p/ps=1
may indicate that capillary condensation
occurs in meso- and macropores within the
crystallite and follows the mechanism of
multiple condensation-evaporation processes,
as a result of which the condensed adsorbate
is blocked by micropores and can only be
partially desorbed. Occurrence of meso- and
macropores inside the crystallite is most
likely during heat treatment.
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Fig. 1 Low temperature nitrogen
adsorption/desorption isotherms for H-form
and nickel-containing samples

Table 1 shows the main porous
characteristics of the samples obtained from
isotherms. In the process of modification by
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nickel, there is a certain decrease in the
specific surface area of the samples and in the
pore volume. Analyzing the quantitative
indicators of loss of the specific surface of
micropores Smicro for the samples, it should be
noted that the increase in nickel content from
1to5 and 15 wt. % leads to a 12-15 %
decrease in the surface area, which obviously
indicates a certain additional destruction of
the zeolite structure during the introduction of
nickel. It is possible that when nickel oxide is
reduced in the hydrogen atmosphere at 653 K,
the metal component aggregates into larger
metal particles, which can also partially
destroy the microporosity of the zeolite. This
destroy is higher for higher content of nickel
in the sample.

As is known, some important
information on the peculiarities of the
structure of zeolites can be obtained from the
IR absorption spectra in the region of the
lattice valence vibrations 400-1400 cm™ [17].
There are bands near 500-700 cm™ due to
pseudo-lattice vibrations of structural units in
the spectra of synthesized samples (Fig. 2).
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Fig. 2 IR spectra of catalysts on
mordenite base: 1 — NaMOR; 2 - HMOR-
ImINi; 3 - HMOR-Im5Ni; 4 - HMOR-
Im15Ni
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Table 1. Adsorption properties of nickel-containing catalysts

Sample Seet, M?/g| St, Mg | Smicro, M?/g| Vs, cm®g| V'micro, | S/Shmor, %
cm®/g
HMOR 382 17,1 365 0,21 0,16 100
HMOR-IM1Ni 360 18,2 342 0,19 0,14 94
HMOR-IM5Ni 336 16,5 319 0,17 0,13 88
HMOR-Im15Ni 328 17,9 310 0,18 0,13 85

According to the literature data, the
spectra of zeolites such as mordenite in this
region contain the following characteristic
absorption bands [20]: 440 cm? — band,
which is attributed to deformation vibration of
tetrahedra bonds; 560 cm™ — vibrations of
double five-membered rings; 910 cm? —
antisymmetrical valance vibrations of bonds
in tetrathedra T-O (T = Si, Al); 705, 780 cm™*
— bands caused by symmetric valence
vibrations of bonds Si (Al)-O; 1210 cm™ —
external antisymmetrical valence vibrations of
bonds between tetrathedra (chain of five-
membered rings); 660 cm™ — vibrations of
oxygen rings of entrance windows of lattice.

In general, the character of the IR
spectra of the synthesized zeolite catalysts
with different nickel contents indicates the
presence of the characteristic absorption
bands of MOR-type zeolites (Fig. 2). The
possible band of Ni-O-Ni valence vibrations
(at 1100 cm™) [21] may be overlapped with a
broad zeolite lattice band near 1000 cm™,

It is known [22] that the ratio of the
intensities of the bands at 550 and 450 cm™ in
the IR spectrum of zeolite MFI-type can
assess the crystallinity of its samples. Since
band at 550 and 450 cm™ in the IR spectrum
of MFI zeolite correspond to the bands at 560
and 440 cm™ for MOR zeolite [23], for the
last preservation of the crystallinity of the
synthesized samples on its basis were
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evaluated in the same way. IR spectra
analysis by means of checking out the ratio
between intensity of band at 560 and 440 cm'™®
using Gaussian function in Origin medium
was carried out (Fig. 3, Table 2).
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Fig. 3 Bands at 440 i 560 cm™ of IR

spectra of MOR zeolites processed using
Gaussian function

Table 2 Areas of the bands at 440 i
560 cm™ calculated with Gaussian function
using and their ratio

Area, a.u. Ratio

Sample 440 | 560 | R®Y | A,

cm?® | cm?t | 40 | %

NaMOR 8111 1750 |0.22 100
HMOR-Im1INi | 9149 1942 |0.21 98
HMOR-Im5Ni | 8611 1698 |0.20 91
HMOR- 8782 1603 |0.18 85
Im15Ni

The ratio of R%%440 of band intensities
for samples synthesized from MOR zeolite
decreases monotonically with increasing
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content of nickel in the samples compared to
the original NaMOR from 100 % to 85%,
which obviously indicates a slight destruction
of the crystal structure (up to 15%) in the
process of applying a large amount of metal
component (5-15 wt. %) on zeolite of this
structural type.

Figure 4 demonstrates the diffraction
patterns of the synthesized samples.
According to the positions of the
characteristic lines known from the JCPDS
card, the crystal structure corresponding to the
MOR zeolite structure (JCPDS card 011-
0155) was confirmed. Lines at 44.5, 51.8,
76.4 correspond to nickel crystallites (111),
(200), and (220).

1
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Fig. 4. XRD patterns for mordenire zeolite
samples: HMOR (1), HMOR-Im1Ni (2),
HMOR-Im5Ni (3), HMOR-Im15Ni (4)

However, it should not be forgotten that
in the presence of a phase in a small quantity
the lines will be correspondingly weak, and
the least intensity ones may disappear
altogether. Therefore, it is necessary to take
into account the presence of the most
intensive lines. It is known, in particular, that
the sensitivity of quantitative XRD analysis in
different cases is significantly different and
depends on the reflectivity of the substance,
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its dispersion, the characteristics of the
equipment. The ratio of the absorption
coefficients of the whole mixture and the
individual phase is of particular importance
too. Thus, the accuracy of XRD phase
analysis can be from 2 to 10% of the
determined value [24]. Methods of
quantitative phase analysis have been
developing intensively in recent years, mainly
due to the automation of X-ray
diffractometers and the ability to improve the
processing of diffraction patterns using
personal computers. In our case, it is difficult
to identify their quantitative destruction of the
zeolite phase based on the intensity of the
corresponding reflexes without resorting to
the use of long and difficult complex methods
of internal and external standards [24].

4. Conclusions

Therefore, studies of nickel-modified
zeolites showed that the MOR zeolite samples
were relatively stable under the used synthesis
conditions. They are characterized by the
occurrence of mesoporosity, which is
reflected by the appearance of a hysteresis
loop in the isotherm of low-temperature
nitrogen adsorption/desorption.

The degree of destruction of zeolite
was found to increase with nickel content
increasing in the samples. IR spectroscopic
spectra in the region of crystal lattice
vibrations, obtained on the basis of estimating
the ratio of band intensities at 560 and 440
cm* confirm the following conclusions.

The crystallinity of the samples
structure was confirmed by X-ray diffraction
and the mordenite-type zeolite phase
composition was identified, but quantitatively
insignificant  destructions could not be
determined without the use of difficult and
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long studies utilizing internal and external
standards.
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Lleonimu wupoko euxopucmogyioms y psaoi npoyecig XimMiuHoi, HAPMOXIMIUHOI, Xapyoeoi
npomucnogocmi. Boumu € egekmuenumu Kamanizamopamu ma —copoenmamu, 30Kpemd,
8I03HAUAIOMBCS BUCOKOIO eheKMUBHICMIO U000 BUTYUEHHS BANCKUX MA PAOIOAKMUBHUX Memaiis i3
800H020 cepedosuwa. Basicnusum gaxkmopom 6ucoxoi akmueHocmi YeorimHux Kamanizamopis €
30epesicentsa  yinichocmi Kpucmaniunoi cmpykmypu. Memotw Oanoi pobomu 6Oyra oyinka
ocobnusocmeti mooughikysanns nikeiem yeonimie muny MOR memooamu PDA, I4-cnexmpockonii
ma nuzbkomemnepamypHoi aocopbyiiloecopbyii azomy. Memooom [onHO20 0O0MiHY 00epiHCaHO
800He8Y hopmy yeonimy, Ha Ky NPOCOUYBAHHAM HaAHeceHO Hikenwb Y Kintbkocmi 1, 5 ma 15 % mac.
Busuenns mooughikosanux uixenem 3paskie noxazanu, wo yeonim muny MOR suseuscsa sionocHo
CMiuKuM 00 suxopucmanux maninyaayiu. OOHaK, 051 Hb020 CNOCMEPIcAEMbC NemJisl 2ICmepe3ucy
Ha [30mepmi HusbKomemnepamypHoi aocopbyiiloecopbyii azomy, wo ceiouums npo ymeopeHHs
Mme3zonopucmocmi. 3Hati0eHo, Wo CMYNiHb PYUHYBAHHS YeoNimy 3POCmac 3i 30L1bUeHHAM eMicmy
Hikeno y 3paszkax. AHanoziuni 6ucHoeku 3podieno Ha ocrosi aunanizy 19-cnekmpie winaxom oyiHKu
cnigsionowenns inmencusnocmi cmye noznunanna npu 560 ma 440 cu™  3a donomozoro gynxyii
Tayca 6 cepeoosuwi Origin. Memooom P®PA niomeepodiceno Kpucmaniumy Cmpykmypy muny
MOpOeHimy, OOHAK He3HAYMi KINIbKICHI pPYUHYBAHHA BUSHAYUMU He 80alocs 0e3 3aACmOoCy8aHHs.
Memo0i6é BHYMPIUHbO20 CMAHOAPMY MA 308HIUHBO20 eMAlOH).

Knwuoei cnosa: imnpecnysanns, moougikayis yeonimy, MOpOeHim, HiKelb, Yeorim, yeonrimua
cmpykmypa

MATEPIAJIA TA OBJIAAHAHHSA JJIA BOJOIIII'OTOBKHA 66



