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Abstract

Bifunctional catalysts on the basis of Ukrainian natural mordenite-clinoptilolite rocks modified by hydrochloric acid and by
witness impregnation with nickel have been synthesized. Samples have been characterized by means of XRD, XRF, FTIR-
spectroscopy, low temperature nitrogen adsorption/desorption, DTA/TG, TEM. Catalysts have been tested in micro pulse
linear hexane isomerization. Hydrochloric acid treatment of natural zeolite rock leads to silica-to-alumina ratio increasing
and raising the BET surface as well as the volumes of mesopores and micropores. The nickel nanoparticles deposited over
zeolite crystals have a predominant size of 10 nm, but for some samples smaller ones of 5 nm and bigger ones of 20-50 nm
have been found using TEM investigations. Pyridine sorption shows Brgnsted and Lewis acidity of the catalysts, moreover
the lower hydrochloric acid concentration using leads to practically equal Brgnsted and Lewis acidity, the higher acid con-
centrations causes the Lewis acidity predominance. DTA/TG investigations show that water physically sorbed in the pores
of the samples has been removed up to 200 °C from lager cavities of acid-treated catalysts and up to 500 °C from narrower
cavities for untreated initial rock. Removing zeolite structure water up to 800 °C causes the dehydroxylation and Brgnsted
acidity transformation into Lewis acidity. The sample dealuminated by 1 mol dm™ acid with nickel nanoparticles of 5-8 nm
demonstrates the best performance in the isomerization of n-hexane. It is characterized by a 20% yield of hexane isomers
at 250 °C and 70% selectivity.
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Introduction

More and more scientists around the world are paying atten-
tion to the creation of new nanostructured materials, among
them are micro/mesoporous zeolite-containing materials,
which are of great importance (Na et al. 2013; Serrano and
Pizzaro 2013; Liu et al. 2017; Bai et al. 2019). An advanced
porous system is the key to creating highly efficient adsor-
bents and catalysts that will ensure the proper accessibility
of reagents to the active sites (Mitchell et al. 2015; Feliczak-
Guzik 2018; Khan et al. 2019; Weissenberger et al. 2019).
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Problems with high diffusion rates of reagents or reaction
products often occur for zeolite materials with high micr-
oporosity. As a result, the processes proceed in the intra-
diffusion region and the increase of catalyst activity becomes
meaningless. Moreover, highly active compositions may lose
their efficiency because of partial blocking of the active sites
by overlapping narrow zeolite channels and pores with rea-
gents or coke precursors (Nordvang et al. 2015; Devaraj
et al. 2016; Liu et al. 2016; Patrylak and Pertko 2018). This
moment is very relevant for large pores mordenite type
zeolites with channel structure. Bigger channels of 0.7 nm
diameter are generally available for hydrocarbon reagents,
but smaller channels (0.3 nm) can adsorb predominantly
water molecules. Therefore, the question of improving the
porous system of mordenite zeolite, which is a base of an
industrial catalyst for the isomerization of linear alkanes, is
very relevant.

Modern isomerization catalysts are bifunctional sys-
tems, which, in addition to the acid component, contain
hydrogenating-dehydrogenating metals. The latter is usually
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represented by elements of the platinum group. A number of
studies have shown high activity of both bimetallic systems
containing nickel and platinum (Yoshioka et al. 2005; Jardao
et al. 2007; Lima et al. 2011; Martins et al. 2013) as well as
monometallic nickel containing MFI zeolites (Patrylak et al.
2019a). Earlier it was shown that the natural mordenite-
clinoptilolite rock of Transcarpathia is quite good (Patrylak
et al. 2001a) as a carrier for palladium-coated isomerization
catalyst.

Therefore, the purpose of this work was to evaluate the
effect of improving the porous structure of the natural Tran-
scarpathian zeolite rock on the efficiency of nickel-contain-
ing isomerization catalysts on its basis.

Materials and methods
Materials
Synthesis of the catalysts

Mordenite-clinoptilolite rock (Lipcha village, Transcar-
pathian region) was an origin for successive modification.
The major constituents of the utilized rock are SiO, (66%),
Al,05 (12%), CaO (3%), Na,O (1%), K,O (2%), H,0 (11%).

To start with, natural rock was grounded to a fraction of
0.5-1.0 mm. The sample was treated by ammonium chloride
(3 mol dm™) with a liquid to solid ratio of 3:1 by being
boiled at 95-100 °C for 2-3 h in a water bath with stir-
ring. Thus, the obtained ammonium form of natural zeolite
was separated by filtration, washed by distilled water from
chlorine anions and dried at 100 °C. Ammonium form was
converted to the hydrogen one by means of calcination for
2 h at 600 °C in a muffle furnace in the presence of air.

To expand the size of pores of the natural material, the
rock was dealuminated by removing structural alumin-
ium from the zeolite lattice with hydrochloric acid. For
this purpose, the samples of zeolite hydrogen form were
treated by concentrated hydrochloric acid solutions (1, 3
and 5 mol dm™) at the boiling point of the water bath for
3 h. The ratio of solid to liquid phase was 1:3. The obtained
samples were filtered off, washed with distilled water until
neutral reaction and dried at 100 °C. Thus, samples HMLP-
1, HMLP-3 and HMLP-5 were obtained.

The samples were impregnated by nickel. The metal
nominal loading for the samples obtained were 1.0, 1.5,
2.0, 2.5, 3.0 wt%. It was assumed that the use of nickel is
100%. Nickel-containing samples were prepared by wet-
ness impregnation using 0.6 mol dm=3 solution of nickel
(II) nitrate hexahydrate. The solution was evaporated for
12 h at ambient conditions. Then the samples were dried
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for 2 h at 100 °C. As a result, catalysts with different nickel
content were synthesized. Nickel recovery was carried out
in a hydrogen flow at 380 °C for 6 h. The amount of nickel
in the samples is indicated before the symbol Ni.

Methods
Characterization of the samples

Porous characteristics of the synthesized samples have
been found via low-temperature (-196 °C) nitrogen adsorp-
tion/desorption isotherms measured using Nova 1200e
(Quantochrome) porometer. The specific surface areas
(Sggt) have been calculated according to the standard
Brunauer—-Emmet-Teller (BET) method utilizing the nitro-
gen adsorption data at P/P,, values between 0.06 and 0.2
(Rougerol et al. 1999). The micropores volumes (V' ...
and micropores surface areas (S',;.,,) have been estimated
using the de Boer t-plot method. Nitrogen of high purity
(99.99%) was used in adsorption measurements.

X-ray diffraction studies with standard measurement on
«D8 ADVANCE» Bruker diffractometer with the Ni filtered
CuKa radiation (A=1.542 nm) in a reflected beam at the
Bragg—Brentano focus geometry in the range 20 =3-80°
with a step of 0.03° and 1 s exposure has been used.

Zeolite silica-to-alumina ratios in the synthesized sam-
ples have been determined using X-ray fluorescence analysis
(X-Supreme8000 Oxford Instruments).

High performance, high contrast, 40—120 kV transmis-
sion electron microscope JEM-1230 with excellent imag-
ing capabilities suitable for chemical and materials science
applications has been used for investigation of nickel parti-
cles size distribution and their shape.

Vibrational spectroscopies, in particular, IR spectroscopy
have played a great role in the characterization of natural
and synthetic zeolite materials. IR-spectra of zeolites in
the region of framework vibration (400-1500 cm™) were
recorded with a Shimadzu IR Affinity-1S FTIR spectrom-
eter. The spectral resolution was 2 cm™.

Lewis and Brgnsted acidity of the samples were inves-
tigated using pyridine as a spectral probe with IR-spectro-
scopic control. The IR-spectra were obtained using the Spec-
trum One FTIR-spectrometer (Perkin—Elmer) in the range
12504000 cm™!. The samples were pressed into the tablets
of 1-9 mg weight and an area of 0.000064 m? without binder
and loaded into a special holder, designed for four samples.
Then, the latter was loaded into a spectral cell and the sam-
ples have been activated in a vacuum at 430—450 °C for 1 h.
Thereafter, IR-spectra of vacuumed samples were recorded.
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Adsorption of the spectral probe at a temperature of 150 °C
was carried out for 30 min. To determine the zeolite acid site
strength the pyridine desorption at 250 °C for 30 min was
carried out, following IR-spectra recording. Transmission
spectra were converted to absorption spectra using Spectrum
v.5.3 software.

Simultaneous thermogravimetric (TG) and differential
thermal analysis (DTA) of the samples were carried out
using Linseis STA 1400 system type derivatograph at heat-
ing rate of 10 °C min~" in the temperature range 20—1000
°C. Alumina calcined at 1200 °C was used as reference
material. All determinations were carried out under normal
atmospheric conditions. Approximately 25 mg of sample
was used in each experiment.

Catalytic tests

Catalytic properties of the nickel-containing samples
obtained have been studied in linear hexane isomeriza-
tion using micro pulse setup based on gas chromatograph
equipped with a flame ionization detector (Patrylak et al.
2019a, 2003; Patrylak 2020). The process was investigated
at 200-350 °C with a step of 50 °C. High purity hydrogen
(99.99%) was utilized as the carrier gas. The catalyst sample
(100 mg) was dehydrated in a hydrogen flow (0.5 1h~!) with
increasing (20 °C min~") reactor temperature up to 500 °C,

Fig.1 X-ray diffraction evi- M

dences of the natural zeolite
rock: M—mordenite, K- clinop-
tilolite, C — mica

followed by exposure of the sample to this temperature for
1 h. Analytical grade n-hexane has been injected by means
of pulses of 1 pl using micro syringe in the hydrogen stream
(10 ml min~!). The reaction products and unconverted
n-hexane were collected in a trap cooled by liquid nitrogen
(— 196 °C) and in situ analyzed after being vaporized by a
thermal impulse of 200 °C. The capillary column (50 m,
0.25 mm inner diameter) with squalane as the stationary
phase has been used. The temperature in the column ther-
mostat was 50 °C.

The main isomerization products were 2-methylpentane
(2-MP), 3-methylpentane (3-MP), 2,2-dymethylbutane
(2,2-DMB) and 2,3-dymethylbutane (2,3-DMB). Cracking
products such as methane, ethane, propane, n-butane and
n-pentane have been detected also. Moreover, the iso-butane
and iso-pentane has been found in the reaction products.

Results and discussions

Catalyst characterization

According to the XRD pattern (Fig. 1), the crystalline raw
material is represented by the phase of mordenite and clinop-

tilolite with mica admixtures. A number of characteristics
peaks for mordenite and clinoptilolite zeolites (20=6,5;
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Fig.2 TEM images of nickel nanoparticles over zeolite samples with different metal content: a, b HMLP-1-1Ni; ¢, d HMLP-1-2Ni; e, f HMLP-

1-2.5Ni

9,76; 13,44; 13,82; 14,58; 19,6; 22,18; 23,14; 25,6; 26,22;
27,66; 33,12; 35,58°) were identified (Treacy and Higgins
2001; Sanchez-Loépez 2019). The XRD analysis shows that
mordenite is the main mineral in the sample. The content of
mordenite and clinoptilolite is 75 and 25 wt%, respectively.

TEM images for sample HMLP-1-1Ni (Fig. 2) dem-
onstrate significant dispersion of nickel particles by
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dimensions. This sample has metal nanoparticles with typi-
cal species sizes ranging from 20 to 60 nm. HMLP-3-1Ni
catalyst is characterized by rather mono-dimensional metal
particles of 10-15 nm (Fig. 3). The classical elongated mor-
denite crystals (Ruiz-Baltazar et al. 2015; Issa et al. 2019)
are clearly visible in the micro photos of this sample. They
are also present in an image of HMLP-1-2.5Ni (Fig. 2e, f)
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Fig.3 TEM images of metal nanoparticles over zeolite samples with 1 wt% of nickel treated with acid solutions of different concentrations: a, b

HMLP-3-1Ni; ¢, d HMLP-5-1Ni

Table 1 Characteristics of

. . Catalyst Species size, nm Description of metal particles
nickel specimens over the
catalysts HMLP-1-1Ni 10-60 Significant particle size distribution
HMLP-1-2Ni 5-8,12, 15 Many small particles 5-8 nm, few 12, 15 nm
HMLP-1-2.5Ni 10-15, 20-40 Many particles 1015 nm, few 2040 nm
HMLP-3-1Ni 10-15 Slight variation in particle size
HMLP-5-1Ni 10, 50 Most particles are 10 nm, some are 50 nm

and HMLP-5-1Ni sample (Fig. 3c). But, the last catalyst
has no such uniqueness in the size of nickel crystallites—in
addition to 10 nm species larger agglomerates of the order
of 50 nm are also found. Samples treated with 1 mol dm™>
acid are characterized by a large number of small particles
of 5-8 nm for HMLP-1-2Ni and of 10-15 nm for HMLP-
1-2.5Ni with segregate larger ones. Table 1 summarizes
the results of TEM investigations of the nickel-containing
catalysts.

XREF results show that SiO, and Al,O; are the main com-
ponents of the samples. The native exchange cations are Ca,

K and Na. The silica-to-alumina ratio of the original mate-
rial indicated by the XRF analysis was 18.4, whereas acid
treated samples had SiO,/Al,O; ratios of 24.6, 26.6 and 30.2
for 1, 3 and 5 mol dm~ acid concentrations, respectively.
It is well known that the major structural groups present
in zeolites can be detected from their mid-infrared pattern
(Mikuta et al. 2018). The change of the silica-to-alumina
ratio, as a result of the partial removal of aluminum from the
structure, reflects the shift of absorption bands of antisym-
metrical valence vibrations of (Si, Al)-O bond at 1026 cm™!
for the raw rock into the high-frequency region (Fig. 4). For
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Fig.4 FTIR-spectra of inves-
tigated samples: 1—HMLP-
1-1Ni; 2—HMLP-1-1.5Ni;
3—HMLP-1-2Ni; 4—HMLP-

3-1Ni; 5—HMLP-5-1Ni; 6—
HMLP-1-2.5Ni; 7—HMLP
7
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samples HMLP-1-1Ni, HMLP-3-1Ni and HMLP-5-1Ni
treated with 1, 3, and 5 mol dm™ acid solutions, in particu-
lar, a band shift up to 1055 cm™! and up to 1061 cm™" was
observed. This is consistent with the postulate of Woicie-
hovska et al. (2019)—the higher Si/Al ratios, the band-spe-
cific ring oscillations shift towards higher frequencies.

The shift of the band, which characterizes the absorp-
tion in the double ring, to the high frequency region is also
noticeable. The initially blurred band at 518-550 cm™!
shifts to 573-578 cm ™! and 584-592 cm™! with an increased
acid concentration. It is less when high-frequency shift
characteristic of deformation vibrations of tetrahedrons is
at 420 cm~!. When symmetric valence vibrations are at
630 cm™!, reflecting vibrations within tetrahedra, they are
not sensitive to changes in the structure of the framework
within one type of zeolite, and therefore do not change. The
shoulders at 1260 cm™! indicate the existence of mordenite
with the accompanying crystalline phase of clinoptilolite.

If the content of metal (nickel) in the samples of the same
acid treatment increases (curves 1-3), there is also some
shift of the frequency of the band in the region of 1050 cm™!
to the high-frequency region from 1055 to 1063 cm™'.

IR spectroscopy is used to determine the O—H bond
strength by the direct measurement of the v(OH) stretching
frequency (Borgida et al. 2015): the higher the v(OH) is, the
stronger is the O—H bond, the AI-O—H zeolitic site is less
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inclined to release H' to an adsorbed base, and consequently,
the Brgnsted acidic strength of the center is lower.

In Fig. 5, the IR-spectra in the field of OH-groups valence
vibrations of the original rock in hydrogen form and samples
treated by acid are depicted. If the dealumination degree
of zeolite samples increases, the bands at 3610, 3650, and
3750 cm™! become clearer and their intensity increases.
Both the first and second bands of lower frequencies are
generally oscillations of the OH-groups of isolated Brgnsted
acid centers located in the 12-membered ring channels (Bor-
gida et al. 2015), moreover the acidic centers, which corre-
spond to the first band, are stronger. The band at 3750 cm ™!
responds to vibrations of non-acidic silanol Si-OH groups
(Borgida et al. 2015). Usually, all zeolites exhibit this peak,
a sharp maximum, in a very narrow interval independently
on the zeolite topology and on the silica-to-alumina ratio.

During the sorption of pyridine on the evacuated samples,
characteristic absorption bands in the region of the adsorbed
pyridine were recorded (Fig. 6). The coordinate bonded
pyridine with Lewis acid site (LAS) signals at 1450 cm™,
whereas the pyridinium ion formed by interaction with the
Brgnsted acid site (BAS) signals at 1550 cm™' (Patrylak
1999; Kondo et al. 2010; Lukyanov et al. 2014; Phung
and Busca 2015). Both bands are clearer and more intense
with acid treated samples. If the ratio of the bands inten-
sity is approximately 1:1 for the initial HMLP and HMLP-1
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Fig.5 IR-spectra of raw rock in H-form (1), samples treated by 1 and
3 mol dm™ of hydrochloric acid HMLP-1-1Ni (2), and HMLP-3-1Ni
(3) in the range of valence vibrations of OH-groups

samples, meaning that the ratio of BAS to LAS is the same
as well, then, when the acid concentration is increased
to 3 mol dm™>, the predominance of LAS (1450 cm™) is
manifested. The increase of LAS evidently happens due
to the formation of extraframework aluminum. To the lat-
ter A.Corma attributed a positive role in the isomerization
process. According to Corma et al. (1991), the availability
of small amounts of extraframework aluminum increases
the activity of the dealuminated synthetic mordenite for the
pentane isomerization. It seems that when treated with acid,
the strength of acid centers increases, as pyridine desorbed
poorely from samples. A significant difference between the
spectra of samples with 1 and 2 wt% nickel content was not
observed.

It is known that natural zeolites are microporous crystal-
line aluminosilicates that possess well-ordered open pores
in the form of regular channels and cavities of molecular

dimensions. The textural characteristics of the synthesized
samples obtained by low-temperature adsorption/desorption
of nitrogen are summarized in Table 2. The initial raw MLP
sample has a relatively low BET specific surface area of
pores 95 m’g~! (Table 2), which is approximately the same
as the other results for natural zeolite rocks (Korkuna et al.
2006; Selvam et al. 2018). Whereas, the surface of faujasite
zeolites obtained in situ from kaolinite were significantly
higher and reaches up to 250-300 m? g~! (Patrylak et al.
2001b, 2019b). BET surface of the mordenite-clinoptilo-
lite samples significantly increased as the result of further
modification by acid. After treatment with 1 mol dm™ acid
and the metal doping, the BET surface increases to 300 m?
per gram, which is close to the values for synthetic mor-
denite type zeolite (HM-1Ni, SiO,/Al,0;=19.6) (Patrylak
2020). The volume of micropores in the investigated samples
increased approximately four times. The latter can be caused
not only by the removal of structural aluminum, but also by
the replacement of the original sodium, potassium and cal-
cium cations of starting material by a smaller proton cation.
The volume of mesopores with a diameter of 2 to 10 nm,
calculated by the BJH method, also doubled (Table 3) in the
case of acid treatment by 1 and 3 mol dm= HCI, despite the
additional impregnation by nickel. Moreover, treatment with
more concentrated acid (5 mol dm~ HCI) leads to tripling
the volume of mesopores.

The original form of the mordenite-clinoptilolite rock
MLP, as well as the samples HMLP-1-1.5Ni and HMLP-1-
2Ni were investigated using the DTA/TG method. In Fig. 7,
the corresponding curves are shown. It is known that the
loss of water from the zeolite samples generally occurs in
the temperature range 100—400 °C and it is manifested in the
DTA graphs by an extended endothermic effect (Afzal et al.
2000; Mansouri et al. 2013).

The DTA curves of the original rock MLP, HMLP-
1-1.5Ni and HMLP-1-2Ni samples are characterized by
endotherms near 100 °C related to the dehydration process.
The dehydration rate is substantially higher in the tempera-
ture range up to 200 °C in the case of modified samples
(Table 4), in comparison with the original sample. This is
caused by pores enlargement as a result of acid treatment.
Which, therefore, quickens the dehydration process. Pecu-
liarities of dehydration are attributed to the difference in
the bonding strength of the water molecules in the zeolite.
Physically sorbed or mobile water on the surface and in
the pores is removed at temperatures up to 100 °C and up
to 200 °C from lager and narrower cavities, respectively.
Immobile or zeolite structure water in the pores is removed
at 500-800 °C. The last one causes a change in Brgnsted
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Fig.6 IR-spectra of HMLP (a), HMLP-1-1Ni (b), HMLP-1-2Ni (¢) and HMLP-3-1Ni (d) in the region of adsorbed pyridine: 1—vacuumed
samples before adsorption, 2—after pyridine adsorption at 150 °C, 3—after pyridine evacuation at 250 °C

Table 2 Adsorption characteristics of nickel-modified samples of acid-treated zeolite rocks

Sample SBET 2 g1 S, S icros Vs, VY ieros €m® 7! Viniero/ Ve % RPFT nm R, nm
m? g! mlg cm® g1

MLP 95 25.4 69.9 0.099 0.032 32.3 1.173 2.09

HMLP-1-1Ni 330 32.0 298 0.204 0.133 65.2 1.173 1.237
HMLP-1-1.5Ni 304 30.0 274 0.189 0.121 64.0 1.173 1.243
HMLP-1-2Ni 287 30.0 257 0.182 0.116 63.7 1.173 1.267
HMLP-1-2.5Ni 278 50.6 228 0.215 0.116 54.0 1.173 1.541
HMLP-1-3Ni 301 40.1 261 0.211 0.124 58.8 1.173 1.400
HMLP-3-1Ni 292 33.0 259 0.186 0.117 62.9 0.807 1.272
HMLP-5-1Ni 322 37.9 284 0.212 0.113 53.3 1.252 1.318
HM-1Ni [38] 336 16.5 319 0.172 0.132 0.040 1.173 1.025
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Table 3 The volume of

Samples Volume of
mesopores of 2-10 nm mesopores,
diameter, ca!cm'll'ated by BJH em’ g—l
method, for initial and modified
samples ads  des

MLP 0.020 0.020

HMLP-1-INi ~ 0.040 0.035

HMLP-1-1.5Ni  0.035 0.035

HMLP-1-2Ni  0.040 0.038

HMLP-1-2.5Ni  0.070 0.070

HMLP-1-3Ni  0.050 0.055

HMLP-3-INi  0.045 0.040

HMLP-5-INi  0.065 0.055

acidity of zeolite. At high temperatures, the dehydroxylation
of the Brgnsted acid site occurs with appearance of Lewis
acid site and water molecule.

Mordenite and clinoptilolite zeolites belong to a group of
natural minerals that do not show major structural changes
at 800-900 °C. They remain stable during the dehydrata-
tion processes. A phase transition process without loss of
mass is observed at temperatures close to 800 °C for the
raw rock only. The corresponding thermogravimetric curve
shows that weight loss is generally observed up to 600 °C
and afterwards there is no weight change. The detected exo-
thermic energy change is due to the phase changes that occur
in alumina-silica system. Data of the thermal analyses are
in agreement with the results of Alver et al. (2010), where
the natural and modified clinoptilolite structure remained
unchanged up to 700 °C.

The total mass loss for all the samples was essentially the
same. However, as shown in Table 4, the raw material loses
all physisorbed water at temperatures up to 600 °C, whereas
modified samples loss adsorbed water more quickly, but
retain the structural water at temperatures up to 800 °C. The
last process is indicated by the slight slope of the TG curve
in the high temperature region, which displays the existence
of strong Brgnsted acid sites in the modified samples.

Catalytic investigations
Three samples of natural zeolite rock with 1 wt% nickel

content practically do not differ in linear hexane conversion
(Fig. 8a). At the same time, the yield of isomeric structures

stands out for the sample treated with 1 mol dm~> hydro-
chloric acid (Fig. 8b), for which the maximum yield of 14%
is fixed at 300 °C. However, it significantly drops from 75%
at 250 °C to 50% at 275 °C and to 40% at 300 °C. Starting
at 300 °C, the cracking rate increases significantly, which,
for samples HMLP-3-1Ni and HMLP-5-1Ni, proceeds with
more than 90% selectivity. Taking into account that all three
samples contain nickel particles of 10 nm in size, it appears,
the size of the nickel crystallites in the samples of this range
is not determinative, although in research (Patrylak 2019a),
the best catalytic properties were shown by ZSM-5 zeolite
catalyst with small nickel particles of 8—9 nm. Obviously,
the acid treatment had a more significant effect. Increas-
ing the concentration of hydrochloric acid causes a greater
removal of structural aluminum from the zeolite lattice with
the appearance of more structural defects. On one hand, it
was supposed to increase the acid strength of the Brgnsted
acid sites as the silica-to-alumina ratio rises, but on the other
hand, it reduced their number and widened the pore size,
destroying the structure. Apparently, the use of 1 mol dm™
hydrochloric acid was sufficient to partially expand the pores
while not reducing the number of acid centers too signifi-
cantly. The relatively small yields of isomers on these sam-
ples are explained by the micro-pulse conditions of the test.

The increase in nickel content up to 2 wt% had a posi-
tive effect on the main reaction proceeding (Fig. 9). For the
HMLP-1-1.5Ni and HMLP-1-2Ni samples, the maximum
of the yield of isomeric structures in the region of lower
temperatures is shifted to 250 and 275 °C, respectively, and
the yield of iso-hexanes increases up to 20%. Moreover, the
selectivity for branched structures of the sample with 2 wt%
nickel at 250 °C is 70%, i.e., the yield of the products of
cracking is low. However, a further increase in the nickel
content to 2.5 and 3 wt% had a negative effect on the isomer-
ization activity of the samples due to the resulting cracking.

These results are superior to those obtained during cata-
lytic tests for samples of synthetic microporous zeolite
0.5PdHM (Patrylak 2003) and HM-1Ni (Patrylak 2020),
which are characterized by yields of 18% and 11% at 340
and 300 °C, respectively. The increase in the nickel content
to 5 wt% was contributed to the shift of the maximum at
the isomer yield in the range of lower temperatures (up to
250 °C), but the yield was still practically unchanged (12%)
(Patrylak 2020).
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Fig.7 DTA and TG results for original zeolite rock MLP (a), nickel-containing samples HMLP-1-1.5Ni (b), and HMLP-1-2Ni (c)

Table 4 Mass loss (%) for samples at different temperature ranges If we analyze the composition of the conversion products
in more detail (Table 5), it should be noted that in addi-
tion to 2-MP and 3-MP, 2,2-DMB in quantities up to 2%
were recorded under micro-pulse conditions. Moreover, iso-

Sample Temperature, °C

20-200 200-600 600-800 Total

MLP 7.1 4.7 - 11.8 butane and iso-pentane (up to 5-7%) were detected among
HMLP-1-1.5Ni 8.2 2.5 1.2 11.5 the products that were marked as products of cracking. The
HMLP-1-2Nji 7.8 2.3 1.2 11.3 latter are formed from linear cracking products, but they are
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isomeric structures, and, therefore, can be attributed to the
target products of isomerization. Thus, the yield of all iso-
structures for the sample HMLP-1-2Ni with 2 wt% of nickel
was 30% at 275 °C.

Like nickel-containing ZSM-5 samples, the sample with
the smallest particle size of nickel (5—8 nm) is the most
active.

Conclusions

Physico-chemical and catalytic investigations of natural
Ukrainian zeolite samples treated by hydrochloric acid
with nanosized nickel particles have shown the following
consequences:

the low-temperature nitrogen adsorption/desorption has
indicated that, despite additional modification by metal-
lic component, acid treatment of natural zeolite rock
increases the volume of mesopores by 2—3 times and the
volume of micropores up to four times;

X-ray fluorescence analysis and FTIR spectroscopy con-
firmed the increase of the silica-to-alumina ratio in sam-
ples during the process of acidic dealumination of the
zeolite structure;

pyridine sorption with IR-spectroscopic control shows
the presence of Brgnsted and Lewis acid sites over cata-
lysts. For the HMLP sample and for the sample treated
by 1 mol dm™3 acid solution, the ratio of Brgnsted/Lewis
acid sites practically equals to 1, but the application of
stronger acid solutions leads to the predominance of
Lewis acidity;
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— the size of metal crystallites deposited on the natural zeo-
lite rock surface after preliminary acid dealumination has
been estimated. The latter is 10 nm for most samples,
but larger units up to 20-50 nm and smaller particles of
about 5 nm were also observed;

— DTA/TG investigations show different peculiarities of
physisorbed water removing from pores of the origi-
nal zeolite rock and from the samples with enlarged
cavities after acid treatment. Structural zeolite water
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in the form of Brgnsted acid sites is removed at 500—
800 °C;

— nickel-modified catalysts were tested for isomerization
of linear hexane in a flow micro-pulse mode in a hydro-
gen stream. The sample with 2 wt% nickel content and
the smallest metal nanoparticles of 5-8 nm showed the
best performance (20% yield of C, isomers at 250 °C),
which is higher than the microporous nickel-containing
synthetic mordenite zeolite (12% at 300 °C).
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Table 5 Composition of linear hexane isomerization products
Sample/Temperature, °C ~ Content, wt%

CH, Cc,H¢ CHy i-CH,, n-CH,, i- n- 2,2-DMB  2MP 3MP  n-CiH,,

CH),  GsHy,

HMLP-1-1Ni
250 0.08 0.50 044 047 0.19 0.25 0.08 024 3.78 0 93.98
275 0.49 0.50 273 0.60 2.90 1.38 038  0.66 7.73 0 82.63
300 1.89 0.96 741 218 5.48 2.76 0.93 1.06 8.96 4.03 64.34
HMLP-3-1Ni
250 0.23 0.95 047 0.21 0.29 0.13 040  0.17 1.62 0 95.54
275 2.17 0.90 219  1.05 1.56 0.66 1.75 034 3.42 0.74 85.23
300 8.91 1.99 6.67 232 425 1.69 383 054 4.41 1.95 63.45
HMLP-5-1Ni
250 0.47 0.72 036 0.13 0.24 0.09 059 0 1.23 0 96.17
275 2.71 0.80 1.99  0.64 1.50 0.43 228 0 3.09 0 86.50
300 11.14 2.56 642 101 5.54 0.99 6.31 0 4.45 0 61.58
HMLP-1-1.5Ni
250 2.93 1.06 075  0.20 0.75 0.32 1.56 0 5.16 0 87.03
275 12.76 227 388 0.73 4.16 1.39 527  0.61 7.15 336 5841
300 28.70 5.18 7.48  1.67 4.81 1.78 522 0.60 4.62 2.37 37.56
HMLP-1-2Ni
250 3.09 0.65 0.64 025 0.87 0.93 1.90 056 1238 553 7321
275 14.81 2.21 532 214 4.07 4.66 5.20 1.31 1242 6.16  41.69
300 38.62 7.72 938 257 9.19 3.62 4.71 0.80 4.21 2.49 16.71
HMLP-1-2.5Ni
250 9.99 1.17 1.56  0.87 297 1.6 524 0 53 1.91 69.39
275 34.63 3.99 794 137 9.44 1.94 796  0.62 3.58 1.83 26.69
300 22.68 49.18 1085 1.17 6.24 0.66 239 025 0.47 0.31 5.78
HMLP-1-3Ni
250 38.65 468 1128 518 5.72 1.04 11.71 0 1.21 0.71 19.83
275 68.83 1093 13.68 1.16 6.79 0.35 2.41 0 0.2 0.13 2.53
300 4476 44.65 6.94 0.72 1.26 0.12 049 0 0 0 1.06
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