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Abstract. The efficiency of modifying the Ukrainian
clinoptilolite-containing rocks to improve their adsorption
and catalytic properties was evaluated based on the data of
XRD, IR spectroscopy, low-temperature N, adsorption,
and testing in the micropulse catalytic transformation of
Cs-hydrocarbons. The effect of such modification on the
distribution of reaction products was established.
Keywords: zeolite-containing rock, bifunctional catalyst,
modification, Cg-hydrocarbons, cracking, hydroisomeriza-
tion.

1. Introduction

The regularity of the crystal structure of zeolites in
combination with the narrow distribution of micropores
by size is the determining factor in the form-selective
effect of zeolites. However, the downside is the low rate
of diffusion of molecules of adsorbates and reagents to
active sites (up to their complete inaccessibility in ultra-
micropores), as well as the slow desorption of reaction
products after catalytic transformation. Diffusion hin-
drances significantly reduce the efficiency of the process
and reduce the lifetime of catalysts." As a result, the ex-
clusively microporous nature of zeolites significantly
narrows the scope of their application. The diffusion char-
acteristics of the samples can be improved by developing
secondary mesoporosity through a post-synthetic modifi-
cation, which will improve the catalytic properties of
zeolite microporous objects.

The combination of micro- and mesoporosity
within a single nanostructured material is a promising line
of research. Many modern works are devoted to the crea-
tion of micro-mesoporous materials and the study of their
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use in fine organic synthesis, pharmacy, ezc.”® These
materials are characterized by increased accessibility of a
sorption space and active sites for reagent molecules. As a
result, catalytic activity and productivity are increased in
reactions that on traditional zeolites proceed with signifi-
cant steric or diffusion limitations or do not occur at all.
The development of simple and accessible methods
for the preparation of zeolite catalysts with a developed
porous system is a task of current importance since up to
40% of catalysts in the chemical industry are obtained on
the basis of zeolites. A separate significant point is to
clarify the prospects to attract Ukrainian raw materials, in
particular natural zeolites of Transcarpathia, with the crea-
tion of secondary porosity in them at meso- and mac-
rolevels in addition to traditional zeolite microporosity.
According to the literature,”° one of the most ef-
fective catalysts for the isomerization of linear hexane, an
industrially important reaction used to increase the octane
number of the pentane-hexane fraction of oil, is mor-
denite. The prospect of using natural zeolites of Transcar-
pathia with predominantly mordenite components for
these purposes was investigated.'®'* However, Transcar-
pathian deposits of zeolite rocks often contain, in a tight
genetic mixture with mordenite or separately, clinoptilo-
lite with close to mordenite Si/Al ratio, and therefore,
similar acidic characteristics of these natural zeolites can
be expected. Clinoptilolite is much less studied as a cata-
lyst for the isomerization of alkanes, however, there are
works indicating the effectiveness of natural clinoptilolite
of various origins in other catalytic reactions: isomeriza-
tion of n—butene,15 a—pinene,16’17 and limonene,18 dehydra-
tion of methanol," liquid phase hydrogenation of citral.”’
To achieve optimal®® for isomerization acid site
strength, the zeolite rock must be subjected to dealumina-
tion, which can serve the dual function of increasing the
silicate modulus and developing mesoporosity as an effec-
tive way to increase the accessibility of acid sites for re-
agent molecules due to the formation of structural defects.
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The purpose of the work is the synthesis of zeolite
catalysts by acid and alkaline modification of clinoptilo-
lite-containing rocks of Ukrainian deposits and the evalua-
tion of their activity in the conversion of n-hexane and 2-
methylpentane.

2. Experimental

2.1. Synthesis of Catalysts

Catalysts were synthesized on the basis of two zeo-
lite rocks of Transcarpathia: clinoptilolite rock #1 (So-
kyrnytsia village, the content of clinoptilolite is about
80 wt%, the total Si0,/Al,O5 ratio 9.2, the molar composi-
tion of the rock (mmol/g): Na,O — 0.40, K,O — 0.32,
CaO —0.37, MgO — 0.21, ALL,O; — 1.28, SiO, — 11.9) and
clinoptilolite-mordenite rock #2 (Lypcha village, the con-
tent of clinoptilolite and mordenite is 49 and 49 wt. %, the
total Si0,/Al,O; ratio 9.0, the molar composition of the
rock (mmol/g): Na,O — 0.11, K,O — 0.25, CaO — 0.57,
AlL,O; — 1.20, SiO, — 10.81, H,O — 6.8). Rocks were
crushed to a fraction of 0.5—-1 mm.

For the synthesis of the hydrogen form H#1 and
H#2 of the rocks, firstly their ammonium form was ob-
tained by ion exchange of cations of the rocks for ammo-
nium ions from a 3 mol/L NH4NOj5 solution (360 K, 3 h,
the ratio of solid phase to liquid (S: L) is 1:5). The de-
gree of exchange was controlled by the formaldehyde
titration method.” It made up 94+5 %. The obtained
NH,-form of the rocks was converted into the hydrogen
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form by calcination in a muffle furnace at 873 K for 3
hours. In a separate case, the hydrogen form was obtained
by treating the sample with a solution of 1.5 mol/L HCL

Alkaline treatment (360K, S:L=1:5, 1h) was
carried out using 0.2 mol/L sodium hydroxide solution,
and acid treatment (360K, S: L =1:5, 2 h) was carried
out using solutions of hydrochloric acid of various con-
centrations in the range of 0.5-5 mol/L (Table 1).

Metal component (Ni) was introduced into the
catalyst samples by the method of incipient wetness im-
pregnation with an aqueous solution of nickel nitrate
hexahydrate Ni(NO;),:6H,O and reduced in a flow of
hydrogen (50 cm’/min) at 653 K for 6 hours.

2.2. Methods

Diffraction patterns of the samples were recorded
on a MiniFlex600 diffractometer (Rigaku) in CuKa radia-
tion (0.154178 nm) in the 26 angle range of 2—80 degrees
with a step of 0.02 degrees and a rotation speed of
5 degree/min. The acceleration voltage was 40 kV, and
the anode current was 15 mA. The phase analysis was
perforzgned according to the Database of Zeolite Struc-
tures.

IR spectra of the catalysts in the field of framework
vibrations were recorded on the IRAffiniti-1s Fourier
spectrometer (Shimadzu, Japan) with a single-reflection
ATR accessory Specac Quest GS 10801-B in the region
of 400-4000 cm™. A sample was applied to the surface of
the diamond prism of the ATR accessory, and the spec-
trum was recorded. Spectra were taken relative to air.

Table 1. Modification of catalysts based on natural zeolites of Transcarpathia

An initial Peculiarity of synthesis .
forr;i)gli the Catalyst Modifying solution Concentration, mol/L Crystallinity’, %
#1 H#1-B)* NaOH 0.2 29
#1-A0.5 HCI 0.5 63
#1-Al HCI 1 55
#1-Al.5 HCI 1.5 55
H#1 H#1-A0.5 HCI 0.5 54
H#1-Al HCI 1 70
H#1-Al1.5 HCI 1.5 66
#2 H(#2-B)’ NaOH 0.2 86
#2-Al HCI 1 76
#2-A5 HCI 56
H#2 H#2-A5 HCI 62

* The modification was applied to the native form of the rock, followed by the conversion to the NH,-form using ammonium

nitrate and calcination to obtain the hydrogen form.

" The modification was applied to the native form of the rock, followed by the conversion to the hydrogen form using hydro-

chloric acid.

¢ Calculated from XRD patterns for the rock #1-based catalysts, and from the IR spectra for the rock #2-based catalysts.
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Isotherms of low-temperature (77 K) nitrogen
ad(de)sorption were measured on a Quantachrome®
NOVA 1200e automatic sorbtometer after evacuating the
samples in situ at a temperature of 568 K for 10 h. No-
vaWin™ software was used to calculate the parameters of
a porous structure of the catalysts. The specific surface
area S?*" was calculated using the multipoint BET me-
thod; the specific surface area not considering micropores
S" and the volume of micropores Ve, — by the -method,
the specific surface area of micropores — by the formula
Sicro = SBET _ ¢ ; total pore volume V' — by the volume of
adsorbed nitrogen at p/py>0.99. The volume of
mesopores V.5, was calculated according to the formula
Vieso =V — Viicro, considering the share of macropores to
be insignificant. Pore size distribution was determined
using density functional theory (DFT); average pore size
R — from the assumption of their cylindrical shape accord-
ing to the formula R = 2/S%".

Hydroisomerization of Cg-hydrocarbons was stud-
ied using a setup with a microreactor mounted in the
chromatographic line of a TSVET 104 chromatograph.
The catalyst with a mass of 0.1 g was activated in a hy-
drogen flow (flow rate — 20 cm’/min) at 653 K for 1 h
before supplying it with hydrocarbon in micropulses of
1.0 pL. The reaction products were trapped at a tempera-
ture of 77 K and transferred by a thermal shock to a cop-
per capillary column (length 50 m, inner diameter
0.20 mm, stationary phase Squalane) for separation. The
products were analyzed in a hydrogen flow of 50 cm’/min
using a flame ionization detector, recording its signal
using the Multispectr 1 chromatographic attachment. The
flow rate of hydrogen and air through the detector was 30
and 300 cm’/min, respectively, the temperature in the
column thermostat made up 323 K.

The test procedure described above was repeated in
increments of 25 degrees, starting at 473 K and ending
when only cracking products — C;—Cs hydrocarbons —
were recorded in the conversion products. As a rule, it was
a temperature of 573 K.

The conversion X (wt. %) and selectivity for a j-
product Sj (%) were calculated according to the formulas:

X =100-Y,,,
Y,
S,=%

where Y is the yield of unreacted reagent (wt. %), Y; is
the yield of j-product.

The yield of hexane isomers Y;cs was calculated as
the sum of the yields of 2-methylpentane (2-MP),
3-methylpentane (3-MP), and dimethylbutanes (DMB) for
the case of the n-hexane conversion, and as the sum of the
yields of 3-MP, DMB, and n-hexane for the case of the 2-
MP conversion.

375

3. Results and Discussion

3.1. Characterization of the Samples

The effect of alkaline and acid treatments on the
crystallinity of samples of rock #1 was evaluated using
XRD. Samples for research were taken before the intro-
duction of the metal component. The degree of crystallin-
ity v of modified samples (Table 1) was estimated from
the relative intensity of the analytical diffraction maxi-
mum for clinoptilolite (d=0,297 nm). The crystallinity of
the original rock was taken as 100%.

The X-ray diffraction patterns of the catalysts
based on rock #1 (Fig. 1) contain all the characteristic
peaks of clinoptilolite,” as well as intense lines of qu-
artz.”* Alkaline treatment (sample H(#1-B)) led to a no-
ticeable decrease in the intensity of clinoptilolite lines,
which indicates significant destruction of its crystal struc-
ture (y~30%). But in this case, it should also be consid-
ered that alkaline treatment usually leads to a decrease in
the particle size of the catalysts, which could worsen the
X-ray diffraction pattern. Unlike alkaline treatment, the
acid treatment had a less significant destructive effect on
the crystalline structure. The crystalline structure of the
cationic form of the rock begins to be visibly destroyed
when the concentration of the modifying acid solution
reaches 1 mol/L (y~55 %). This is indicated also by the
comparison of the intensities of quartz and clinoptilolite
lines at 20.9 and 22.5 20, respectively. At the same time,
the hydrogen form of the rock is more stable, and for the
samples modified with 1 mol/L acid (y~70 %) and
1.5 mol/L acid (y~66 %), the ratio of intensities of these
lines is still preserved.

Unlike rock #1, rock #2 contains near 49 % of mor-
denite. The preservation of the crystalline structure of the
mordenite component in rock #2 after alkaline and acid
modification was monitored by IR spectroscopy. Fig.2
shows the IR spectra of the rock #2 samples without the
metal component in the region of framework vibration. The
reference of the band was made according to the works.>*°

In the IR spectra of mordenite, sensitive to the
crystallinity degree is the ratio Rsep440 Of Optical densities
of absorption bands (a.b.) at 560 and 440 cm™ assigned to
the vibrations of the double 5-membered ring and O—T—O
bending vibrations, respectively.” In the spectrum of the
native rock (sample #2), two peaks are observed in the
region of 500-600 cm™ at 520 and 600 cm™ instead of
one a.b. at 560 cm™. This may be due to the presence of
the clinoptilolite component of the rock, but the merging
of these bands in the spectrum of decationated sample
H#2 indicates that the divergence is rather caused by the
diversity of the cationic composition of the native form of
the rock. These two a.b. were treated in total. An a.b. at
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440 cm™ in the spectra in Fig. 2 takes up a position near
425 cm’. Comparison of Rsgpsps in the spectra of the
modified samples with that for the native rock, similar to
that described earlier,”” showed that the y crystallinity of
the mordenite component of the modified catalysts is
generally retained (Table 1).

The high-frequency shift of a strong a.b. at 1015 cm™
referred to the asymmetric stretching vibrations of T-O
bonds of tetrahedra confirms the framework dealumina-
tion of the modified samples. Besides, in the spectrum of
the alkali-modified sample H(#2-B) a decrease in the
intensity of this band can be observed. We believe that
this indicates at least some Al atoms, especially those
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belonging to the clinoptilolite component, leave their
tetrahedral positions. Such a destruction of the framework
tetrahedra is responsible for the somewhat overestimated,
in our opinion, values of Rsey4ps and y for this sample
(Table 1). The latter is indirectly confirmed by the results
of the X-ray diffraction study of the alkali-treated sample
of completely clinoptilolite rock #1. Amorphization, in a
varying degree, of the sample H(#2-B) as well as other
modified samples is supported by the appearance in their
spectra of an a.b. at 935 cm ™', which is often attributed to
various types of structural defects. However, the main
bands characteristic of zeolite structure are still present in
the spectra.

#1-A0.5

#1-Al

,au.

T T T T T T
0 S5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
20

'}
H#1-A0.5

H#1-Al

a.u.

SRR T

H#1-A1.5

MW

R LR L L o L L Ly s LR L ey e e e
0 S5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
26

Fig. 1. X-ray diffraction patterns of the rock #1 based samples without the metal component;
* — clinoptilolite, Q — the most intense reflexes of quartz

Low-temperature nitrogen ad(de)sorption was used
to determine the parameters of the porous structure of the
samples before adding the metal component.

The isotherm of the original rock #1 (Fig.3) is
close to the isotherm characteristic of a non-porous ad-
sorbent, according to the IUPAC classification.” This is
explained by the presence of impurity compounds in natu-
ral zeolites that narrow the channels. In the narrow chan-
nels, the diffusion of N, molecules can be significantly

limited by native cations. The characteristic feature of the
isotherms of the modified samples is the hysteresis loop at
low relative pressures up to the non-closure of the adsorp-
tion and desorption branches. This may be due to the
strong adsorption of N, molecules near openings of nar-
row clinoptilolite micropores, "unblocked" as a result of
the modification, which slows down their diffusion in the
pores of the samples and hinders the achievement of ad-
sorption equilibrium for the time of measurements.”
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Fig. 2. IR-spectra of the modified samples of rock #2 without the metal component
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Fig. 3. Isotherms of ad(de)sorption of nitrogen (T =77 K)
by modified samples of rock #1 without the metal component

Table 2. Porous structure parameters of the catalysts based on rock #1

Sample s, s, Soiro v, Vaigr | ViV | Vs R, R,
m’/g m/g m/g cm’/g cm’/g % cm’/g nm nm

#1 9.6 3.7 5.8 0.016 0.002 13 0.014 2.64 33
H(#1-B) 7.1 2.8 43 0.014 0.002 14 0.012 2.64 4.1
#1-A0.5 35 6.3 28 0.030 0.012 41 0.018 1.17 1.7
#1-Al 64 54 58 0.037 0.025 67 0.012 1.25 1.2
#1-Al.5 81 8.6 72 0.053 0.032 60 0.021 1.17 1.3
H#1-A0.5 118 8.2 110 0.062 0.044 71 0.018 1.13 1.1
H#1-Al 118 9.0 109 0.064 0.043 68 0.021 1.25 1.1
H#1-Al1.5 131 9.9 121 0.075 0.049 66 0.026 1.25 1.1

Note: S** is BET specific surface area; V., and S are micropore volume and specific surface area not counting micropores,
both calculated by -method; S,..., is the specific surface area of micropores, calculated as S, = SPET_ §': V is the total pore volume
measured at p/p; ~ 0.99; V.., is the mesopore volume, calculated as V.0 = V= Vyicros R°™ s the pore radius calculated by DFT; R is
the average pore radius.
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After modification with the alkaline solution, the
porous characteristics of the sample deteriorate some-
what (Table 2). Its specific surface decreases by 25 %,
and the pore volume — by 15 %. In acid-modified sam-
ples, the volume of available micropores increases sig-
nificantly due to the dissolution of impurities blocking
the channels. Besides, with an increase in acid concen-
tration, all other parameters of the porous structure also
tend to increase. A gradual increase in microporosity
was observed along with a slight development of
mesoporosity when the native rock was modified. When
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using the hydrogen form as the initial form, the devel-
opment of mesoporosity was not accompanied by an
increase in the volume and surface of micropores, apart
from the case of the most concentrated acid. This indi-
cates that in the latter case, the micropores of the rock
had already been “unblocked” by the decationation pro-
cedure. Freeing the micropores of natural zeolites from
native cations seems to be essential for achieving their
accessibility to adsorbate molecules. Sample H#1-A1.5
has the most developed total porosity among the cata-
lysts based on rock #1.
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Fig. 4. DFT pore size distribution (lines with symbols) and cumulative pore volume (lines)
in the samples of modified rock #1 according to the data of low-temperature N, ad(de)sorption
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The size distribution of the mesopores of this rock
has three maxima — near diameters of 2, 2.3 and 5.3 nm
(Fig. 4); the first size can rather be attributed to su-
permicropores.” In the process of alkali modification, it
does not undergo significant changes. Acid modification
in the case of the native initial form contributes to the
gradual increase in the volume of the narrower mesopores
(~2.3 nm) when the concentration of the acid solution
increases. At the same time, in all three samples obtained
from the hydrogen form, the volume of such pores is
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much larger, close in size, and much larger than the vol-
ume of pores with a diameter of ~5.3 nm. A higher acid
concentration leads to some widening of the mesopores of
smaller diameter. The effect of the modifier on these pores
appears to be similar to its effect on the micropores of the
rock (Table 2). The insignificant degree of development
of pores with a diameter of ~5.3 nm can be explained,
obviously, by the relatively low concentration of used acid
solutions, which was chosen to avoid the destruction of
the main, clinoptilolite, component of the rock.
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Fig. 5. Isotherms of ad(de)sorption of nitrogen (7= 77 K) by modified samples of rock #2 without the metal component

Table 3. Porous structure parameters of the catalysts based on rock #2

Sample s, s, Soiro v, Vi Vaicrl Vs | Vo R, R,
m/g m/g m/g cm’/g cm’/g % cm’/g nm nm

#2 63 16.5 46.5 0.079 0.010 13 0.069 1.13 2.5
H(#2-B) 189 20.4 168 0.135 0.064 47 0.071 0.88 14
#2-Al 201 10.1 191 0.142 0.069 48 0.073 0.97 14
#2-A5 257 30.6 226 0.183 0.100 55 0.083 0.97 14
H#2 259 12.2 247 0.148 0.103 70 0.045 1.17 1.1
H#2-A5 258 10.3 247 0.160 0.097 61 0.063 1.17 1.2

The isotherm of original rock #2 in its native form
is also characterized by low microporosity, however,
unlike rock #1, microporosity significantly increases after
modification with alkali solution as well as acid solution
(Fig. 5, Table 3). Treatment with 0.2 mol/L NaOH and
1 mol/L HCI (samples H(#2-B) and #2-A1, respectively)
leads to similar results, but a more successful develop-
ment of the external surface is observed in the first case,
while in the second one, the surface of micropores devel-
ops more successfully.

Unlike rock #1, the pore size distribution for sam-
ples based on rock #2 is characterized by only two
maxima about 2 and 2.3 nm (Fig. 6); a maximum of
~5.3 nm is not observed both in the native rock and in its
hydrogen form. The alkaline solution contributes to the
slight development of mesopores with a wide range of
sizes from 3.5 to 15 nm (samples H(#2-B)). The volume
of native pores ~2 nm in this sample remains almost con-

stant, but they are slightly narrowed, which probably re-
flects the result of their partial blockage by the products of
the rock dissolution with alkali. A solution of 1 mol/L
HCI, on the contrary, develops just these pores the most.
The most noticeable increase in the volume of mi-
cropores is achieved in the decationated sample H#2 (Ta-
ble 3), apparently due to the replacement of cations with
protons, which confirms the assumptions made during the
analysis of adsorption data for rock #1. A significant in-
crease in the volume of micropores of rock #2 is also
caused by the treatment with 5 mol/L HCI (sample #2-A5)
because in this case cations are exchanged to a great ex-
tent for acid protons as well. The same concerns su-
permicropores, which volumes are close in samples H#2
and #2-A5 (Fig. 6). At the same time, as a result of modi-
fication of the cationic form of the rock with 5 mol/L HCI,
framework aluminum is extracted, which leads, as in the
case of alkali treatment, to the appearance of mesopores
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3.5-15nm in size, but somewhat larger in volume
(Fig. 6). When such treatment was carried out for the
hydrogen form of the rock (sample H#2-A5), the devel-
opment of mesoporosity was significantly reduced due to
greater acid stability of the H-form.

A similar effect of solutions of different concentra-
tions, when a less concentrated acid mainly affected the
“unblocking” of micropores, while a more concentrated
acid affected the development of mesopores, was ob-
served for acid-modified predominantly mordenite rock,"
as well as for alkali-treated mordenite catalysts.”
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Thus, sample #2-A5 is characterized by the largest
volume of pores, both micro- and meso-, among the cata-
lysts based on rock #2. The share of micropores in it is
55 % (Table 3), and non-uniform mesopores have a quite
wide size distribution — from 2 to 10 nm. The same devel-
oped micro- and mesoporosity are characteristic of the
decationated sample H#2, which was not subjected to
acid/alkali modification. But this sample has a uniform
system of mesopores ~2.3 nm in diameter. The share of
micropores in it is 70 %.
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Fig. 6. DFT pore size distribution (lines with symbols) and cumulative pore volume (lines)
in the samples of modified rock #2 according to the data of low-temperature N, ad(de)sorption

3.2. Catalytic Investigations

Catalysts based on natural zeolites were tested in
the transformation of linear hexane and 2-methylpentane
to evaluate their activity and determine the influence of
the parameters of the porous structure on the distribution
of products. Earlier," it was established for catalysts
based on Transcarpathian zeolite rock that starting with a

content of 2.5 wt. %, nickel forms particles of a regular
size of about 10 nm, which cannot be localized in narrow
pores for the close interaction of acidic and hydrogenat-
ing-dehydrogenating sites. Therefore, the amount of the
metal component (Ni) of 2 wt. % was chosen for applica-
tion to the catalysts synthesized, which should ensure the
formation of small (<10 nm) particles as close as possible
to the acid sites.
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The results of the catalytic tests of samples based
on rock #1 are shown in Fig. 7.

First of all, it should be noted that sample #1-
Al.5, both without a metal component and with an
applied metal, did not show either isomerizing or crack-
ing activity in the transformation of the hydrocarbons
(Fig. 7a, b). The acid modification increased the spe-
cific surface area of the sample by almost an order of
magnitude and significantly developed microporosity,
but this did not have a positive effect on the catalytic
efficiency of the sample. Those Brensted acid sites,
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which were formed as a result of acid treatment due to
the exchange of native cations of the rock for acid pro-
tons, could not be enough to ensure its catalytic activity
in these reactions, and/or the degree of “unblocking” of
the active surface was insufficient.

Three catalysts based on the hydrogen form of the
rock were active in the conversion of n-hexane as well as
2-MP (Fig. 7a, b). The main reaction products in both
cases were C—C; cracking products; the yield of hexane
isomers was only up to 2 % for n-hexane and in trace
amounts for 2-MP (Fig. 7c, d).
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Fig. 7. Conversions X of n-hexane (a) and 2-MP (b), yields of hexane isomers Ycs (¢, d), and isomer selectivities S;cs (e, f) in the
corresponding transformations on samples of modified rock #1
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The catalytic properties of sample H(#1-B) are
close to those of the original rock in the hydrogen form
(H#1). The latter, as shown based on adsorption data in
Subsection 3.1, has a developed surface of micropores, in
contrast to the low porosity of the sample obtained by the
alkaline treatment of rock #1 (Table 2). The similarity of
the properties of these samples with significantly different
porous characteristics in the transformation of both n-
hexane and 2-MP, taking into account the sizes of their
molecules (0.43 and 0.54 nm, respectively)’' and the ef-
fective diameter of the micropores of clinoptilolite
(0.41 nm),” suggests that (i) the sizes of micropore open-
ings and, of course, the micropores themselves after deca-
tionation or alkali modification did not increase compared
to the sizes inherent in the clinoptilolite structure, (ii) the
transformation of both hydrocarbons takes place on the
surface of the open elements of the porous structure,
where the concentration of the hydrogenating-dehydro-
genating component of the catalyst is insignificant and the
acid function prevails. These conditions and the absence
of diffusion barriers contribute to a rapid and, therefore, a
more complete conversion that occurs in the direction of
cracking products. Isomerization has time to be realized
only to a small extent on the outer surface. The micro-
pulse testing mode also conduces to this.

Similarly to the original rock in H-form, sample
H#1-A1.5 of acid modification is characterized by a well-
developed microporosity. Despite this, the catalyst shows
a noticeable decrease in the conversion of hydrocarbons
compared to sample H#1, especially in the case of n-
hexane, when it is about 30 wt. % even at 573 K (Fig. 7a,
b). Simultaneously, an increase in the selectivity for hex-
ane isomers is observed, which is more pronounced in the
case of n-hexane (Fig. 7e, f). Obviously, the use of acid as
a modifier could cause the widening of micropore open-
ings. So, the transformation became possible on the acid
sites located closer to metal particles, which have hydro-
genating-dehydrogenating properties. This contributes to
the increase in the selectivity for isomers. But, under such
conditions, the probability of hydrogenation of carboca-
tions formed at the initial stages of transformations in-
creases, which, in our opinion, just leads to a decrease in
conversion. The higher selectivity for iCg in the case of n-
hexane compared to the case of 2-MP is caused by the
smaller molecule size of the former and confirms the fact
that the isomerization reaction occurs not on the outer
surface of the zeolite rock #1.

Thus, the samples of decationated and alkali-
modified rock #1, the only zeolite component of which is
clinoptilolite, showed high activity in the conversion of
both n-hexane and 2-MP into cracking products at tem-
peratures above 498 K, but no noticeable isomerization

Yuliya Voloshyna et al.

activity was found either for the decationated form or for
the alkali- or acid-modified form.

Catalysts based on rock #2 actively convert n-
hexane and 2-MP at temperatures above 498 and 473 K,
respectively (Fig. 8a, b). The higher activity with respect
to 2-MP can probably be explained by the presence of a
tertiary carbon atom in its molecule, which contributes to
its easier activation on Brensted acid sites. The main reac-
tion products, as in the case of rock #1, are C;-Cs cracking
products (Fig. 8c,d), but the iCq yields are noticeably
higher for both Cg-hydrocarbons.

The temperature dependence of the yield of n-
hexane isomerization products has an archwire shape,
demonstrating the insignificant isomerization ability of
catalysts at low temperatures (Fig.8e). The maximum
yields of isomers (up to 10 wt. %) fall on 523 K for all the
samples. In the case of 2-MP, isomerization begins
sharply already at 473 K, and the yield of isomers at this
temperature reaches 20—40 wt. %. (Fig. 8f). It should be
noted that 2-MP isomerizes to the same extent both to 3-
MP and DMB, and to n-hexane. With an increase in tem-
perature, the yields of isomers in the transformation of
both hydrocarbons decrease due to increased cracking.

The original rock is the least active due to the low
content of Brensted acid sites. Alkali-modified sample
H(#2-B) almost does not differ from it in all parameters.

Decationation of the native form of the rock leads
to the formation of acidic OH-groups. Additionally, since
rock #2 contains mordenite, the effective size of micro-
pores of which is 0.65 nm,” after the "unblocking” of the
pores because of decationation the inner space of the zeo-
lite becomes easily accessible to reacting molecules of Cg-
hydrocarbons. As a result, the conversion on the catalyst
(sample H#2), in particular to cracking products, increases
sharply (Fig. 8a-d). For the same reasons, the conversion
also increases on acid-modified samples of the native
form of the rock (#2-Al, #2-A5). At the same time, on
these samples, along with the yield of cracking products,
the yield of hexane isomers also increases — most of all at
523 K in the case of n-hexane conversion and at lower
temperatures of 473—498 K in the case of 2-MP (Fig. 8e,f,
respectively). The acid treatment of the hydrogen form
(sample H#2-AS5), on the contrary, leads to a decrease in
the yield of cracking products of both hydrocarbons com-
pared to initial sample H#2. Instead, the isomerization
activity of the acid-treated sample H#2-A5 increases.

Obviously, the non-dealuminated H#2 catalyst con-
tains the largest number of Brensted acid sites. This, in
particular, provides its high cracking ability, which, in
turn, inhibits the competitive course of isomerization.
Dealumination removes aluminum atoms associated with
acid sites from the framework. The number of acid sites
decreases, but they become stronger.*
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This promotes the conversion of hydrocarbons al-
ready in the direction of isomerization and weakens crack-
ing. Since micropores of the modified samples of rock #2
is easily accessible to molecules of both n-hexane and 2-
MP, in their conversion, the selectivity of the samples for
iCs is not determined by the size of reagent molecule
(Fig. 8g, h).

Thus, the most active catalyst for cracking of Ce-
hydrocarbons among other catalysts based on rock #2 is a
sample of decationated rock. Acid treatment inhibits crack-
ing but promotes isomerization of both zn-hexane and 2-MP.

4, Conclusions

The development of the porosity of clinoptilolite
rock with an alkaline solution is not achieved due to the
noticeable destruction of the crystalline structure of the
clinoptilolite. At the same time, the alkaline treatment of
clinoptilolite-mordenite rock retains its crystalline struc-
ture and causes the formation of mesopores with a wide
range of sizes in the region of 3.5-15 nm; at that, the vol-
ume of native pores with a diameter of about 2 nm re-
mains almost constant.

Modification of the rocks with hydrochloric acid
solutions of low concentration (up to 1-1.5 mol/L), and
especially their decationation, leads to an increase in the
volume of micropores and narrow native mesopores with
a diameter near 2 nm. The effect of more concentrated
solutions, in addition, is the development of irregular
mesoporosity in the size range from 3.5 to 15 nm. In the
case of more acid-resistant hydrogen form, the develop-
ment of such mesopores is significantly reduced.

Catalysts based on decationated and alkali-
modified clinoptilolite rocks demonstrate high activity in
the cracking reaction of n-hexane and 2-methylpentane at
523—548 K. The transformation of both linear and
branched hydrocarbons occurs on the surface of the open
elements of the porous structure of the samples. Since
there is no need for deep decationation of the rock, this
can simplify a catalyst preparation procedure. Also, the
inaccessibility of the micropores of the catalyst leads to a
shorter contact time of reaction products with active sites,
which prevents over-cracking of them.

In the case of clinoptilolite-mordenite rock, trans-
formations occur in the inner space of the pores too. Hav-
ing a larger number of accessible acid sites, more devel-
oped microporosity, and a system of narrow mesopores,
the decationated sample of this rock is a more active cata-
lyst of cracking compared to a similar catalyst based on a
clinoptilolite rock. Acid modification of clinoptilolite-
mordenite rock promotes isomerization of both studied
Cs-hydrocarbons.

Thus, results of the work show that decationation
and/or modification with hydrochloric acid makes it pos-
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sible to obtain active catalysts of the conversion of Cg-
hydrocarbons based on clinoptilolite-containing rocks of
Transcarpathia of different phase composition. The devel-
opment of microporosity and a system of narrow
mesopores with a diameter of about 2 nm plays an impor-
tant role in improving the performance of rocks in the
conversion of Cg-hydrocarbons, in contrast to the presence
of wider mesopores of 3.5-15 nm in a size.
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BIIVINB MOAN®IKYBAHHSA
KIIMHON TUWIOJITBMICHHUX ITOPI
3AKAPIIATTS HA IXHI TIOPUCTI
XAPAKTEPUCTUKMU I KATAJIITUYHI
BJIACTUBOCTI B IEPETBOPEHHI
Cs-BYI'VIEBO/IHIB

Anomauyin. Ha ocnosi oanux penmeeniscokoi ougparxmo-
mempii, [4-cnexmpockonii, Huzbkomemnepamyphoi aocopoyii N,
ma mecmy6aHHsA 8 MIKpOIMNYIbCHOMY KaMAnimuiHOMY nepemeo-
penni Cg-8y211€600Hi6 O)/10 OYiHEHO eqheKMUBHICTb MOOUDIKY8AHHS
VKPAITHCLKUX KIUHONMULOMMEMICHUX NOPIO, 30IUCHEH020 3 MEmoio
NOKpaujeHHs iXHix aocopOyiiHuX | KamaiimuyHux G1acmugoCmell.
Bemanoeneno eniue maxkozo moouikyeanms na po3nooil npooyK-
mie peaxkyii.

Knrouosei cnosa: yeonimemicna nopooa, Oigpynxyionanvruii
kamanizamop, moougixysanns, Cs8y2e800Hi, KpeKine, 2iopoizo-
mepusayis.



