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Effect of modifiers on Fe-Pt/Al,O; catalysts for alkanes hydrotreatment

Zeolite-containing polyfunctional catalysts Fe-Pt/Al,0; (KT-17, KT-18), modified with additives of molyb-
denum, phosphorus and cerium, were synthesized. The developed catalytic systems were studied in treatment
of C14 alkane obtaining a gasoline fraction. Reaction products contain C4-C9 iso-alkanes, C10-C14 iso-
alkanes, C4-C10 alkanes, aromatic hydrocarbons and C1-C3 alkanes. In addition, 0.2-0.6 % of heavy hydro-
carbons was found in reaction products. The yield of C4-C9 iso-alkanes at 380 °C reached 37.9 %. By means
of physical and chemical methods it has been found that the zeolite containing catalysts Fe-Pt /Al,O; modi-
fied by various additives are complex systems. Micro-diffraction and Mossbauer spectroscopy methods al-
lowed detecting nanosized hetero clusters of Fe-Pt, Fe-Mo, Pt-Mo in catalysts structure. Depending on chem-
ical composition of clusters, particle size varies between 20 and 80 A KT-18 catalyst demonstrates high ac-
tivity in the process of heavy alkanes treatment; sizes of platinum (d = 200 A) and iron (d = 30-50 A) parti-
cles were determined by electron microscopy. Activity of KT-18 catalyst is higher than that of highly dis-
persed KT-17. The main feature of KT catalysts is their polyfunctionality. During alkanes processing simul-
taneous and consecutive reactions of hydrocracking, dehydrogenation, isomerization, dehydro-cyclization and
hydro-desulfurization take place.

Keywords: hydro treatment, zeolite containing catalysts, modification, polyfunctionality, heavy alkanes, hy-
drocracking, hydrogenation, nanoclusters.

Introduction

The global trend in oil processing industry development is enhancing the depth of raw materials refin-
ing and to improve the quality and environmental characteristics of motor fuels through the use of catalytic
systems, which allows obtaining valuable light fractions from heavy oil residues [1, 2].

Production of gasoline fractions from heavy oil is realized in several directions: thermal and catalytic
cracking, hydrocracking [3, 4]. Currently, importance of hydrocracking process in oil treatment is relatively
low [5]. Thermal and catalytic cracking of heavy oil is widely used in industry [6-9]. However, heavy oil
cracking is characterized by obtaining great amount of olefins as a result of C-H bond breakdown [10].

According to the international regulations, content of olefins in gasoline must not exceed 15-18 % [11,
12]. In future, limitations of olefins and aromatic hydrocarbons content in gasoline, in particular benzene
concentrations, will become even stricter [13]. Olefins, aromatic hydrocarbons, isoalkanes and oxygen-
containing compounds in the form of methyl tert-butyl ether are octane components of gasoline. In this re-
gard, catalytic methods of heavy alkanes hydro isomerization and hydrocracking are widely discussed in lit-
erature in recent years [14—18]. Catalysts based on various 3d metals (Ni, Mo, Co, W, Fe, etc.) are used in
heavy oil feedstock treatment processes [19-22].

*Corresponding author.
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Platinum-based zeolite containing catalysts [17, 23-25], which allow to rise light fraction yields are
mainly used in heavy oil hydro treatment.

The aim of the present work is to develop zeolite containing modified polyfunctional catalysts for heavy
paraffins hydro processing and to study their properties and performance in tetradecane treatment process.

Experimental

Modified with additives of molybdenum, phosphorus and cerium zeolite-containing polyfunctional
catalysts Fe(5 %)-Pt(0,4 %)/Al,05 (KT-17, KT-18) were synthesized. KT-17 contains Mo, P and Ce as modi-
fying additives. KT-18 is modified with cerium and phosphorus.

Properties of catalysts were studied by methods of Electron Microscopy, X-ray phase analysis, BET,
IRS, Mossbauer spectroscopy. Genesis of catalyst was studied by Mossbauer spectroscopy method under
varying conditions (t, air, Hy). Isomeric shifts (IS) were performed according to a-Fe.

Structure and dimensionality of metal particles, which are the active phase of catalysts, were tested in
catalytic transformation of Cy, alkanes obtaining gasoline fraction. Study was carried out in a stainless steel
tubular reactor uniformly coated with electric heater. The reactor was filled first with 3 ml of quartz, then
with catalyst (10 ml, d = 2-2.5 mm), pre-treated by hydrogen at 400 °C for 2 hours, and with 3 ml of quartz
(particle size is 2—3 mm).

Catalysts were studied in C,4 treatment process at 280—400 °C temperature range, hydrogen pressure of
2 MPa, Hy:raw material ratio 200: 1, and the volume rate of 5 h™".

0.83 ml / min of raw material was pumped to the reactor by drain pump. The reaction products were
cooled and separated, liquid products were collected in the tank, and gas products were directed to gas meter.

The hydrocarbon content of reaction products was analyzed in y-aluminum oxide stainless steel column
of Chrom-4 chromatograph (Supelco) with argon as carrier gas.

Results and Discussion
Specific surface area of synthesized catalysts, measured by the BET method, is 192.5 m*/g for KT-17
and 222.7 m*/g for KT-18; porosity is 0.49 cm’/g and 0.48 cm®/g respectively (Fig. 1).
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Figure 1. Porosity of catalytic systems

The KT-17 sample contains two types of narrow and one type of wide pores (Fig. 1, ). Narrow pores
are available for formation of light hydrocarbons. Wide pores improve the adsorption capacity of catalyst in
relation to hydrocarbons processing.

KT-18 catalyst has one type of narrow and wide pores available for adsorption and desorption of hydro-
carbons (Fig. 1, b). Adsorption and activation of hydrogen and formation of lower alkanes molecules as re-
sult of deep hydrocracking of feedstock can occur in narrow pores.

Results of X-ray phase analysis show that catalyst KT-17 has structural elements of HZSM (reflexes
11.4; 6.7; 3.9 A), Mo (reflex 2.30A) (ASTM 4-809) and y-Al,O; (reflex 1.98 A). Structural elements of
HZSM (reflexes 3.84; 3.73 A) and Al,O; (reflexes 2.26; 1.97; 1.40 A) were found in catalyst KT-18.
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By method of electron microscopy (magnification of 120000) the extensive accumulation of loose par-
ticles with size of 80—100 A was found in catalyst KT-17, micro-diffraction of them shows the formation of
phase — Pt;Mo (ICPDS, 17-719) (Fig. 2, ). Small unit of dense particles with size of 50—60 A is observed
in the same catalytic system (Fig. 2, ). According to micro-diffraction data, particles have close sets of
interplanar distances corresponding to several phases of Pt-Fe: PtFe — tetraferroplatinum (JCPDS, 26—
1139); (Pt, Fe) — platinum, ferroan (JCPDS, 29-717, 29-718); Pt;Fe — isoferroplatinum (JCPDS, 29-716).

Accumulations of large Pt crystals (200 A) with signs of cutting on the smooth surface of zeolite com-
ponent of carrier are detected in KT-18 (Fig. 2, ¢). Small rounded clusters (dark particles) composed of CeO,
particles of 30 A size are visible. Circular micro-diffraction data of particles with size of 30 A can be equally
attributed to CesO,; (JCPDS, 32-196) and €-Fe,O; (JCPDS, 16-835). Large cluster of 30-50 A particles,
which give circular diffraction of CeO, (JCPDS, 34-394) and unit of dense particles of 100-200 A,
microdefraction picture of which is represented by reflexes and can be attributed to sulfur (JCPDS, 27-101),
were found in KT-18 (Fig. 2, d).

a b
a, b—KT-17; ¢, d — KT-18. Magnification 120000

Figure 2. Electron microscopy images of catalytic systems

Table 1 summarizes data on metal active sites of KT-17 and KT-18 catalysts nature.

Table 1

State and structure of particles in calcined (500°C, 5 h) zeolite-containing Pt(0,4 %)-Fe(5 %)/Al,0; catalysts
modified with cerium, molybdenum and phosphorus (KT-17) and with cerium and phosphorus (KT-18)

Chemical composition and dispersion of KT-17

Iron Platinum Cerium Molybdenum
- Pt (d=50-60 A
v FF‘(’)(d(; :501’06007?0)0 " PtFe (d = 50-60 A) CeP,(d=40-50 A) | MoOPO, (d=~15 A
GF:; o (= 4080 &) Pt;Fe (d = 50-60 A) CeP (d=~300A) | MoO, (d=100-300 A)
20 Pt;Mo,, B-Pt;Mo (d = 80-100 A)

Chemical composition and dispersion of KT-18
Iron Platinum Cerium

€-Fe,05 (30 A) Ce0, (d =30-50 A)

n-Fe,05 (d = 30-50 A) Pt (d =200 A) CeP (d = 100-200 A)

=30 CesOy; (d =30 A)
Fe,0; (d = 30-50 A) CeAlO; (d = 30-50 A)

As it can be observed from Table 1, KT-17 catalyst sample contains homonuclear particles of Pt and Fe
(50-60 A), Fe,POs, MoOPO, (15-300 A) compounds, as well as homonuclear and heteronuclear clusters.
Homgnuclear clusters include FeFe,O,, molybdenum oxide MoO,, the size of which varies from 100 to
300 A. Heteronuclear clusters include PtFe, Pt;Fe, PtsMo,, B-Pt;Mo, CeP,, CeP. These heteronuclear clusters
have dimensions from 40 to 100 A and 300 A. According to electron-microscopic studies, KT-17 catalyst is
nanostructured system of complex composition with particle sizes mainly from 15 to 100 A.

KT-18 catalyst sample contains homonuclear particles of Pt, 200 A in size, iron oxides and cerium ox-
ides, the sizes of which range from 30 to 50 A (Table 1). Heteronuclear cluster CeP (100-200 A) and
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CeAlO; compound (30-50 A) were also found in this catalyst. The detected structures have different dimen-
sions, mainly from 30 to 200 A,

Catalysts were studied with Mossbauer spectroscopy method at varying conditions (t, Ar, H,, O,).

Spectra of initial systems (KT-17, KT-18) are superpositions of two doublets corresponding to high-
spin states of Fe,;>" and Fe,”" with similar values of isomeric shifts (0.30-0.31 mm/s), which are distin-
guished by quadruple splitting (QS): Fe;*" — 1,59 mm/s and Fe,>" — 0,95 mmy/s. Fe,*"/Fe,’" ratio is ~ 2/3.
Since the line width corresponding to these structures is large (0.64 mm/s), it can be assumed that the forms
of Fe’* represent a set of close states with approximately the same isomeric shift (IS) and different quadruple
splittings due to differences in the environment of iron.

The form with higher QS in KT-17 can be attributed to iron ions located on the surface of matrix. Val-
ues of isomeric shift raise with temperature growth, while the quadruple splitting practically does not change
(Table 2).

Table 2
Mossbauer parameters and relative amount (S, %) of different forms of iron in KT-17 catalyst in air
. Fel3+ F€23+
Temperature, °C 1S, mm/s QS, mm/s S, % IS, mm/s | QS, mm/s S, %
20 0.31 1.43 42 0.31 0.84 58
100 0.27 1.40 42 0.27 0.85 58
200 0.21 1.39 43 0.20 0.86 57
300 0.14 1.43 42 0.14 0.85 58
400 0.07 1.45 41 0.07 0.89 59
500 0.02 1.39 45 0.00 0.94 55

Reduction of iron in catalytic system KT-17 starts in hydrogen stream at 100 °C, forming up to 3 % of
Fe’" (Fig. 3). At 200 °C, ~ 27 % of Fe*" in two states, corresponding to two initial states of Fe’', is present in
system. The Fe,*" form with high QS is located on the surface as well as Fe,*". At 400 °C, one form of Fe’" is
more deeply located in the carrier, and two forms of Fe’ remain in the system. At 500 °C, system contains
only two forms of Fe*".

Temperature decline from 500 to 100 °C (reverse) does not lead to new forms of iron (Table 3). How-
ever, redistribution of intensities of Fe*" relative content signals takes place: the intensity of signal of iron
form with higher QS increases, due to this effect’s dependence on temperature. This is explained by weak
interaction of Fe,*" form with carrier, since it is located on the surface. One more form of iron with Mossbau-
er parameters which are characteristic for Fe-Pt clusters located on the surface appears in system at 20 °C
(Table 3).

Table 3

Mossbauer parameters and relative amount (S, %) of different forms of iron in KT-17 catalyst
at varying temperature in hydrogen atmosphere

Fe,” Fe,” Fe,” Fe,” Fe-Pt phase
t,°C | IS, QS, IS, QS, IS, QS, IS, QS, IS, QS,
mm/s | mm/s S, % mm/s | mm/s S, % mm/s | mm/s S, % mm/s | mm/s S, % mm/s | mm/s S, %

20 | 031 | 1.53 ] 37 |1 030 ] 092 | 63

100 | 0.25 | 145 | 45 | 0.27 | 0.87 | 52 1.22 | 2.78 3
200" | 021 [ 142 ] 37 | 020 | 085 ] 37 | 0.94 | 1.99 | 15 0.86 1.32 | 11

300 | 0.14 | 1.43 8 0.14 | 0.85 | 14 | 0.86 | 1.87 | 45 0.81 1.14 | 33
4007 0.12 | 1.03 | 11 0.82 | 1.66 | 47 | 0.72 1.10 | 42

500 0.75 | 1.55 | 41 0.65 1.09 | 59

400 0.80 | 1.70 | 51 0.71 1.07 | 49

300 0.88 | 1.73 | 63 0.75 1.19 | 37

200 094 | 195 | 64 | 0.85 1.21 | 36

100 1.02 | 2.11 | 69 | 0.90 1.34 | 31

20 1.08 | 2.21 | 59 1.00 1.39 | 25 |1 033 | 1.13 16

Notes: ' — Fe?* forms were not distinguished due to their small amounts at 200°C; > — Fe** forms were not distinguished due

to their small amounts at 400 °C.
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Figure 3. Mossbauer spectra of KT-17 catalytic system at varying temperature. Atmosphere — hydrogen
In air stream at 20 °C after reduction by hydrogen system contains two forms of Fe’" and two forms of
Fe*', Fe-Pt phase disappears (Fig. 4, a). More high QS value for Fe'" forms than it was observed before the

start of reduction cycle draws attention (Table 4). Replacing of air with hydrogen at the same temperature
leads to a noticeable growth of Fe’* forms amounts (Fig. 4, b).
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Figure 4. Mossbauer spectra of KT-17 catalytic system at 20 °C obtained after reduction and cooling
in the atmosphere of: a) air, b) hydrogen
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Obtained at 20 °C spectrum of system calcined at 500 °C in air is a superposition of two doublets corre-
sponding to two states of Fe’", just as it was observed for the initial state of system (Fig. 5, a. Table 4). How-
ever, even in this case, the observed values of quadruple splitting are much higher.

0 100 200 300 400 Channels 0 100 200 300 400 Channels

T T T T T T T T T T T T T T T T T T T T T T T T T7T
—

AbSoOrption.
Absorption.

Absorption .,

Atmosphere: a — air; b — hydrogen; ¢ — air (after hydrogen)

Figure 5. Mossbauer spectra of KT-17 catalytic system at 20 °C obtained after oxidation at 500 °C

Table 4
Mossbauer parameters and relative amount (S, %) of different forms of iron in KT-17 at 20 °C
Fe]3+ F(323+ F elz+ F ezz+ Fe-Pt phase
IS, Qs, o IS, Qs, o IS, Qs, o IS, Qs, o IS, Qs, o
mm/s | mm/s S, % mm/s | mm/s S, % mm/s | mm/s S, % mm/s | mm/s S, % mm/s | mm/s S, %

In air stream after reduction by H,
034 | 152 | 14032 ] 095 | 36 | 1.09 | 2.17 | 31 | 1.03 | 143 | 19 | | |
In H, after air
033 | 151 [ 10033 [ 097 | 26 [ 1.09 | 220 | 42 [ 1.04 | 1.41 | 22 | | |
In air (after heating in air at 500 °C)
030 | 1.53 | 40 | 0.30 | 094 | 60 | | | | | | | | |
In H, after calcination at 500 °C in air and cooling

033 | 143 | 28] 035 ] 083 | 53 | | | | | | | 089 | 248 | 19
In air after reduction by H” at 20 °C
030 | 143 |38 ] 032 ] 084 | 57 | | | | | | | 091 | 248 | 5

After calcination at 500 °C in air and cooling, hydrogen was supplied to the system at 20 °C. In this
case, partial reduction occurred and, in addition to the forms of Fe’", ~ 19 % of Fe*" appeared in system,
however, the Mossbauer parameters of this form differed from the previously observed parameters of Fe**
forms (Fig. 5, b. Table 4). In papers [26, 27] such behavior of systems, i.e. the ability to reduce at room tem-
perature was considered indisputable evidence of the presence of Fe-Pt, Fe-Pd, Fe-Rh clusters. It is notewor-
thy that there is a very good quantitative correspondence between relative content of Fe-Pt phase at 20 °C
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after fall of temperature from 500 °C in hydrogen atmosphere (Table 4) and its relative content after reduc-
tion at room temperature of system calcined in air at 500 °C (Table 3) — 19 % and 16 %, respectively.

After replacing of hydrogen by air at 20 °C, partial oxidation of Fe-Pt phase takes place, its relative
content is reduced to ~ 5 % (Fig. 5, c. Table 4).

When calcined in air, the isomeric shift in catalytic system KT-18 decreases, and quadruple splitting
raises from 1.59 to 1.70-1.74 mm/s (Fig. 6, a). Replacing air with hydrogen at 100 °C leads to appearance of
two forms of Fe*" (18 %), which are formed when the initial states of Fe*“are reduced (Fig. 6, b). With re-
peated redox treatment (20-500 °C), concentration of Fe*" forms increases from 18 to 60 % (t = 200 °C)
(Fig. 6, ¢).

Absorption.
Absorption.

Absorption.X

AR T R T S SO TN T SN RN TN SN TN SN TR SO T
-3.2 -1.6 0 +1.6 nn/s

a — 20 °C — air, after oxidation at 500 °C; b — 100 °C — hydrogen, after oxidation at 500 °C;
¢ — reduction with hydrogen at 200 °C, after oxidation at 500 °C

Figure 6. Mossbauer spectra of KT-18 catalytic system at varying temperature

According to IR spectra of ammonia adsorption (10 min) on KT-17 catalyst at room temperature, the
adsorption bands are fixed at 3370, 3320, 3250, 1620, 1580 and 1450 cm™ (Fig. 7, spectrum 1). The absorp-
tion bands at 3370, 3320, 1620 cm™ belong to Lewis acid centers, and at 3250, 1580, 1450 cm™ characterize
Bronsted acid centers. After evacuation of sample, absorption bands are found at 1620, 1420 cm™ (Fig. 7,
spectrum 2).

During ammonia adsorption at 250 °C (for 10 min), adsorption bands are detected at 3370, 3300, 1710,
1600 and 1420 cm™ (Fig. 7, spectrum 3). The absorption bands at 3370, 3300, 1600 cm™ are due to for-
mation of coordination bond of ammonia at Lewis centers of zeolite. Surface reaction of ammonia with the
Bronsted center forming NH," gives absorption bands at 1710 and 1420 cm™. After the sample has been
evacuated, absorption bands are present at 3230, 1620 and 1440 cm™ (Fig. 7, spectrum 4).
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Figure 7. IR spectra of NH; adsorption on KT-17 catalyst

On IR spectrum of ammonia adsorbed on KT-18 catalyst at room temperature (for 15 min), adsorption
bands are fixed at 3420, 3350, 3270, 3200, 1720, 1620, 1500 and 1410 cm™ (Fig. 8, spectrum 1). Adsorption
bands at 3420, 3350 and 1620 ¢cm™ characterize Lewis acid centers, and adsorption bands at 3270, 3200,
1720, 1500 and 1410 cm™ refer to Bronsted acid centers. After the sample was evacuated, the adsorption
bands were found at 1600 and 1450 cm™ (Fig. 8, spectrum 2), they belong to the most active of Lewis and
Bronsted acid centers.

During the adsorption of ammonia on catalyst for 15 min at 250 °C, the adsorption bands were found at
3550, 3450, 3300, 3160, 1620, 1560 and 1460 cm™, which characterize the ammonia molecule coordination
bounded with the Lewis centers (3450, 3300, 1620 cm‘l), and indicate formation of ammonium ions — sur-
face reaction with the Bronsted centers (3550, 3160, 1560, 1460 cm™) (Fig. 8, spectrum 3). After evacuation,
adsorption bands are observed at 1600, 1450 cm™ (Fig. 8, spectrum 4).
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Figure 8. IR spectra of NH; adsorption on KT-18 catalyst
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Process of tetradecane hydro treatment on KT-17 and KT-18 catalysts was studied. Conversion of
tetradecane on KT-17 grows from 59.1 to 94.8 % with rising temperature (Table 5). Reaction products con-
tain C4-Cy iso-alkanes, Cio-Ci4 iso-alkanes, C4-C,o alkanes, aromatic hydrocarbons and C;-C;-alkanes. In
addition, 0.2—0.6 % of C,4: heavy hydrocarbons is found in reaction products. The yield of C4-C, iso-alkanes
at 380 °C reaches 37.9 %. It is known that gasoline fraction contains isoalkanes, n-alkanes, aromatic hydro-
carbons and olefins. When tetradecane is transformed, hydrocracking of tetradecane proceeds with formation
of mainly iso- and n-alkanes, content of aromatic hydrocarbons varies from 3.3 to 0.7 %.

The presence of C4-Cy normal and iso-alkanes, aromatic hydrocarbons, C;-C; alkanes and C,4. hydro-
carbons in reaction products demonstrates that KT-17 catalyst provides the parallel flow of hydrocracking,
hydro-isomerization, dehydro-cyclization and alkylation reactions, thus proving its polyfunctional properties.
According to the content of reaction products, tetradecane is almost totally converted. Yield of gasoline frac-
tion is 67.9 % at 380 °C.

Table 5
Tetradecane hydro treatment over KT-17 and KT-18 catalysts. P = 2MPa, V =5 h™', H,:raw materials = 200:1

Temperature of the process, °C
Products content, % 280 | 300 | 320 | 350 | 380 | 400
KT-17
Conversion 59.1 68.6 71.5 75.0 91.4 94.8
> C4-Cy iso-alkanes 353 31.3 334 32.4 37.9 36.2
> Cy-Cy4iso0-alkanes 33 2.2 1.9 1.6 1 1.1
>Ci-G; 1.4 10.4 12.0 15.5 22.1 273
> C4-Cy normal chain alkanes 15.2 21.1 20.5 234 28.3 293
> aromatic hydrocarbons 33 3.2 33 1.8 1.7 0.7
Ciar 0.6 0.4 0.4 0.3 0.1 0.2
Initial tetradecane 40.9 314 28.5 25.0 8.6 5.2
Yield of gasoline fraction 53.8 55.6 57.2 57.6 67.9 66.2
KT-18

Conversion 64,9 94 .4 98.7 99.4 99.7 100
> C4-Cy iso-alkanes 33.2 44.4 42.4 42.6 36.1 33.0
> Cy-Cy4iso-alkanes 4.8 5.6 2.8 1.9 1.0 2.3
>Ci-G; 4.9 9.5 12.9 22.6 27.8 28.2
> C4-Cy normal chain alkanes 18.9 27.3 35.2 28.4 32.5 332
> aromatic hydrocarbons 3.1 6.8 5.0 3.7 2.2 2.8
Olefins - 0.8 0.4 0.2 0.1 0.5
Initial tetradecane 35.1 5.6 1.3 0.6 0.3 traces
Yield of gasoline fraction 55.2 79.3 83.0 74.9 70.9 69.5

Conversion of tetradecane on KT-18 raises from 64.9 to 100 % with temperature growth from 280 to
400 °C. Reaction products contain C4-Cy n-alkanes, C4-Cy and C;¢-Cy4 iso-alkanes, aromatic compounds
(benzene, toluene, o- and p-xylenes) and olefins. Light C,-Cs-hydrocarbons are presented with ethane, pro-
pane, ethylene and propylene; their yield rises from 4.9 to 28.2 % as temperature grows. The presence of the
above mentioned organic compounds in reaction products indicates parallel sequential course of hydrocrack-
ing, dehydrogenation, isomerization, and alkylation reactions.

In liquid products content of isoalkanes C,;-Cy prevails in the whole temperature range, the maximum
yield of which (44.4 %) is observed at 300 °C. Formation of heavy isoalkanes C;o-Cy4 under these conditions
does not exceed 5.6 %. Quantity of C4-Cy n-alkanes and aromatic compounds is equal to 35.2 % (t = 320 °C)
and 6.8 % (t =300 °C) respectively. At temperature growth above 300 °C yield of liquid products reduces
and deep hydrocracking of tetradecane to C;-C; hydrocarbons increases; concentration of these hydrocarbons
at 400 °C rises to 28.2 % (Table 5). Yield of gasoline fractions is maximal at 320 °C (83.0 %).

The temperature dependence of tetradecane conversion and isoalkanes C4-Coy output on KT group cata-
lysts is presented in Figure 9.
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Figure 9. Influence of temperature on tetradecane conversion on zeolite-containing Pt-Fe/Al,O; catalysts
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Figure 10. Influence of temperature on the output of isoalkanes C,-Cy at tetradecane transformation
on zeolite-containing Pt-Fe/Al,O; catalysts

It is clear (Fig. 9 and 10) that KT-18 catalyst is more optimal in the whole temperature range. This is
probably due to a certain dispersion state of platinum (d =200 A), as the adsorption and activation of high
molecular weight alkanes require flat orientation at active centers located on smooth surface of zeolite or
near the mouths of pores. Cavities with d = 56-53 A, typical for ZSM-5 zeolite, are inaccessible for heavy
alkane molecules. Electron microscopy method shows that part of platinum in KT-18 catalyst is localized on
the surface of zeolite (Fig. 2, ¢). At 300 °C the yield of C4-Cy isoalkanes is 44.4 %.

The observed direction of tetradecane transformations can be related to the combination of acid and hy-
dro-dehydrating properties of catalysts, due to localization of platinum and Fe-Pt clusters on crystalline sur-
face and in zeolite channels. It can be assumed that hydrocracking takes place on the active centers of Pt-
zeolite, which are formed on the external crystal structure of zeolite. Smaller fragments of surface-activated
decomposition particles of heavy n-alkanes can migrate into zeolite channels, where mono- and bimetallic
clusters of platinum and Fe-Pt, which take part in waterproofing and hydro-isomerization with formation of
isoalkanes C4-C,, are localized. The low yield of C,o-C;5 isoalkanes can be explained by competitive hy-
drocracking reaction on platinum-promoted external crystalline surface of zeolite. Deep hydrocracking of
heavy alkanes on active centers of catalyst becomes prevailing at high temperatures. Narrow size of channels

(0.56-0.53 nm) of ZSM-5 zeolite complicates diffusion of large molecules of n-alkanes with high molecular
weight.
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Conclusions

The synthesized catalysts can be referred to nanostructured and nanosized catalytic systems. Size of
metal particles in catalysts varies from 20 to 100 A, at the same time particles with sizes of 150-200 A and,
as an exception, of 300-500 A were found, in particular for molybdenum.

Along with nanosized homonuclear particles of metals, heteronuclear clusters consisting of two differ-
ent elements are formed in the studied catalysts. Structure and dimension of Pt-Fe clusters depend on the na-
ture of promoting additives. Two structures of heteronuclear clusters were detected in KT-17 catalyst: Pt-Fe
(d=50-60 A) and Pt;Fe (d = 50-60 A). Along with iron, platinum forms heteronuclear clusters with molyb-
denum: Pt;Mo,, B-Pt;Mo (d = 80-100 A).

Composition and structure of catalysts are greatly influenced by cerium, which, as a precursor, is pri-
marily responsible for high resistance of catalyst granules to abrasion, and secondly — cerium, forming vari-
ous compounds (CesO1;, CeP,, CeP, CeAlO;, Ce,0;, CeO,, Ce(M00y,),, Ce;Mo0301,) prevents diffusion and
agglomeration of platinum and iron particles. Metals of group VIII at high temperatures have a certain ten-
dency to sintering and crystallization.

It follows from the analysis of structure and chemical composition of synthesized catalysts that acid ze-
olite centers, homo- and heteronuclear metal clusters are the active components involved in reaction of
tetradecane transformation. It should be noted that acid and metal centers are located close to each other or
combined into a single active center. This is confirmed by electron microscopy images.

Scheme of the mechanism of tetradecane transformation:

+
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Hydrocracking reactions and dehydrogenation of n-alkanes into semi-hydrated form and olefins take
place on the active centers after their recovery by hydrogen. Olefins are transformed on the Bronsted acid
centers through carbenium-ion into isoolefins, which form isoalkanes interacting with M-H,4, (M — metal).

The proposed mechanism is confirmed by presence of olefins and surface activated complexes preced-
ing the formation of isoolefins in gaseous products C,-C4. Due to their transformation into iso-alkanes at
subsequent stages, their presence in the final products of reaction is insignificant.

Hydrogenation reactions of both iso-olefins and CH;- and other alkyl groups to light gaseous hydrocar-
bons take place with participation of hydrogen on the active centers of catalyst in parallel with isomerization.
It is necessary to note formation of aromatic hydrocarbons (benzene, toluene, xylenes) along with the above
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described reactions of tetradecant transformation. This reaction occurs mainly in high temperature area (350—
400 °C). It is assumed that mononuclear particles of platinum also take part in tetradecane dehydrocycliza-
tion and dehydrogenation.

KT-18 catalyst demonstrates high activity in the process of heavy alkanes treatment; sizes of platinum
(d=200 A) and iron (d =30-50 A) particles were determined by electron microscopy. Activity of KT-18
catalyst was higher than that of highly dispersed KT-17, because flat clusters have to be situated near the ac-
tive sites of catalyst in order to destruct C,;-Cs and Cy-C;( bonds of C4-Cy normal and iso-alkanes.

Gasoline fraction with an output from 30.2 to 83.0 % containing 17.7-42.4 % of isoalkanes, 1.7-5.0 %
of aromatic hydrocarbons, 0.3-0.4 % of olefins and 10.5-35.2 % of C,-Cy n-alkanes was received at
tetradecane hydro processing on KT-18.

In general, the process is carried out relatively easily in the presence of large particles of platinum, con-
centrated on the outer surface or in cavities of zeolite.

Highly dispersed metal phase of HZSM zeolite cavities (53—56 A) is not subjected to change and ad-
sorption of long-chain alkanes under soft conditions.

The main feature of KT catalysts is their polyfunctionality. During alkanes processing simultaneous and
consecutive reactions of hydrocracking, dehydrogenation, isomerization, dehydro-cyclization and hydro-
desulfurization take place.

By means of physical and chemical methods it has been found that the zeolite containing catalysts
Fe-Pt/Al,03; modified by various additives are complex systems. Micro-diffraction and Mossbauer spectros-
copy methods allowed detecting nanosized hetero clusters of Fe-Pt, Fe-Mo, Pt-Mo in catalysts structure. De-
pending on chemical composition of clusters, particle size varies between 20 and 80 A. Catalysts are not ex-
posed to carbonization, they are stable and highly active, therefore these systems can be proposed for practi-
cal testing.
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A K. XXyma6ekona, JI.K. Tactanora, P.O. Opsrabacap, I'.J]. 3axymbacBa

Momuduraropaapasid Fe-Pt/Al,O; ankanxapabl ruapoeHaey
KaTAJIM3aTOpJIapbiHA dcepi

Momnbzen, dpocdop xkoHe mepuil KocranapsIMeH MoauUKAIIIaHFaH KypaMbIHaa neonuti 6ap Fe-Pt/AL,O;
(KT-17, KT-18) nonudyHKIHOHANA KaTalau3aTopiapbl CHUHTE3AeqAl. MoauduKauusuiblK KocrmaaapIbiH
KT-17 xone KT-18 kaTaiuTHKanblk KacHeTTepiHe ocepi 3epTTeimi. O3ipJieHreH KaTaluTUKAIBIK JKyHeaep
6ensuH (pakuuscein any yurin Cpy MOAENBAIK ajKaHAbl THAPOOHIEY MpOoLeciHAe 3epTreireH. Peaxuus
enimuepinge C4-Cy uzo-ankannap, Co-C4 uzo-ankangap, C4-Cjo ankaHmap, apoMaTTbl KOMIPCYTEKTED JKOHE
C;-C; ankanmap Oap. Kaiita eHney eHimuepiHaeri ayelp kemipcytekrepaid kypambl 0,2—0,6 %. C4-Co
ankaagapbiaelH 380 °C TemmepaTypana IIBFEIMBL 37,9 % Kypaiinsl. OU3nKka-XUMHSUIIBIK 3€pTTEY OMICTepiH
KOJIIaHa OTBIPHIN, dp TYPJI KocHanapMeH MoauUKaIsIIaHFaH, neonutkypamasl Fe-Pt/Al,O; karammsarop-
Japbl KypAeli KaTAIUTUKAIBIK JKyHenep OONBIN TaOBIIATHIHIBIFEI aHBIKTAIIBL. MUKpOIU(PpPAKINS SKoHE
Meccbaysp CHEKTpPOCKONMSCH dAiCTepiMeH Karanu3aropiap KypbUibIMeIHAarel Fe-Pt, Fe-Mo, Pt-Mo nano-
eJILIeM/Ii TeTepoKIiacTepiiepi anbIKTaIabl. KiacTepiaepain XUMHSIIBIK KypaMblHa GaiiaHbICThl OOJIIeKTepaiH
memuepi 20-gan 80 A-re neitin o3repeni. KT-18 karanmu3aTopsl ayblp alKaHAapAbl ©HIACY IMPOLECiHIC
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JKOFaphl OCJICEHIUTIK TaHBITAAbl. DJIEKTPOHIBI MHKPOCKONMS ONIiCIMEH KAaTaau3aTOPABIH KYPBUIBIMEI
seprrengi, muaruna (d =200 A) xone Temip (d = 30-50 A) Genmekrepinin emmemaepi anpikTans. KT-18
KaTaIUTHKAIBIK XKy#eciniy Oencenainiri KT-17 katanusaropsina Kaparanza xorapel. KT katanuzaTopiapsi-
HBIH 0ACThI epPEKILIENiri — oJIap/IbIH HOJIH(YHKIHOHAIIBUIBIFBL. AJIKaHIAp bl OHJCY Ke3iHAe THIPOKPEKHHT,
JETUIPOreHU3ANHs, HW30MEpU3alMs, ACTHAPOLMKIM3AMS HKOHE T'MAPOKYKIPTCI3AeHy peakiusuiapbl Oip
YaKbITTa )KOHE JIOMEKTI TYpJe KYpei.

Kinm ce3dep: Tunpoenyey, NEOTUTKYpaMAbl KaTaau3aTopiap, MOAU(GHKAINS, MOIH(YHKIMOHAIIBIK, aybIp
alKaHJap, TUAPOKPEKUHT, THAPIIEY, HAHOKIACTEpIep.

A K. Kymabekosa, JI.LK. Tacranosa, P.O. Opsiabacap, I'.J1. 3akymbaeBa

Bunsinne moauguxkaropos Ha Fe-Pt/Al,O; katanuzatopsl
rujponepepadoTK aJIKaHOB

CHHTE3UpOBaHBI IIEOINUTCOAepIKale MoIH(yHKIMOHANBHEIe KaTtanu3aTtopsl Fe-Pt/Al,O; (KT-17, KT-18),
Mou(UIMPOBaHHBIE ToOaBKaMu MoubaeHa, Gpocdopa n nepus. VicenenoBaHo BIUSIHAEC MOAUGHUIUPYIOIIIX
nob6aBok Ha karanurideckue cBoiicrsa KT-17 n KT-18. PazpaboranHble KaTanuTHYECKAE CUHCTEMBI H3yYECHBI
B Ipolecce THApoIenepaboTkn MoaenbHoro ankana C14 ¢ nosrydeHnem 6eH3MHOBOH ¢pakuuu. B nmpoxykrax
peakuuu conepxarcs uzo-aiakanbl C4-C9, uzo-ankanel C10-C14, ankansl C4-C10, apomaTHuecKHe yriieBo-
nopossl u ankanel C1-C3. CozpeprxaHue TSDKETBIX YrIIEBOJOPOAOB B Mpoaykrax nepepabotku — 0,2-0,6 %.
Beixon uzo-ankanoB C4-C9 npu temneparype 380 °C cocrasiuser 37,9 %. C noMobio pU3NKO-XUMHUYECKHX
METOJ/IOB HCCJICJOBAHUS YCTAHOBJIEHO, YTO MOJM(HLHMPOBAHHBIC DPa3IMYHBIMU J00ABKAMH LEOJIUTCOMAEP-
Kamue karanmzatopsl Fe-Pt/Al,O; mpeacTaBisioT co0Oi CIO0KHBIE KaTalTUTHYECKHE CHCTEMBL. Meromamu
MHUKpoaupakiuy 1 MeccOay’poBCKOil CIEKTPOCKOINY B CTPYKTYpe KaTaau3aToOpoB 0OHapy>KeHbI HAaHOPas3-
MepHble rerepokiacrepsl Fe-Pt, Fe-Mo, Pt-Mo. B 3aBucuMocTd 0T XMMUUYECKOIO COCTaBa KIACTEPOB pazMep
gactul koaeonercs ot 20 go 80 A. Karammzarop KT-18 mposiBiisieT BRICOKYIO aKTHBHOCTH B MPOIIECCE Tepe-
pabOTKM TSDKETBIX aTKaHOB. METOJOM 3/MeKTPOHHOW MMKPOCKONHUH HCCIIEO0BaHA CTPYKTYypa KaTalu3aropa,
ompefenens! pasmepsl yactul mnatunbl (d =200 A) u xenesa (d = 30-50 A). AKTUBHOCTD KaTalTUTHUECKO#
cucrembl KT-18 Boie, yem y BoicokonucniepcHoro karanuzatopa KT-17. 'naBHOI 0cOOEHHOCTBIO KaTalu3a-
topoB KT sBnsercs nx nonupyHKIHOHAIBHOCTD. [Ipy 06paboTke alkaHOB OJHOBPEMEHHO U MOCIIEA0BATENb-
HO NIPOTEKAIOT PEAKINH TUIPOKPEKHHTa, JETHPOTeHI3AIIH, H30MEPU3aluy, IeTHAPOLUKIN3AINT 1 THIPO-
obeccepuBaHHUs.

Knrouegvie crosa: rHuponepepa(SOTKa, HEOJIUTCOACPIKAIIINE KaTallu3aTOPhIL, MO,I[I/I(i)I/IKaIII/ISI, HOJII/I(i)yHKIII/IO-
HaJIbHOCTD, TSKCJIbIC aJIKaHbl, THAPOKPEKUHT, THAPUPOBAHUEC, HAHOKJIACTEPLI.
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