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Abstract

Results are presented concerning the studies on the formation of borate-containing aluminium oxide as
a solid acidic catalyst system for the catalytic oligomerization of butenes. The possibilities of designing bi-
and polyfunctional catalysts via modifying borate-containing aluminium oxide metals by metals and metal
oxides from groups VI-VIII for the processes of oligomerizing ethylene, propylene, for single-stage production
of ethylene, as well as for the processing of vegetable oil into diesel fuel components.
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INTRODUCTION

The overwhelming majority of modern pro-
cessing the natural gas, petroleum, plant ma-
terial is based on the use of solid acidic and
multifunctional catalysts [1]. The latter are usu-
ally characterized by the fact that alongside
with the acid-base centres they have on the
surface the centers, where specific reactions
can effectively take place such as the activa-
tion of hydrogen molecules, unsaturated and
heteroatomic compounds. The preparation of
polyfunctional catalysts is most often carried
out via the formation of metal or metal oxide
dispersed particles immediately on the surface
of a finished carrier matrix. In this case such a
matrix can provide not only the necessary lev-
el of multifunctional catalyst acid-base prop-
erties, but also an influence upon the disper-
sion level and the structure, and hence on the
activity and selectivity of the component ap-
plied due to the matrix textural properties and
chemical nature of the surface.

To date, various systems based on anion-
modified aluminium oxide are widely used in
the industrial practice as carriers for the acidic
polyfunctional catalysts due to the simplicity

of the synthesis, the possibility of a wide-range
variation in acidic and structural properties, and
their availability. As efficient anionic modifiers,
one uses halide and sulphate compounds, less
often oxygen compounds of phosphorus, tung-
sten, and boron.

Distinguishing boron compounds among oth-
ers for anionic modification of aluminium ox-
ide, it should be noted that as compared to the
halide and sulphate containing aluminium ox-
ide, the B,0;—Al,O; system can exhibit a high
stability under hydrothermal conditions, with-
in oxidizing and reducing atmospheres [2, 3].
This allows us to put forward an assumption
consisting in the fact that a set of properties is
inherent in borate-containing catalysts, such as
environmental safety, the absence of corrosive
activity, high stability, and regenerability. The
average level of the Bronsted acidity and al-
most complete absence of the Lewis acid sites
[4, 5], seems to determine the efficiency of
using the borate-containing aluminium oxide as
a catalyst for alkylation reactions [7], for the
dehydration of alcohols [8, 9], for the isomer-
isation of alkenes [10, 11], for the cracking of
vegetable oils [12]. Recently [13], we demon-
strated the possibility of using this system for
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the catalytic oligomerization of butenes. In ad-
dition, the borate-containing aluminium oxide is
under active consideration as a carrier for the
acidic polyfunctional catalysts, those find appli-
cation for the metathesis of alkenes [4], espe-
cially for hydrorefining different petroleum frac-
tions [14—16].

In this paper, we briefly discuss some of our
results of the studies concerning the formation
of B,0;—Al,0; as an acidic catalyst for the oli-
gomerization of butenes, as well as some possi-
bilities for designing on this base bi- and poly-
functional catalysts containing metals or metal
oxides from groups VI-VIII, for novel processes
of ethylene oligomerization, for single-stage pro-
ducing propylene from ethylene and refining
vegetable oil into diesel fuel components.

OLIGOMERIZATION OF LIGHT ALKENES

The processes of the oligomerization of light
C,—C, alkenes are known for long as a possible
basis for the components of gasoline, jet and diesel
fuels with improved operation and environmen-
tal characteristics [17]. The current interest in the
oligomerization is supported by the prospects of
implementing the industrial methods of synthe-
sizing light alkenes from natural gas via its oxi-
dative dimerization or pyrolysis to create novel
versions of “gas to liquid” technologies.

In the industrial processes of butene oligo-
merization there are solid silicon-phosphate cat-
alysts mainly used, whose fundamental disad-
vantages include their destruction in the course
of operation, impossibility to regenerate and
reuse them. Sulphonic resins, amorphous alu-
minosilicates, zeolites, and various anion-mod-
ified zirconium and titanium oxides are under
active consideration as promising systems for
the oligomerization [1].

In our studies [1, 13] we described the oli-
gomerization of butenes on the borate-contain-
ing aluminium oxide obtained via the treatment
of y-Al,O; by an aqueous solution of orthobo-
ric acid followed by drying and calcination stag-
es. In order to increase the activity of alumi-
noborate oligomerization catalyst and to simpli-
fy its synthesis we used further a mixing method
for obtaining the B,0;—AlL,0O; system, which
method was based on the calcination of pseudo-

boehmite previously modified with an aqueous
solution orthoboric acid.

The studies concerning the effect of chem-
ical composition and calcination temperature of
the B,0;—Al,0O; system obtained by mixing
demonstrated that the introduction of orthobo-
ric acid into pseudoboehmite prevents alumina
from crystallization in the course of subsequent
thermal processing. To all appearance, this could
be caused by a possible formation of alumini-
um borates.

According to X-ray diffraction phase anal-
ysis (Fig. 1, a), at the mass fraction of B,O4
amounting to 5 % (here and below we present
the nominal content of B,O; with taking into
account anhydrous B,0;—Al,O4 system) the alu-
minium oxide borate-containing sample exhib-
its only traces of y-Al,O; after the calcination
at 600 °C (for 16 h). According to the evalua-
tion of the dispersion level of this phase from
the coherent scattering region (CSR), the av-
erage particle size is less than 2.2 nm, which is
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Fig. 1. Diffraction patterns of B,O;—Al,0; samples with
different mass fraction of B,0; (a) and calcination
temperature T, (b): a = T.y. = 600 °C; the mass fraction
of ByOs3, %: Y-Al,O5 (1), 5 (2), 10 (3), 20 (4), 30 (5); b —
the mass fraction of B,O; equal to 20 %; T °C: 500 (1),
550 (2), 600 (3), 700 (4), 800 (5).

cale?
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Fig. 2. Electron photomicrograph of B,O;—Al, 04 system with
the mass fraction of B,O; equal to 20 % after calcination
at 600 °C.

almost two times less than the average particle
size for the y-Al,O; obtained by calcination of
unmodified pseudoboehmite. The growth of
B,0; content up to 10—20 mass % results in
the formation of amorphous systems. The lat-
ter fact (Fig. 2) is directly confirmed by trans-
mission electron microscopy.

With further increasing the mass fraction of
B,0; up to 30 % the diffraction pattern dem-
onstrates the phase of aluminium borate with
the composition such as 2Al,0,; [B,0; with a
particle size equal to 12 nm according to the
CSR. From the diffraction patterns (see Fig. 1,
b) one can see that the amorphous state of the
B,0,-AL,0; system (20 mass % of B,O;) can
persist up to the calcination temperature of
700 °C. With increasing the calcination temper-
ature up to 800 °C, both 2AlL,0, [B,0; alumini-
um borate, and y-Al,O; undergo crystallization,
but in a more coarse form with CSR approxi-
mately equal to 7.5 nm.

The data presented in Table 1 demonstrate
the influence of the content of B,O; upon the

TABLE 1

Effect of chemical composition on the textural
characteristics of B,0;—AlLO; system (calcination
temperature 600 °C)

Mass fraction S \% D

spr por» avs
of B,Os;, % m?/g cm®/g nm
0 184 0.26 52
10 238 0.35 53
20 2170 0.42 64
30 189 0.16 35

textural characteristics of B,O;—Al,O; samples
synthesized. The dependences of the specific
surface area and pore volume (determined ac-
cording to the method of low-temperature ni-
trogen adsorption, BET model) on the chemi-
cal composition of the B,0;—Al,O; system ex-
hibit an extremum. The position of a maximum
(270 m?/g and 0.42 cm?®/g) corresponds to the
mass fraction of B,O;, equal to 20 %. These
facts could be explained by the above-described
changes in the phase state and in B,O;—Al,O4
dispersion level occurring with increasing the
mass fraction of B,0; The presence of B,O,
even in small amounts prevents the crystalliza-
tion and growth of y-Al,O; crystallite size in
the course of high temperature treatment of
the modified pseudoboehmite. As a result, the
mixed oxide system B,0;—Al,O; (the mass frac-
tion of B,O3 equal to 5—20 %) is formed in the
amorphous and/or highly dispersed state and
has a large porosity in comparison with the
y-Al,O; due to a smaller size of their primary
particles. When the mass fraction of B,0; in-
creases up to 30 %, the system exhibit the for-
mation of large aluminium borate crystallites
2Al1,0,; [B,0;, and, to all appearance, also
“melt” particles of unreacted B,O; [3, 13],
which just determines the effect of reducing
the values of textural characteristics.

For the sample of B,O;—Al,0; with the B,O4
mass fraction of 20 % that has the most de-
veloped surface area and pore volume, we stud-
ied acidic properties using the method of tem-
perature-programmed desorption of ammonia
molecules (Table 2). It is seen that in comparison
with the y-Al,O;, the borate-containing alumin-
ium oxide can have 1.7 times more acidic sites
amounting up to about 600 pmol/g. The charac-
ter of acidic sites distribution with respect to

TABLE 2

Acidic properties of y-Al,O; and B,O;—Al,0; system
(calcination temperature 600 °C, B,O; mass fraction 20 %)

Systems Desorption of ammonia, pPmol/g

at the temperature values, °C

200—300 300—400 400—600 200600
y-Al,O4 0.15 0.12 0.06 0.33

B,0,~ALO, 027 0.19 0.12 0.58
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the acid strength (the temperature of ammonia
desorption) is qualitatively identical for both ox-
ide systems and indicates the dominance of sur-
face acidic sites with medium acid strength (the
desorption of ammonia at 200—300 °C).

The testing results for the samples of B,O;—
Al,O4 in the butene oligomerization process (flow
reactor, 40—200 °C, 8.0 MPa, industrial butane-
butene fraction with the mass fraction of butenes
about 60 % as a raw material, the mass flow
rate of butenes equal to 1 h™?!) allow one to con-
clude that their level of activity for all the con-
tents of B,O; under study (5—30 mass %) prin-
cipally (to a manifold extent) exceeds the level
of y-Al,O; activity.

Figure 3 presents data concerning the ef-
fect of B,O; content and B,0;—Al;O; calcina-
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Fig. 3. Influence of B,0;—Al,O; system chemical composition
(a) and calcination temperature (b) upon the conversion
level of butenes at different temperature values of the
oligomerization process: a — the calcination temperature
equal to 600 °C; b — the mass fraction of B,O; equal to
20 %; T, °C: 40 (1), 80 (2), 120 (3), 150 (4), 200 (5).

tion temperature on the conversion level of
butenes at different temperature values in the
process of oligomerization. In all the cases, the
oligomerization temperature increase within the
range from 40 to 200 °C results in a more than
twofold increase in the conversion level of
butenes. This also demonstrates an extreme
nature of the catalytic activity dependence on
the chemical composition of B,O;—Al,0;. The
highest conversion level of butenes in the course
of oligomerization is achieved for the sample
with the B,O; mass fraction of 20 % that, as
noted earlier, has the highest values of tex-
tural characteristics.

The effect of calcination temperature on the
catalytic activity was less pronounced. Within the
calcination temperature range 500—800 °C, the
conversion level of butenes can always reach a
level not less than 80 %. With the calcination tem-
perature of 550 °C, the most active catalyst (20
mass % of B,Os) is formed which in the course
of oligomerization at 200 °C provides a conver-
sion level of butenes equal to 96.6 %.

The group composition of oligomerization prod-
ucts (Fig. 4) consisting of hydrocarbons C;—C,; also
depends on the chemical composition and calci-
nation temperature of B,0;—Al,O,;. However,
this effect is, to all appearance, mediated to
be associated with the conversion level of
butenes achieved in this case. The fraction of
light products C5;—C; is to the least extent de-
pendent on changes in the mass fraction of B,O4
and the calcination temperature and varies
within the range from 5 to 15 mass %. The main
differences in the composition of liquid prod-
ucts of oligomerization, formed on different
B,0;—AlL,0; samples are determined by redis-
tribution between the Cg and Cgy, alkenes. In all
the cases the following rule is observed: the
higher the conversion level of butenes
achieved, the higher is the fraction of Cgy; hy-
drocarbons in the overall composition of the
products resulted from Cj,. For the most active
B,0;—Al,05 sample (20 mass % of B,0O;, calci-
nation temperature equal to 550 °C) the liquid
products of oligomerization include Cy—C; hy-
drocarbons (45.3 mass %) and Cgy; hydrocarbons
(54.7 mass %). Thus, the catalyst could be used
for simultaneous obtaining (via the oligomer-
ization of butenes) the components of both
gasoline, and jet as well as diesel fuels.
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Fig. 4. Influence of B,0;—Al,O5 system chemical composition
(a) and calcination temperature (b) upon the composition
of oligomerization products at the process temperature
equal to 200 °C: 1 — C5—C;, 2 — Cy, 3 — Cyy.

Owing to the development of novel meth-
ods for producing ethylene from natural gas,
the process of its oligomerization could now be
considered an important step within the frame-
work of technological concepts of “gas to lig-
uid” being under development today [18]. At
the same time the main focus in the improve-
ment of ethylene oligomerization catalysts is
to obtain isoalkenes C;, as target products those
could serve as a basis for environmentally safe
motor fuels.

Solid bifunctional system, obtained via treat-
ing the acidic carriers (silica gel, amorphous
aluminosilicates, zeolites, sulphate-, molybdate-,
tungstate-containing aluminium, zirconium, ti-
tanium) with nickel salts followed by calcina-
tion are considered to be the most promising
catalysts for the synthesis of isoalkenes from
ethylene [19]. It is believed that the centers of
ethylene activation on these catalysts are pre-
sented by Ni" cations formed under the influ-
ence of the reaction medium in the course of
oligomerization. The butene-1 resulting from the

dimerization of ethylene undergoes isomerisa-
tion on acidic sites, which further provides the
formation of a wide range of alkenes C5, with
just isometric structure. The disadvantages of
the known nickel-containing catalysts for eth-
ylene oligomerization include either difficulty
in obtaining, or high cost, and in most cases, a
low selectivity of of ethylene oligomerization
into liquid products.

We have attempted to develop a new effi-
cient catalyst for the oligomerization of ethyl-
ene into Cy isoalkenes based on NiO/B,05—Al,0;
system [20]. As a result, for this system, ob-
tained via impregnating the aluminoborate car-
rier (20 mass % of B,O;) with nickel nitrate
solution and subsequent calcination at 500 °C,
we revealed the extreme nature of the depen-
dence of the catalyst activity in ethylene oligo-
merization on the content of NiO, most of which
content ranges within 4.86—9.31 mass %.

According to the XRD phase analysis, the
samples containing up to 23.2 mass % of NiO,
exhibited no crystalline phase of nickel oxide.
The study performed using TEM (Fig. 5) revealed
the presence of NiO particles, localized in the
amorphous regions of B,0;—Al,O; carrier sur-
face, with the size of 2—3 nm. The results of a
simultaneously performed local chemical anal-
ysis demonstrated the presence of nickel also
in those areas where the particles of NiO are
invisible. This led us to the assumption that the
catalyst involves cationic states of nickel,

Fig. 5. Electron photomicrograph of NiO/B,0;—Al,0,4
catalyst with the mass fraction of NiO equal to 4.86 %.
The arrows indicate NiO particles.
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caused by its interaction with the carrier and
having a non-O? anionic environment (perhaps
in the form of borate structures). The presence
of cations Ni*' being in chemical interaction
with the carrier was directly confirmed by UV
and IR spectroscopy.

The presence of this particular form of nick-
el was observed, especially in samples that ex-
hibit the highest activity in the oligomerization
of ethylene (the mass fraction of NiO being
of 4.86—9.31 %). Consequently, these cations Ni*"
are the precursors of real ethylene activation
centres Ni*, where into they are converted un-
der the influence of the reaction medium at
the beginning of the oligomerization process.

By varying the conditions of ethylene oli-
gomerization within a wide range we established
that the gas-phase mode of the process pro-
ceeds via a chain mechanism that is almost com-
pletely controlled by the active centers of nickel
catalyst. At the same time, in order to describe
the overall conversion level of ethylene, the
first order kinetic equation is valid, whereas
the molecular mass distribution of oligomer-
ization products where butenes dominate is con-
sistent with the Schulz—Flory distribution with
parameter a, equal to 0.15.

Conducting the process in the liquid phase is
characterized by a high contribution of second-
ary oligomerization processes, to all appearance,
taking place with the participation of acidic car-
rier sites B,O;—Al,O; providing the predominant
formation of Cg; products The latter determines
the prospects of practical use of catalyst obtained
(4.86 mass % NiO), that provides an almost com-
plete conversion of ethylene is at the tempera-
ture of 200 °C, pressure of 4.0 MPa and the mass
flow rate of ethylene 1.1 h™' with the yield of
liquid oligomerization products up to 90.0 mass %,
with the total content of Cg; alkanes amounting
to 89.0 mass %.

SINGLE-STAGE PRODUCTION OF PROPYLENE FROM ETHYLENE

Propylene is mainly produced by the pyrol-
ysis of liquid hydrocarbons. In this process,
propylene is formed together with ethylene, the
latter being formed in much larger quantities.
On the other hand, the development of poly-
merization technology and the increased demand
for products made of polypropylene already

lead to the emergence of commodity shortage
in propylene, whose elimination requires for an
active development of alternative methods for
propylene pyrolysis, including from the gas raw
[21] These methods mainly include the processes
of the catalytic cracking of petroleum frac-
tions as well as, for example, butenes, pro-
pane dehydrogenation process and the metathe-
sis of ethylene and butene-2.

When using the metathesis for obtaining pro-
pylene, ethylene most often is used as feedstock.
Today’s technologies used for transforming eth-
ylene into propylene comprise three successive
stages those implement the reactions of ethyl-
ene dimerization into butene-1, butene-1 iso-
merisation into butene-2 and, finally, the met-
athesis using three different catalytic systems.

The thermodynamic calculations demon-
strate that at the temperature values up to
300 °C and at the atmospheric pressure an al-
most complete conversion is allowed for ethyl-
ene into the mixture of C;—C, alkenes. In this
case, the maximum possible yield of propy-
lene is at least 20 mass %, which is compara-
ble with the values attainable in practice in
the multi-step catalytic obtaining of propy-
lene basing on ethylene-based metathesis. It
should be added that just within this temper-
ature range an activity is exhibited by nickel
traditional catalysts for the dimerization of
ethylene, solid-acid catalysts for the isomeri-
sation of alkenes, rhenium oxide catalysts for
metathesis. In this regard, of particular in-
terest may be one-step synthesis of propylene
from ethylene, whose implementation requires
for a multifunctional catalyst containing simul-
taneously active sites for dimerization reac-
tions, isomerisation reactions and the metathe-
sis of alkenes.

As such a catalyst for single-stage produc-
tion of propylene from ethylene, we consid-
ered NiO—Re,0,/B,0;—Al,0, system. The basis
of the synthesis consist in the idea of “merg-
ing” the properties caused by applied Re,O; (as
an active component of the metathesis cata-
lysts) with the properties of deposited NiO (as
an active component of catalysts for ethylene
dimerization) with the use of single alumino-
borate acidic carrier.

The synthesis of NiO—Re,O,/B;03—Al,04
samples was carried out via impregnating the
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TABLE 3
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Effect of the chemical composition of NiO—Re,O,/B,0;—AlL,0; catalyst and of the temperature

on the parameters of obtaining propylene from ethylene

Mass fraction, % Process Ethylene Propylene yield, Selectivity of product
NiO Re, O, temperature, °C  conversion mass % formation, mass %

level, % C,H; C, Css
44 10.8 40.0 16.2 11.6 714 22.0 6.5
44 10.8 80.0 17.3 11.3 65.5 12.3 22.2
44 10.8 120.0 11.0 9.0 81.9 11.7 6.5
49 5.1 40.0 12,5 9.2 73.6 21.6 48
49 5.1 80.0 164 11.6 70.8 17.2 12.1
49 5.1 150.0 10.9 9.5 87.1 12.9 0.0
8.0 124 80.0 145 9.6 66.1 23.2 10.7

carrier (20 mass % of B,0O;) with Ni(NO,), and
HReO, solutions followed by drying and calci-
nation at 550 °C. The mass fraction of NiO and
Re,O, was varied within the range of 4.4-8.0
and 5.1-12.4 %, respectively. Table 3 demon-
strates the results of testing the samples syn-
thesized in the course of concentrated ethyl-
ene conversion, which was conducted in a flow-
through mode (40—200 °C, 0.1 MPa, the mass
flow rate of ethylene amounting to 1 h™!). One
can see that under the testing conditions used
the highest yield of propylene (11.6 mass %) at
40 °C is provided with the sample containing
5 mass % of NiO and 10 mass % of Re,O,,
whereas at 80 °C with the sample containing 5
mass % of NiO and 5 mass % of Re,O,. In
both cases, the selectivity with respect to pro-
pylene formation is higher than 70 %. In this
case, the major by-products are presented by
n-butenes formed with the selectivity level of
17—-22 mass %. In the practical realization of
the process, the n-butenes with ethylene could
be directed to re-contacting with the catalyst.

HYDROOXYGENATION OF VEGETABLE OIL

The reduction of hydrocarbon reserves in
conjunction with continuous deterioration in the
world ecological situation already a long time
ago determined trends towards the development
and introduction into practice of the processes
for producing motor fuels and valuable chemi-
cals from renewable sources, primarily from
plant biomass. At the same time, one of the
most promising processes is presented by biodie-

sel fuel obtaining from vegetable oils basing on
complete hydrodeoxygenation [22]. The hydro-
carbon mixture formed as the result is extract-
ed from a number of similar products with the
prevailing content of C;3—C,; alkanes and the
absence of aromatic hydrocarbons, sulphur
compounds, nitrogen and heavy metals.

As the catalysts for hydrodeoxygenation, till
recently industrial Co(Ni)—Mo—S hydrorefining
systems were actively considered. However, to
provide stable operation of these systems one
has to specifically introduce sulphur compounds
into the reaction medium, which reduces to a
considerable extent the advantages of biodie-
sel obtaining. In this context it becomes urgent
to develop non-sulphide hydrodeoxygenation
catalysts, primarily basing on applied Group
VIII metals and oxide, or carbon carriers of
different nature. Traditional systems of hydro-
genation such as Pt, Pd, Ni/Al,O4 are not ef-
ficient as catalysts for hydrodeoxygenation.

Comparative tests we carried out for Pt-con-
taining catalysts obtained basing on alumina and
aluminoborate carriers in the course of sun-
flower oil hydrodeoxygenation demonstrated the
advantages of using the system Pt/B,0;—Al,0s,
connected, to all appearance, with a more pro-
nounced bifunctional nature of its properties.

Fixing the platinum was carried out via im-
pregnation of carriers y-Al,O;, and B,O;—Al,O4
(20 mass % B,0;), with H,PtCl solution fol-
lowed by the stages of drying, calcination in
air and reduction in hydrogen at 500 °C. The
content of platinum in the catalysts was equal
to 0.5 mass %. Catalytic tests were carried out
using a flow-through installation in a hydrogen
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TABLE 4

Hydrocarbon composition of the diesel fraction produced
as the result of sunflower oil hydrodeoxygenation on
Pt/B,0;—Al,O; catalyst

Component Mass fraction, %
n-Cy, 0.03
n-Cs 0.07
n-Cyy 0.08
n-Cy5 413
n-Cyq 3.07
n-Cy; 51.52
n-Cyg 38.28
n-Cy 0.69
n-Cy, 0.30
Other 1.83
Total 100.00

atmosphere at the temperature of 350 °C and
the pressure of 4 MPa, with the mass flow rate
of raw material supply amounting to 1 h™. As a
raw material we used refined sunflower oil. The
duration of one testing procedure was equal to 5 h.

During the entire test duration a tested Pt/
B,0;—Al,04 sample provided the total hydrode-
oxygenation of sunflower oil with the yield of
liquid products amounting to 78.6 mass %, which
products consisted of alkanes, isoalkanes, naph-
thenes, and water. The part of the diesel frac-
tion (boiling range 200—350 °C) in the organic part
of the liquid product was as high as 98 mass %,
which diesel fraction consisted almost complete-
ly of C;5—C,zn-alkanes (Table 4). The high mass
fraction of n-octadecane (38.28 mass.%) indicates
that to a considerable extent, alongside with the
reactions of decarbonilation/decarboxylation, a
“restoration” of carboxylic acids occurs formed
during the decomposition of triglyceride mole-
cules to give normal alkanes, including the acid-
controlled dehydration of the molecules of sat-
urated alcohols.

As against, Pt/y-Al,O; catalyst already af-
ter 1 h of operation is characterized by the pres-
ence of oxygen-containing compounds (saturat-
ed carboxylic acids, C;,—C,s and C,; saturated
alcohols) among the liquid products of hydro-
deoxygenation, as well as the formation of wa-
ter in trace amounts only. To all appearance,
the conversion toward the «restoration» of car-
boxylic acids in this case is not complete, most

likely due to a lower level of acidic properties
of y-Al,0; compared to the system B,0;—AlL,O,.

CONCLUSION

Alumina modified with mineral acid addi-
tives including orthoboric acid traditionally
serves as a basis of catalysts for such basic oil
refining processes as reforming and hydrore-
fining. The possibilities of a simple synthesis
and a wide-range variation in acidic and struc-
tural properties, their availability determine the
active using of the anion-modified metal ox-
ides also in the future, despite notable success-
es connected with the development of the in-
dustrial applications of zeolite catalysts. It is
hoped that the results presented in this paper
could serve as a promise confirmation for oxide
systems application, in particular borate-con-
taining ones, not only for traditional hydrocar-
bon processing, but also for the new technolo-
gies of petrochemical synthesis, gas chemistry
and for the production of motor fuels.

Acknowledgement

The authors thank G. G. Savelieva, N. V.
Antonicheva, E. N. Kudrya, M. V. Trenikhina, V. L
Zaikovskii for assistance in performing the
experimental part of the work.

REFERENCES

1 Lavrenov A. V., Basova I F., Kazakov M. O, Finevich V. P,
Belskaya O. B., Buluchevskiy V. K., Duplyakin V. K,
Ros. Khim. Zh., LI, 4 (2007) 75.

2 Tsai M. C., Chen Y. M., Catal. Lett., 6 (1990) 225.

3 Lamberov A. A., Sitnikova E. Yu., Gilmanov R. R,
Sidorov N. A., Kataliz v Prom-sti, 3 (2010) 55.

4 Sibeijn M., Veen J. A. R. van, Bliek A., Moulijn J. A,
J. Catal., 145 (1994) 416.

5 Fionov A. V., Kharlanov A. N, Lunina E. V., Zh. Fiz.
Khim., 70, 6 (1996) 1027.

6 Samoilova R. I, Dikanov S. A., Fionov A. V., Tyryshkin
A. M., Lunina E. V., Bowman M. K., J. Phys. Chem,,
100 (1996) 17621.

7 Kozorezov Yu. L, Alkilirovaniye na Geterogenizirovan-
nykh Kislotakh, Krasnodar, 1996.

8 Lin C., Chen Y.-W., Catal. Lett., 19 (1993) 99.

9 Farias A. M. D. de, Esteves A. M. L, Ziarelli F., Caldarelli S,
Fraga M. A, Appel L. G, Appl. Surf. Sci., 227 (2004) 132.

10 Sato S., Kuroki M., Sodesawa T., Nozaki F., Maciel G. E,,
J. Mol. Catal., A: Chem., 104 (1995) 171.

11 Bautista F. M., Campelo J. M., Garcia A., Luna D,
Marinas J. M., Moreno M. C., Romero A. A., Appl. Catal.,
A: Gen., 170 (1998) 159.



SYNTHESIS, STRUCTURE AND PROPERTIES OF BORATE-CONTAINING OXIDE CATALYSTS 89

12 Kirzensztejn P., Przekop R., Tolicska A., Mac¢kowska E.
Chem. Papers, 63, 2 (2009) 226.

13 Lavrenov A. V. Duplyakin V. K., Kinetika ¢ Kataliz,
50, 2 (2009) 249.

14 Torres-Mancera P., Ramirez J., Cuevas R., Gutierrez-
Alejandre A., Murrieta F., Luna R., Catal. Today, 107—
108 (2005) 551.

15 Ferdous D, Dalai A. K., Adjaye J., Ind. Eng. Chem. Res.,
45 (2006) 544.

16 Giraldo S. A., Centeno A., Catal. Today, 133—135 (2008)
255.

17 Kotov S. V., Moiseev I. K., Shabanova A. V., Neftekhim.,
43, 5 (2003) 323.

18 Suzuki S., Sasaki T., Kojima T., Yamamura M.,
Yoshinari T., Energy Fuels, 10 (1996) 531.

19 Sohn J. R, Kwon S. H., Shin D. C., Appl. Catal. A: Gen.,
317 (2007) 216.

20 Lavrenov A. V., Buluchevskiy V. K., Moiseenko M. A.,
Drozdov V. A., Arbuzov A. B., Gulyaeva T. I, Likholobov
V. A, Duplyakin V. K., Kinetika i Kataliz, 51, 3 (2010)
423.

21 Makaryan I. A., Savchenko V. I, Altern. Energet. Ekol.,
10 (2009) 99.

22 Holmgren J., Gosling C., Marinangell G., Marker T.,
Faraci G., Perego C., Neftegaz. Tekhnol., 1 (2008) 78.



