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Abstract

The main directions of the utilization of depleted uranium compounds, modern trends in the use of uranium

oxides and complex compounds based on them in catalytic processes, and methods for producing uranium oxides
are considered in the review. It is shown that oxygenated uranium compounds are promising in all areas of ca-
talysis, including environmental protection processes, organic synthesis, photocatalysis, electrocatalysis, processes
for the production of hydrogen and valuable chemical compounds. The achievements of the Boreskov Institute of
Catalysis SB RAS in the development of methods for the production of uranium oxides with different U/O ratios
and uranium-containing catalysts for environmental protection and hydrogen production within the framework
of the international program “Development of technology for the production of new effective catalysts based on
raw materials from depleted uranium oxides” are described in detail. The review includes foreign and domestic
publications from 1955 to 2021.

Keywords: depleted uranium compounds, uranium oxides, physicochemical properties of uranium oxides, uranium-

containing catalysts

INTRODUCTION

Natural uranium consists mainly of urani-
um-238 (~99.3 %) and uranium-235 (~0.7 %) iso-
topes [1]. Today an overwhelming majority of re-
actors of nuclear power plants in the world use
uranium fuel enriched in uranium-235 to a few
percent. As a result of uranium enrichment a rich
in uranium-235 uranium product is formed (used
for the production of nuclear fuel) and depleted
uranium in the form of hexafluoride (DUHF).
Russia today has the most advanced uranium
processing technologies that reduce the content
of U-235 in the DUHF to 0.1 % and less (while
foreign technologies attain a value of 0.2—0.3 %) [2].
The main issue nowadays discussed is can DUHF
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be considered a raw material or mainly radioac-
tive waste? Basically, DUHF is considered a use-
ful resource. In non-nuclear industries, fluorine-
containing compounds are used in the production
of ozone-safe freons and for etching printed cir-
cuit boards and chips. Depleted uranium is a
promising material for doping semiconductors
and magnetic materials, which can be used as
catalysts in the oil industry, it can be used in
areas where materials with high density are re-
quired, as ballast, as well as an “accumulator” of
hydrogen for its storage. The depleted uranium is
also used as an alloying when creating high-
strength steels, the manufacture of containers for
the transport of radioactive materials, and for
construction materials of the shell of reactors on
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fast neutrons. In this regard, the processing of
DUHF represents scientific and commercial in-
terest [2—6].

The results of the analysis of patent and scien-
tific literature [7—31] give evidence on the intensi-
fication of work in the disposal of uranium hex-
afluoride (UF;) and other compounds to obtain
substances effective for practical applications. The
patent subject-matters are mainly methods of ob-
taining stable uranium oxides from UF;, waste or
natural sources containing depleted uranium.

Among possible applications of uranium ox-
ides or uranium complex compounds is their use
in catalytic processes, which can be very diverse.
The uniqueness of uranium oxide systems is due
to the presence of a number of polymorphic mod-
ifications, several oxidation degrees and the ex-
istence of many compounds of variable composi-
tion and metastable phases [32, 33]. This served
as an incentive to study uranium oxides as poten-
tial catalysts for various processes and initiated
active patenting in the 80s and in the 90s of the
previous century [34—51]. Uranium belongs to the
actinide family the study of which in the last dec-
ade revealed a significant role of 5f-orbitals in
the reactivity, superior to the lanthanide group
and d-transition metals [52—55]. Chemical trans-
formations with uranium participation, such as
the six-electron reduction of N, to two reactive
ammonia molecules or four-electron oxidation of
water to oxygen under mild conditions, deter-
mine the prospects to create highly efficient het-
erogeneous catalysts based on depleted uranium.
Due to the relatively large ion radius and the ki-
netic lability of coordination and oxidative states
uranium contributes to the activation of small
molecules, such as CO, CO,, N,, O,, H,0, CH,, HCI1
and NH, [53]. One of the most important indus-
trial processes using uranium compounds as a
catalyst is the Haber—Bosch process. Haber [56]
notes that uranium and uranium nitrides serve as
effective catalysts for obtaining ammonia from
N,. Many publications are devoted to the study of
the bimetal uranium complexes capable of bind-
ing nitrogen [57—62]. The participation of 5f-ura-
nium orbitals in the formation of intermetallic
bonds between transition metals and uranium
was studied. Uranium’s ability to activate small
molecules predetermined the use of uranium
complexes in the reactions of hydroamination,
hydroxylation and polymerization of alkenes and
alkynes [55, 63—66], ammoxidation of alkanes and
alkenes [67—72], oxidation of hydrogen chloride to
chlorine (Deacon process) [73—76 ]. Catalytic reac-

tions with transformations of oxidized compounds
on uranium catalysts may be impaired due to the
strength of the U—-O bond. However, the Eisen
group conducted studies that showed the effec-
tiveness of the compounds of U (IV) in the di-
merization reactions of aldehydes (Tishchenko
reaction) [77] and processes that became key ap-
proaches in the use of uranium catalysts for hy-
droalkoxylation reactions [78], the addition of alco-
hols to heterocumulene [79], polymerization with
the opening of the epoxide [80] and ether [81] cy-
cles and the dehydration of amides [82].

One of the interesting directions of the use of
uranium-containing catalysts is the photocata-
lytic oxidation of organic impurities in the visible
region of light. In [83, 84], porous supports (TiO,,
AlO,, SiO,) modified by uranyl nitrate showed
high activity in the oxidation reaction of acetone.
Using the XPS method, the authors revealed that
the reduction of US" to U is slow on the surface
of AL,O, and SiO,, but on TiO, the transformation
of U®* to U*" is rapid; and this is the reason of the
higher activity of U-TiO, catalysts. The doping
of anatase with uranium [85] determines the syn-
ergistic effect of the oxidative state of uranium
and the width of the band gap of the support in
the photocatalytic reaction of the oxidation of
rhodamine B under visible light. The less the
width of the band gap and the less is the amount
of U, the more active is the catalyst. Photocata-
lytic properties of uranium organometallic com-
plexes in rhodamine degradation reactions [86, 87],
organic dyes [88, 89], and antibiotic tetracy-
cline [90, 91] are described. The authors of [92]
synthesized a binuclear uranium complex with
salen for CO, reduction to methanol. The assem-
bly of two U-centres into one coordination group
made it possible to form U-centres with distort-
ed pentagonal bipyramid geometry. This design
of the compounds provided a high rate of forma-
tion of MeOH (1.29 mmol/(g - h)) with a product
yield of 18 %.

Uranium catalysts are successfully used to ob-
tain light hydrocarbons and synthesis gas, as well
as in organic synthesis. Thus, in [93], the possibil-
ity of using bimetallic Ca—U and Ca—Th catalysts
for oxidative dimerization of methane with N,O as
an oxidizing agent was shown. The main reaction
products were C,-hydrocarbons (C,H, and C,H).
In the case of bimetallic systems Ni—-U—-O, Ni—
Th—0O and Cu—Th—0 [94], the behaviour of ura-
nium and thorium catalysts in methane oxidation
was different. The selectivity of uranium catalysts
to C,-hydrocarbons was higher than that of tho-
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rium systems, which, in turn, turned out to be
more effective in relation to CO and H, formation
(selectivity of approximately 90 %). Uranium ox-
ides U,O, synthesized from four different com-
plexes [95] were investigated in the reactions of
oxidation of benzyl alcohol to benzaldehyde. The
activity of catalysts depended on the morphology
of uranium oxides and was higher on more dis-
persed samples. In the reduction of 4-nitrophenol
to 4-aminophenol which is widely used as an in-
termediate product in pharmaceutics, agrochem-
istry, as dyes and pigments, the hybrid catalyst
U—-Pd/graphene [96] was shown to be very effi-
cient. The introduction of uranium made it possi-
ble to significantly increase the activity of the Pd/
graphene system due to the charge transfer be-
tween Pd and U and the higher Pd dispersion
since uranium prevented palladium aggregation.
The complex compounds of uranium are used for
the synthesis of aniline [97], in the Diels—Alder
reaction to obtain a substituted derivative of cy-
clohexene [98]. Catalysts in the form of uranyl
complexes are known for the halogen-exchange
reaction of alkyl halides with elementary iodine
and bromine, providing a high yield of corre-
sponding alkyl bromides and iodides [99], as well
as for alkane fluorination reactions [100].

Such an important area of applying depleted
uranium compound as electrocatalysis should be
also mentioned. The reduction of oxygen and hy-
drogen peroxide are technologically important
reactions in the field of energy production. Gra-
phene hybrids with uranium and thorium com-
pounds showed excellent electrocatalytic proper-
ties with respect to the reduction of oxygen and
hydrogen peroxide [101, 102], which can indicate
the enormous potential of these materials for use
in the conversion of energy and in sensor devices.
In uranium systems, a pair of UO,~U,O, ox-
ides [101] as an active component, as well as indi-
vidual oxide U,O, [102] on graphene oxide dem-
onstrated high activity in the reaction of hydro-
gen peroxide reduction and significantly greater
stability than the commercial catalyst Pt/C. The
results of another work [103] are rather debata-
ble. In this work the electrochemistry of the
redox pair [UY'0,(CO,),]* /[UYO,(CO,),"" is ex-
amined in detail on the electrochemically reduced
graphene oxide (ERGNO) glass carbon electrode
(GC) in a saturated solution of Na,CO, (pH ~ 12.3).
It was found that ERGNO can catalyze the redox
reaction [UY'0,(CO,),]* /[UYO,(CO,),I’". However,
no increase in the current in the ERGNO elec-
trode compared with the unmodified GC elec-

trode was observed for the same reaction, so this
study was intended to substantiate the need to
systematically study the electrochemistry of acti-
nide elements on graphene materials to acceler-
ate their use in the nuclear technology.

There are data on the study of uranium oxides
or complex compounds of uranium in other areas.
Uranium oxide UO, nanoparticles were synthe-
sized by a special method via the preparation of
uranyl organic gel in ethylene glycol followed by
microwave-assisted decomposition. These nano-
particles exhibit semiconductor properties, have
high sensitivity to various gases (NO,, NH,, CO)
and ethanol [104], and can be used for gas sensors.
Metallocene systems of uranium at room temper-
ature are active in dehydrogenation of dimethyl-
aminoboranes used as hydrogen storage systems.
The authors made a bold conclusion that the ac-
tivity of uranium complexes exceeds all dehydro-
genation catalysts known in the literature [105].

Uranium compounds are used in catalytic pro-
cesses and as catalyst supports. Thus, in [106, 107],
the possibility of using U,0, with a specific sur-
face of 10—15 m?/g as a support for Ni- and Ru-
catalysts for the process of steam conversion of
methane and a new ICAR process, for direct
transformation of nuclear to chemical energy is
shown. The method is based on a combination of
both nuclear and catalytic reactors in one techno-
logical space by loading the catalyst directly into
the active (energy-generating) zone of the nu-
clear reactor. The idea of this approach is based
on the use of the energy dissipation of the ioniz-
ing particle into heat directly inside the catalyst
granules, which ensures a very effective proceed-
ing of the necessary energy-accumulating “ther-
mochemical” reaction. Catalysts based on uranium
oxide combining nuclear fuel and catalyst func-
tions for chemical energy accumulation used in
the ICAR method can provide significant intensi-
fication of the energy-accumulating chemical re-
action and increase the specific energy load of the
energy conversion to 100—150 kW/dm?. In [108],
uranium oxides UO, and U,0,, synthesized from
uranyl nitrate, performed the role of a support
for Au-catalysts of the process of steam conver-
sion of CO to produce hydrogen. Conversion of
CO on the Au/UO, catalyst was higher than on
Au/U,0, due to the UO, reducibility and a high
concentration of gold atoms on the surface. The
structure and catalytic properties of nanosized
gold particles deposited on U,0, by homogeneous
deposition method were investigated in [109]. In
the epoxidation of styrene by anhydrous tert-bu-
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tylhydroperoxide, this catalyst was less active as
compared to catalysts containing gold and oxides
of other transition metals. Nevertheless, further
studies of these systems have shown that the
Au/U,0, catalyst is quite effective in oxidizing
benzyl alcohol [110].

It is difficult to list all the areas of catalysis
that use depleted uranium compounds. There is a
huge array of patent and scientific literature on
the use of uranium in the reactions of organic
synthesis, synthesis gas production, in the Fi-
scher—Tropsch process, partial oxidation, hydroc-
racking, hydrotreating, oxidation of CO, hydro-
carbons and selective reduction of nitrogen ox-
ides. These chemical processes were analyzed and
systematized in our previous reviews [111, 112].

The literature describes various ways to obtain
uranium oxides, including a sol-gel method [104,
113, 114], precipitation methods, thermal decom-
position, hydrothermal synthesis, electrolytic dep-
osition. Preparation of uranium oxides by the sol-
gel method in [104] was carried out stage by stage.
At first, a uranyl nitrate solution was prepared by
dissolution of uranium oxide powder in nitric acid.
The uranium-containing gel was formed in ethyl-
ene glycol without the use of any organic gelation
agent and easily turned into uranium dioxide na-
noparticles of a uniform size (~4 nm) with the help
of microwave treatment. In [113], uranyl nitrate
was first obtained by dissolving uranium oxide
powder in concentrated nitric acid. The obtained
gel particles were washed with carbon tetrachlo-
ride, then with a 5 % NH,OH solution, and dried in
the air for 8 hours at 100 °C. Sols in the form of
uranyl nitrate ascorbate [114] were obtained by
adding ascorbic acid to a solution of uranyl nitrate
hexahydrate, and alkalinisation with aqueous am-
monium hydroxide, and then emulsification in
2-ethylhexane-1 containing 1 vol. % SPAN-80.
Emulsion drops were gelled by water extraction
with a solvent. The final stage was the calcination
of the gel microspheres in the air to uranium oc-
toxide (U,Og). The authors of [106] describe the
method of synthesis of porous oxides of uranium
U,0, and UO, with a specific surface area of
10—15 m?/g. Catalysts were obtained by the pre-
cipitation of ammonium polyuranate, followed by
calcining in the air at 800 and 1000 °C to obtain
U,0, and in hydrogen medium at 600, 800 °C to
obtain UO,. The hydrothermal method using or-
ganic amines as reducing agents is described
in [115]. The authors note the dependence of the
morphology of UO, and U,O, samples in the form
of rods on the type of reagent, reducing agent and
the concentration of solutions.

A new type of uranium-containing porous mi-
crospheres with a hierarchical nano/microstruc-
ture was successfully synthesized by a hydrother-
mal method without the use of template agents
from uranyl nitrate hexahydrate, urea and glyc-
erol [116]. The study of the formation mechanism
of microspheres has shown that an intermediate
compound 3UO, - NH, - 5H,0 is first formed, and
then the hydrothermal product, which is trans-
formed into uranium oxides (UO, , ., U,O, and
UQO,). The hydrothermal synthesis without the
use of a template was carried out by the authors
of [117]. Spherical UO, nanoparticles with an av-
erage diameter from 30 to 250 nm and nanocubes
U,0, with a width of 400 nm and a length of 1 um
were obtained. For selective preparation of pure
phase U,0, and UO, nanoparticles, the experi-
mental conditions were optimized, such as the pH
and the temperature of the solution, as well as
the concentration of the reducing agent — hydra-
zine. U,O, nanoparticles were prepared by the
template synthesis using Pluronic-123, n-butanol
and 2-propanol as a surfactant and the co-sur-
factant, which were formed by nucleation, growth
and subsequent aggregation of the solid phase in
the solution [118]. Nanoparticles were covered in
situ by an aqueous solution of tetraethylorthosi-
lane. Studies have shown that U,O, particles in
the size range from 4 to 10 nm are distributed
solely inside the silica matrix. The thermal de-
composition method is used to obtain uranium
oxides with specified properties. For this, com-
plex compounds of uranium with various ligands
affecting the morphology and the size of oxide
particles were synthesized [95, 119]. Such methods
for the preparation of uranium oxides are also
known as the radiolytic reduction of uranyl am-
monium tricarbonate [120], the method of electro-
spinning to obtain nanofibers of uranium oxides
U,0, and UO, with an unusually thin diameter
from uranyl acetylacetonate in organic solvents
and polymer carrier polyvinylpyrrolidone [121].

A series of works on the use of depleted ura-
nium oxides for the preparation of catalysts for
environmental protection and hydrogen produc-
tion was carried out in the Laboratory of Envi-
ronmental Catalysis of the Boreskov Institute of
Catalysis SB RAS (BIC SB RAS). Studies were
carried out to obtain bulk uranium oxides by var-
ious methods, individual oxides of uranium and
their mixtures with transition metals supported
on alumina were synthesized. The physicochemi-
cal and catalytic properties of the materials ob-
tained depending on the synthesis conditions
were studied.
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The purpose of this review is a generalization
of the obtained extensive data array.

BULK URANIUM OXIDES. PREPARATION AND PROPERTIES

Currently, most technological schemes for the
synthesis of uranium oxides are based on the pre-
cipitation of ammonium polyuranates and their
subsequent calcination to obtain U,O,. Samples of
ammonium diuranate (ADU) are obtained by add-
ing an aqueous solution of ammonia to a solution of
uranyl nitrate to attain pH 11, and then a dense
yellow precipitate is filtered, washed and dried to
a constant mass. For ADU precipitation by ammo-
nium hydroxide from the solutions of uranyl ni-
trate, the approximate formula of the product is
usually considered as (NH,),U,O,, but actually, the
product has a nonstoichiometric composition. X-ray
phase analysis shows that this sample corresponds
to formula (NH,), - O - 4UQO, - TH, O [122]. The ther-
mal balance shows that this compound decomposes
in several stages. A number of thermal effects are
observed on the thermogram of ammonium di-
uranate: two endothermic (at 206 and 656 °C) and
several exothermic. The effect at 206 °C corre-
sponds to the removal of water, the exothermic
one to the decomposition of diuranate (removal of
ammonia and water, as well as the crystallization
of the formed uranium trioxide). Further heating
leads to the final transition of UO, in U,0, (638 °C).

To obtain uranium oxides, uranyl nitrate hex-
ahydrate (UO,(NO,), - 6H,0) is the main precursor
of uranium oxide catalysts. The decomposition of
this compound into uranium trioxide proceeds in
several stages. It is believed that the process oc-
curs mainly via the following reactions:
UO,(NO,), - 6H,0 <> UO,(NO,), - 3H,0 + 3H,0
UO,(NO,), - 3H,0 <> UO,(NO,), - 2H,0 + H,0
UO,(NO,), - 2H,0 <> UO,(NO,), + 2H,0
2UO0,(NO,), «» 2UO, + 2N,O, + O,

For each stage, the constants of the equilibri-
um pressures and the heat of the transition are
determined [123]. Uranyl nitrate forms three well-
known hydrates containing six, three and two
water molecules. Traditionally uranyl nitrate hex-
ahydrate is used for the preparation of catalysts.

We synthesized the powders of bulk uranium
oxides using various methods. The methods of
preparation of bulk uranium oxides UO,, U,O,
and U,O, were developed by the salt electroly-
sis [124], which allows one to purposefully syn-
thesize samples of uranium oxides with predeter-
mined oxygen coefficients (O/U). To obtain ura-

nium oxides with the required oxygen content,
optimal electrolysis conditions were selected (the
composition of the electrolyte, temperature and
precipitation potential). To obtain UO,, electroly-
sis was performed at a temperature of 900 °C
(electrolyte, mol. %: 48.33 K,WO, — 36.24 K,WO, —
1543 UO,WQO,) in the potentiostatic mode with
the precipitation potential —=1.0 V in the air. U,0,
was obtained at a temperature of 800 °C (electro-
lyte: eutectic mixture (Li,Na,K),SO, — 30 mol. %
UO,SO,; composition of the eutectic mixture,
mol. %: 78.0 Li,SO, — 8.5 Na,SO, — 13,5 K,SO,) in
the potentiostatic mode, the precipitation poten-
tial =1.0 V in the air, and U,0, at a temperature
of 900 °C (electrolyte, mol. %: 48.33 Na,MoO, —
36.24 Na,Mo,O, — 1543 UO,Mo00,) in the poten-
tiostatic mode with the precipitation potential
—0.8 V in the air. The samples were characterized
by XPS, TPR, TPO and EPR methods. It has been
established that in the UO, and U,O, precipitates
the oxygen content exceeds the stoichiometric
value due to surface forms of uranium oxides
with a higher O/U ratio. Uranium oxides ob-
tained by the method are plate crystals of the
rectangular shape (Fig. 1).

Samples of uranium oxides were tested in the
reaction of deep oxidation of C,H,, (1 vol. % C,H,
in the air, 1000 h™!). The UO, sample is inactive
in the reaction. Oxides U,O, and U,O, showed the
same activity. The temperature of 50 % butane
conversion over these samples was 480 °C.

In another work, uranium oxides were ob-
tained by the precipitation method from an aque-
ous solution of UO, (NO,),6H,0 with 25 % of
ammonia and by the thermal decomposition of
the above salt [125]. Depending on the prepara-
tion conditions at different calcination tempera-
tures, samples were obtained with various phase
compositions (Table 1).

XRD studies have shown that after drying of
the salt precipitated with ammonia, a highly dis-
persed complex compound NH,U,O,-3H,0 was
obtained. This compound decomposes at 300 °C to
highly dispersed products, unidentified by the
X-ray database of JCPDS. With further heating,
the crystallization of products occurs, and after
heat treatment at 500 °C, the phase B-UO, ap-
pears. The heat treatment at 600 °C and above
leads to the formation of a-U,0O, The materials
obtained are monophasic. The phase composition
of the samples obtained by thermal decomposi-
tion varies from y-UO, formed at 300 °C up to

a-U,O,, produced at 600 °C and higher calcina-
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Fig. 1. SEM micrographs of uranium oxides U,O, (a) and U,O, (b) prepared by electrolysis of molten salts.

tion temperatures. In contrast to the deposition
method, the thermal decomposition of uranyl ni-
trate leads to the formation of samples with non-
uniform phase composition consisting of a mix-
ture of various polymorphic modifications of ura-
nium oxides.

Spectroscopic studies [125] complement the
XRD data and provide the identification of phas-
es of uranium oxides on the basis of the IR spec-
tra. In the spectrum of uranyl nitrate (Fig. 2, a)
bands at 740, 908 and 1384 cm™! corresponding to
the vibrations of the chains —U—-O- [126], the
stretching vibrations of the U=0O bond in uranyl
groups [127] and vibrations of nitrate groups [128]
were observed. After the thermal decomposition
of the salt at 300 and 500 °C, the sample spectra
are characterized by a set of absorption bands at
469, 553, 872, 932 and 1384 cm™!. The first two
weak bands can be assigned to the vibrations of
the U,0, phase present in the sample in trace
amounts. Bands at 872 and 932 ecm™! correspond
to the vibrations of the UO, phase and the band

TABLE 1

at 1384 ecm™! to those of nitrates. The spectrum of
the sample at 600 °C consists of bands character-
istic of U,0, phase (446, 489, 532 and 726 cm™).
However, there are high-frequency bands 773
and 862 cm™! in the spectrum, which may be re-
lated to the vibrations of the UO, phase. After
thermal decomposition at 1000 °C, the only bands
present in the spectrum are those characteristic
of the phase U,O, The data of IR spectroscopy
confirm the XRD results on the heterogeneity of
the phase composition of the samples obtained by
the thermal decomposition of uranyl nitrate. IR
spectra of the precipitated samples (see Fig. 2, b)
contain bands assigned to one specific phase of
uranium oxides: at 500 °C bands at 915, 969 and
820 cm™' of the phase UO,; at 600—1000 °C, a
band at 740 em™!, which corresponds to the vi-
brations of the —U—O- chain, and a set of three
bands in the region 540, 500, 460 cm™! corre-
sponding to U,0,.

The reduction of uranium oxides with hydro-
gen proceeds in two stages to form the same in-

Dependence of the properties of uranium oxide on the methods of preparation and thermal treatment

T .°C Precipitation

Thermal decomposition

Sper m?/g Phase composition Sper M?/g Phase composition
300 8.7 High-dispersed (<60 A) unidentified phase, 3 y-UO, or y'-UO,
probably a mixture of products of thermal probably, traces of a-UO,,,
decomposition of NH,U,O, - 3H,0
500 12.5 B-UO, 7 y-UO, or y'-UO,
probably, traces of B-UO,
600 11 a-U,0, 1.7 a-U,0,
y-UO, or y' — UO,
800 34 a-U,0, 1.1 a-U,0,
1000 12 a-U,0, 0.18 a-U,0,

probably, traces of y-U,O,
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Fig. 2. IR spectra of bulk uranium oxides prepared by thermal decomposition (a) and
precipitation (b) of uranyl nitrate (salt) at different temperatures.

termediate compound. Based on the study of
samples by the TPR H, and calculations of the
amount of absorbed hydrogen, the conclusion
was made that uranium trioxide UO, and octaox-
ide U,O, are reduced to uranium dioxide through
an intermediate compound U,O,. The increase in
the calcination temperature of the oxide U,O,
does not lead to a change in the phase composi-
tion, as shown by the XPS method, however, the
TPR curves are shifted to the region of higher
temperatures, which is associated with an in-

crease in the size of uranium oxide particles as a
result of sintering.

Samples prepared by various methods differ
in particle sizes and morphology (Fig. 3) [129]. The
sample obtained by the precipitation and calcined
at a temperature of 500—600 °C (see Fig. 3, a)
consists of fine crystallites in the form of plates
with a thickness of 0.1-0.2 um and a length up to
1 pm. With an increase in the calcination tem-
perature during the sintering process, the parti-
cle size increases, and at 1000 °C, larger crystals
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Fig. 3. Micrographs of the samples of bulk uranium oxides prepared by precipitation and calcined at 600 (a), 800 (b) and
1000 °C (c), or by the thermal decomposition of uranyl nitrate and calcined at 600 (d), 800 (e) and 1000 °C (f).

are formed with a size of 1 to 5 um (see Fig. 3, c).
The porous structure also changes, the pore size
between the particles increases from 100 nm at
500 °C to tens of micrometres at 1000 °C. In ther-
mal decomposition, larger crystals of oxides are
formed compared to the precipitation method. On
a micrograph of a sample of uranium oxide ob-
tained by thermal decomposition of salt, already
at 600 °C, large aggregates of up to 2 um are
observed, consisting of a set of plates oriented in
various directions (see Fig. 3, d). With an increase
in calcination temperature to 800 °C, the melting
of the plates in the aggregates is observed, with
the ingrowth of the aggregates and the formation
of secondary pores 1 um in size. Further increase
in temperature to 1000 °C leads to sintering and
the growth of uranium oxide crystals up to
5—7 um (see Fig. 3, f). Pore sintering is accompa-
nied by a decrease in the textural parameters of
uranium oxides in both series, but the specific
surface area of the samples obtained by the dep-
osition method is higher compared to the method
of thermal decomposition.

The studies of the properties of bulk uranium
oxides make it possible to apply the results ob-
tained to regulate the phase composition, the spe-
cific surface area and the morphology of samples
by the synthesis conditions.

Uranium oxides obtained by the precipitation
method and thermal decomposition were investi-
gated in the reaction of deep oxidation of bu-

tane [125, 130]. Comparison of the temperatures
of 50 % conversion of butane on two series of
samples shows that uranium oxides obtained by
the precipitation method are more active than
uranium oxides obtained by the thermal decom-
position of uranyl nitrate (Fig. 4). The degree of
conversion of butane over the catalysts of both
series decreases with an increase in the calcina-
tion temperature of the samples. These data, as
well as the reaction of TPR with hydrogen, dem-
onstrate the direct dependence of activity on the
specific surface area of the oxides.

T50%C4H10’ °C

600

400

200

800

[ UQO,, (precipitation)
O UO,, (thermal decomposition)

1000 .
Tcalm C

Fig. 4. Diagram of temperatures of 50 % butane conversion on
UO,-catalysts prepared by methods of precipitation and ther-
mal decomposition and calcined at 600, 800, and 1000 °C.
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SUPPORTED SINGLE-COMPONENT URANIUM OXIDE SYSTEMS.
PREPARATION AND PROPERTIES

Uranium oxides deposited on various supports
are characterized, as a rule, by more developed
textural parameters compared to bulk oxides and
are of great interest to catalysis. The uniqueness
of such materials is the mutual influence of ura-
nium oxides and support which is manifested in
changing the properties of each component of the
supported system. Thus, in the works of Ledoux
with co-authors, it was shown that uranium com-
pounds at proper impregnation can significantly
improve the dispersion of aluminium oxide [131]
and more than twice increase the SiC specific
surface area [132]. Kumar and others used in
their works a hydrothermal method of synthesis
to prepare 1—6 mass % U on MCM-48 [113]. The
introduction of the uranyl groups from solutions
of acetic acid into the MCM-48 structure led to an
increase in the lattice parameter, the degree of
structuring and the pore size of the support.

TABLE 2

Catalyst properties are often dependent on
synthesis conditions. In [133, 134], we investigat-
ed 5 mass % U/AlLO, catalysts prepared in three
ways: 1) the incipient wetness impregnation of
spherical y-Al,O,; 2) the method of solid-phase
synthesis of the powders of y-Al,O, (the same
alumina as in method 1) and UO,, obtained by the
deposition method from aqueous solutions of ura-
nyl nitrate [125, 130], followed by calcining solid-
phase samples at 500—1000 °C for 4 h; 3) the
method of mixing powders of support and ura-
nium oxides preliminarily calcined at the same
temperatures.

The work shows that the properties of the
catalysts depend on the preparation method and
are due to varying degrees of the interaction of
the active component and the support. In the im-
pregnated catalyst, the mutual influence of ura-
nium and aluminium oxide compounds is signifi-
cant and expressed in the absence of phases of
uranium oxides as shown by the diffraction pat-
terns of samples calcined up to 1000 °C (Table 2),

Physicochemical properties of catalysts 5 % U-AlO, prepared by impregnation,

solid phase synthesis and mechanical mixing

Catalyst T e °C N m?/g Phase composition Colour
Impregnated 500 160 y-ALO, with lattice parameter a = 7.920 A Yellow-orange
600 167 y-ALO, with lattice parameter a = 7.920 A Yellow-orange
900 78 3-Al,0, and y-Al,0, Yellow-brown
1000 40 0-ALO,; Gray-beige
most probably, a-U,O,, however the presence
of a-UO,, or a-UO,,, is possible
1000, 18 h 32 0-Al,0,, trace amounts of a-ALO,, Gray-green

a-U,0, with particle size exceeding 400 A

1100 33 0-Al,0,; trace amounts of a-AlLO,;
a-U,0, with particle size exceeding 400 A,
the presence of a-UO, , or a-UO,, is possible
Solid-phase 500 156 y-ALO,;
B-UO, with particle size exceeding 400 A
600 140 v-ALO,;
trace amounts of B-UO, with particle >400 A,
a-U,0, with particle >400 A
900 95 5+y-ALO,;
a-U,0, with particle >400 A
1000 70 5+y-AlLO,;
a-U,0, with particle >400 A
Mixed 500 156 v-ALO,;
B-UO, with particle >400 A
600 163 y-ALO,;
a-U,0, with particle >500 A
900 104 5+y-ALO,;
a-U,0, with particle >500 A
1000 75 3+y-ALO,;

a-U,0, with particle >500 A

Gray-green

Yellow

Green

Gray

Light gray

Yellow

Green

Dark gray

Light gray
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TABLE 3

Dependence of the phase composition of 5 % U/Al,O, catalysts on the nature of uranium oxide precursor

at different calcination temperatures

T e °C Phase Composition
Precursors
Uranyl nitrate Uranyl oxalate Uranyl acetate
100 y-AlLO, y-Al0,; (C,0,),U - 3H,0 y-AlLO,
300 y-AlLO, y-ALO,; high-dispersed phase expressed y-AlLO,
as a halo in the 20 region 29—-33°
500 y-ALO, y-ALOg; a-UO, y-ALO,
600 y-AlLO, y-AlLO,; a-U,0, y-AlLO,
800 y-ALO, y-ALO,; 6-AlL0, (traces); a-U,0, 3-Al0, (traces); g-Al,O,
900 3-ALOg; y-AlO,; 6-Al0;; a-U,0, 8-AlLO,; v-ALO,
y-ALO,
1000 0-Al,0,; a-U,0,, 6-Al,0,; a-Al0O, (traces); a-U,0, 0-ALO,; a-Al,O, (traces);

a-UO,, or a-UO,,,

a-U,0,

while in a series of catalysts prepared by meth-
ods 2 and 3, uranium oxides are registered at all
calcination temperatures of samples from 500 to
1000 °C. In the impregnated series of samples cal-
cined at 1000 °C, the interaction phase is de-
stroyed with the formation of highly dispersed
uranium oxides. With increasing the temperature
and duration of calcination, the size of particles of
uranium oxides and the degree of crystallinity
increases.

The content of the U,0O, phase calculated from
the calibration plots of mechanical mixtures by
the XRD method in samples of different catalysts
calcined at 1000 °C is different and is equal to 20,
30 and 100 % of the introduced amount in im-
pregnated, solid-phase and mixed samples, re-
spectively. This is explained by the fact that in
the solid-phase catalyst, the mutual influence of
uranium and aluminium oxides is expressed sig-
nificantly less than in the impregnated one, and
in a mixed sample, the interaction of uranium
oxides and aluminium oxides is practically absent.
The phase state of the support in samples of the
solid-phase and mixed catalyst (1000 °C) is char-
acterized by a mixture of low-temperature forms
(y + 8)-AL0O,, while in the impregnated catalyst,
the high-temperature form 0-AlL O, is found. This
means that the interaction of uranium oxide with
the support contributes to polymorphic transfor-
mations of the low-temperature forms of alumin-
ium oxide to the high-temperature 6-modification.

The phase of the interaction of uranium and
aluminium oxides is probably the type of solid
solutions with a limitation by the amount of a dis-
solved phase. So, with an increase in the concen-
tration of uranium oxides to 15 % in the impreg-

nated catalysts, uranium oxides that are not in-
cluded in the alumina crystal lattice are formed
as a separate phase at 800 °C.

The genesis of the phase composition of the
catalyst during thermal treatment depends on
the precursors — uranium salts. Uranyl nitrate
UO,(NO,),, uranyl acetate UO,(OOCCH,),
uranyl oxalate UO,C,0, were used as precur-
sors [135]. It has been established that catalysts
obtained from nitrate and acetate salts are char-
acterized by similar phase composition at the
same calculation temperatures (Table 3). On the
diffraction patterns of these catalysts, reflexes
belonging to the phases of uranium oxides are
found only after calcining the samples at 1000 °C.
Unlike them, in catalysts obtained from oxalate,
the UO, phase appears already at 500 °C.

The influence of uranium oxides on the state
of the alumina support was elucidated in the
study of impregnated samples by the HRTEM
method [133]. It was shown that on the surface of
5 % U/ALQ,,
are formed in the super dispersed state on the
surface of the crystallites y-Al,O, (Fig. 5, a), after
increasing the calcination temperature to 1000 °C,
there is an ordering of the uranium ions on the
support surface (see Fig. 5, b). The presence of
uranium particles on the surface of the support
crystallites is confirmed by the EDX analysis (the
spectra are not given). The study of the HRTEM
also revealed an unusual behaviour of supports
y- and 0-Al,O, containing uranium surface ions.
The radiation-thermal effect of a high-intensity
electron beam changes the morphology of the
support particles, causing diffuse mass transfer
of the material. In aluminium oxide particles, hol-

and

calcined at 600 °C, the uranium ions
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Fig. 6. TEM images of 5 % U/AlO, catalyst calcined at 600 °C. Redistribution of the support material under the action of
electron beam: a — at the beginning of video recording, b — at 8 s since the beginning of video recording.

low areas are formed (shown by white arrows in
Fig. 5, a, b). At the same time, spherical forma-
tions of aluminium oxide of up to 5 nm appear in
the near-surface layers of the support (shown by
white ovals in Fig. 5, a).

Figure 6 shows TEM images obtained by video
recording the process of the redistribution of the
support material under the influence of an elec-
tron beam on the sample 5 % U/AlLO, (a — the
image at the beginning of the shooting, b — after 8
s from the shooting), and the creation of spherical
formations in the near-surface layers of the sup-
port is shown (marked with white arrows). The
high energy of the electron beam also causes the
phase conversion of alumina in these spherical
formations, since the study shows the presence of
8-Al,0, or 0-ALO, in them, unlike the remaining
surface of the particle represented by y-AlO,
(see Fig. 6).

A similar phenomenon was also detected for a
sample calcined at 1000 °C (see Fig. 5, b), except
that the same high-temperature modification
0-AlL,O, was observed on the initial surface of the

particles and on the resulting bulges. Such chang-
es were not detected in the study of pure ALO,
without uranium, although the electron beam had
the same intensity. In this paper, the observed
phenomenon was not investigated in detail; how-
ever, it is obvious that the reinforced regrouping
of the material of the support takes place, initiated
by an electron beam, and it is due primarily to the
presence of U ions in the crystal lattice of alumina.
It is possible that U ions penetrate into the lattice
filling vacant cationic positions in y-Al,O, or re-
placing alumina ions in 6-Al,O,, which destabilizes
the crystal alumina lattice and increases the diffu-
sion mass transfer. It should be noted that such
changes in the support morphology can cause the
effect of reducing the temperature of polymorphic
phase transitions of alumina in impregnated cata-
lysts. At the next temperature of the calcination —
1100 °C, according to the TEM, the support con-
tains not only particles of 0-Al,0O,, but also spheri-
cal particles of a-ALO, with a size of 50—100 nm
(not shown in the Figure). Hollow areas are not
formed also in 6-Al,O, crystallites exposed to an
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electron beam. Uranium oxide is present in this
sample in the form of a-U,0O, particles with a size
from 100 nm (see Fig. 5, c¢) to larger spliced aggre-
gates of 2—3 um in size (see Fig. 5, ¢, the insert).
Thus, the calcination at 1100 °C leads to a sharp
transition of U from an ion state in 0-AlL,O, to a
state of macrocrystalline oxide phases with a pre-
dominance of the a-U,O, phase (see Table 2).

The behaviour of U/ALO, catalysts in the
TPR H, reaction attracts interest. Catalysts pre-
pared by the methods of solid-phase synthesis
and mixing are reduced by hydrogen in a pre-
dictable way. With an increase in calcination tem-
perature, the reduction peaks shift to the high-
temperature region. For impregnated catalysts,
anomalous behaviour is observed. The higher the
calcination temperatures of the samples, the eas-
ier they are reduced, i.e.,, more reactive forms of
the state of the active component appear. The XPS
study indicates a sharp increase in the surface
concentration of uranium taking place when the
calcination temperature is increased to 1000 °C,
which is mainly due to the dispersion of urani-
um oxide.

The effect of thermoactivation of the 5 %
U/AlLQO, catalyst synthesized by the impregna-
tion method in the experiments of the TPR H,
manifests itself in its high activity in the reac-
tions of deep oxidation of hydrocarbons. The ac-
tivity of uranium oxides on AlO, in the oxidation
reactions of butane and methane is determined
by a number of factors, including the specific sur-
face area, the state of the active component and
support, the dispersion of uranium oxides. In a
series of impregnated samples, an increase in the
activity with an increase in the calcination tem-
perature is observed. Among the studied samples,
the catalyst calcined at 1000 °C is the most active,
due to the formation of a highly active state of
uranium oxides on the surface of the support, es-
tablished by the methods of XRD, TEM and XPS.
Further increase in the temperature and in the
duration of calcination, contributing to the con-
solidation of particles of the active component
and reduction of the specific surface area of the
catalysts, naturally lead to a decrease in their ac-
tivity. The chemical nature of the precursors also
affects the activity of UO, deposited on alumina.
The testing of the catalysts prepared from nitrate,
acetate and oxalate of uranyl showed that the cat-
alyst originated from nitrate was most active in
the reaction of deep oxidation of butane and the
least active was the oxalate sample [135]. The basis
of this dependence is the features of phase forma-

tion of supported catalysts (see Table 3) and the
dispersion of the formed a-U,O, phase.

SUPPORTED TWO-COMPONENT UO,-MeO, /AL,O, (Me: Ni, Co,
Mo, Cr) CATALYTIC SYSTEMS. PREPARATION AND PROPERTIES

The works of British scientists G. J. Hutchings
and S. Taylor in the middle and late 1990s became
breakthrough and showed the prospects of ura-
nium oxides in the reaction of low-temperature
catalytic oxidation of volatile organic compounds
(VOC), including chloroorganic compounds [136—
148]. Catalysts are characterized not only by high
activity but also thermal stability and resistance
to the poisoning effects of halogens, sulphur com-
pounds and water vapour. The introduction of
modifying additives of transition metal oxides (Co,
Cu, Cr, etc) increased the activity of uranium
oxide catalysts, while selectivity to CO, increased
almost to 100 %.

We have conducted a series of works on the
development of two-component catalysts contain-
ing transition metal oxide as one component and
uranium oxide as a second one for various cata-
lytic processes. In [149, 150], the modification of
uranium oxide supported on alumina by nickel
was performed by sequential impregnation of
alumina with an aqueous solution of uranyl ni-
trate (UO,(NO,), - 6H,0) and after calcination at
500 and 1000 °C by a nickel nitrate solution. The
catalysts were calcined at 850 °C in air. The con-
tent of uranium in catalysts varied from 0 to
30 mass %, and the nickel content was equal to
10 mass %. The phase composition of the Ni-U/
AlO, catalysts did not differ from the samples of
individual uranium oxides deposited on alumina
(see Table 2, impregnated catalysts). In samples
containing a small amount of uranium oxides
(<5 mass %), the a-U,O, phase was not observed.
This phase was detected only with an increase in
the content of uranium in the sample over
15 mass %. Despite the sufficiently large content
of Ni in catalysts (10 mass %), the NiO oxide phas-
es and metal Ni were not detected, since the high
calcination temperature of the catalyst (850 °C)
contributed to the transfer of Ni into the composi-
tion of solid solutions based on the structure of
y-ALO,. The specific surface area of catalysts de-
pended on the number of components introduced
into the support and on preparation conditions.
With an increase in the calcination temperature of
intermediate U/Al,O, samples and an increase in
the concentration of uranium oxides, the specific
surface area predictably decreased.
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Characteristics of the activity of catalysts (yields of H,, CO and carbon)

in the reaction of methane reforming with carbon dioxide

Catalyst Yield, % Temperature
of the reaction, °C
800 850
Ni/ALO, H, 18 22
CO 18 17
Carbon 14 14
Ni-5 % U(1000)/AL0, H, 11 17
CO 12 16
Carbon 7
Ni-15 % U(1000)/ALO, H, 17
CO 10 23
Carbon 15
Ni-30 % U(1000)/ALO, H, 22
CO 13 26
Carbon 0 0.4

The Ni-U/ALQ, catalysts were investigated in
steam and carbon dioxide reforming reactions of
methane and in the reaction of methane partial
oxidation. In the study of the activity of the sam-
ples, the dependence of the catalytic parameters
(the conversion of methane, the yield of the reac-
tion products) on the specific surface area was
not found. In the reaction of methane steam re-
forming, the presence of uranium in the Ni-cata-
lyst contributed to an increase in the catalytic
activity, the higher the activity, the more urani-
um contained the catalyst. On a sample contain-
ing 30 mass % U, the activity increased with in-
creasing reaction temperature, reaching the max-
imum value at 850 °C (the CH, conversion was

[\
o

T T T T T

0 5 15 30
U content, mass %

Fig. 7. The dependence of the hydrogen yield in the reaction
of partial oxidation of methane on the uranium content in the
catalyst 10Ni-U/ALO, at temperatures, °C: 700 (1), 750 (2),
800 (3) and 850 (4).

equal to 77 %). Catalysts calcined at 1000 °C after
the stage of uranium deposition before the nickel
introduction had higher activity compared to cat-
alysts obtained from samples U/AlLO,, calcined at
500 °C (the CH, conversion is 47 % at 850 °C).
The effect of thermal activation of catalysts in
the reaction of steam reforming of methane, as
in the reactions of deep oxidation of hydrocarbons,
is associated with high dispersion of uranium ox-
ides in the samples of U/AlL O, calcined at 1000 °C.

The main problem in the development of cata-
lysts for the process of methane reforming with
carbon dioxide is the deactivation of catalysts as a
result of coke formation. The study of Ni-U/ALO,
catalysts in the reaction of carbon dioxide reform-
ing of methane under conditions: CCH4 = 20 vol. %,
CCO2 = 20 vol. %, space velocity 45 000 h™!, showed
that the addition of uranium into the Ni-contain-
ing catalyst significantly reduces the amount of
coke formed in the reaction, with about the same
hydrogen yield (Table 4). The carbon yield ob-
served at 850 °C decreases from 14 % for the
catalyst that does not contain uranium to 0 % for
the catalyst containing 30 mass % uranium. Thus,
the modification of the Ni/Al,O, catalyst with
uranium suppresses the side process of the coke
formation and thereby significantly increases the
service life of the catalyst.

In the reaction of partial oxidation of methane
(POM), the promoting effect of uranium oxide
additives is also established. The introduction of
uranium into the traditional catalysts of POM
based on nickel makes it possible to increase the
yield of hydrogen (Fig. 7), which over the urani-
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Fig. 8. The scheme of a laboratory setup for studying catalytic oxidation of chlorine-
containing compounds: 1 — catalytic reactor; 2 — electric heater; 3 — temperature regula-
tor; 4 — saturator; 5 — regulating valve; 6 — mixer; 7, 8§ — gas chromatographs; 9 — N, cyl-

inder; 10 — aerosol filter.

um-containing catalysts reaches 68 % compared
with 40 % for an analogue of the industrial cata-
lyst Ni/ALO,, under the same testing conditions
(800 °C, a space velocity of 50 000 h™!, the com-
position of the reaction mixture 20 vol. %
CH, + 10 vol. % O, + Ar). The activity of Ni-U/
AlLO, catalysts in the POM increases with in-
creasing temperatures from 550 to 800 °C, re-
gardless of the uranium content (0—30 masss %).
Above 800 °C, a slight decrease in the catalyst
activity is observed. The long-term tests of Ni-U/
Al O, catalysts at 800 °C showed their stability
due to the resistance of catalysts to coking [135].

Industrial emissions of hydrocarbons and chlo-
rine-containing organic compounds have always
been the focus of attention. As known, chlorine-
containing pollutants are stable and can be de-
stroyed at temperatures above 1000 °C, this pro-
cess leads to the formation of highly toxic by-
products — dioxins and dibenzofurans. Catalytic
combustion at low temperatures more effectively
oxidizes pollutants without the formation of by-
products. It is known that commercial catalysts
based on noble metals are quickly deactivated in
such processes [151]. Hutchings and co-workers in
their publications [139—141] showed that uranium
oxide catalysts are not deactivated in the oxida-
tion of hydrocarbons, and their chlorine-contain-
ing derivatives.

The process of oxidation of chlorobenzene (see
the reaction equation) on the uranium-containing
catalysts was investigated by us in [152—155].
C.H.Cl + 70, = 6CO, + HCI + 2H,0

Initially, we studied the oxidation of chlo-
robenzene and trichloroethylene by air on the
one-component catalysts 5 % U/ALO, and 15 %
U/ALQO, [152]. The reaction was carried out at
a temperature of 200—550 °C, space velocities
10 000—70 000 h™! and a concentration of chlo-
robenzene up to 11 g/m? in the laboratory setup
(Fig. 8). It was shown that 5 % U/AlL,O, and 15 %
U/AlLQO, catalysts could effectively oxidise chlo-
rinated volatile organic compounds at a tempera-
ture of 450—500 °C. The selectivity with respect
to CO, was 98—100 %. The formation of molecular
chlorine, phosgene and other toxic chlorine-con-
taining compounds in the reaction products was
not observed.

Then, the process of oxidation of chlorobenzene
on two-component catalytic systems was investi-
gated [152—155]. Catalysts 7 mol. % U—7 mol. % Me
(where Me is Cu, Cr, Mn, Co) on the granules
y-Al,O, were prepared by the method of se-
quential impregnation of the support with
solutions of uranyl nitrate hexahydrate, and
after drying at 100 °C with solutions of nitrate
salts Cu(NO,),-3H,0, or Cr(NO,), 9H,0, or
Mn(NO,), - 6H,0, or Co(NO,), - 6H,0. A series of
catalysts not containing uranium were synthe-
sized for comparison: 7 mol. % Cu/y-AlLO,,
7 mol. % Cr/y-AL,O,, 7 mol. % Mn/y-Al,O,, and
7 mol. % Co/y-AlLO,, by impregnating alumina
granules with the solutions of nitrate salts of the
corresponding metals. All catalysts were calcined
at 600 °C.

The addition of uranium oxide to transition
metal oxide catalyst led to a significant increase in
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Fig. 9. IR spectra of chlorobenzene adsorbed on catalysts 7 mol. % U—7 mol. % Mn/

y-Al,0, (@) and 7 mol. % Mn/y-ALO, (b).

activity in the oxidation of chlorobenzene com-
pared with one-component catalysts based on only
transition metal oxides. The promoting effect of
the introduction of uranium oxides to transition
metal oxides was due to the formation of the phase
of interaction in the form of uranates of the cor-
responding metals, which turned out to be much
more active than simple oxides. Two-component
Cr-U and Mn-U catalysts containing Cr,U,O,/
UCrO, and a-MnU,O,,/B-MnU,O,, uranate phases
were even more active than the commercial cata-
lyst based on the MgCr,0,/AlO, spinel (IC-12-72)

with a difference of T,,, per 100 °C. The selec-
tivity of uranium catalysts on CO, was 100 % at
450-500 °C.

The data on the IR spectroscopy of chloroben-
zene adsorption (Fig. 9) on the catalysts shows
that the oxidation of chlorobenzene on the urani-
um-containing catalysts (see Fig. 9, a) begins at a
temperature of 200 °C (band at 1638 cm™!, which
is attributed to the vibrations of molecular water,
and wide bands at 1400 and 1520 cm™?, corre-
sponding to vibrations of surface carbonate groups
formed during chlorobenzene oxidation), which is
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by 100 °C lower than on catalysts that do not con-
tain uranium components (see Fig. 9, b).

The studied two-component uranium-contain-
ing catalysts can be arranged in the following se-
quence according to their activity: Cu-U/AlLQ,
<Co-U/ALO, <Mn-U/ALO, <Cr-U/ALQO,. A very
slight decrease in the conversion of chlorobenzene
(by 4—5 %) was observed during the operation of
catalysts at 500 °C for 40 hours. After long-term
tests, the absorption of chlorine by the catalysts
was less than 0.2 % of the total chlorine coming
into the reactor [152].

Thus, it can be concluded that two-component
catalysts 7 mol. % U—7 mol. % Me that showed
high activity and stability in the oxidation reac-
tion of chlorobenzene can be promising systems
for cleaning gas emissions from chlorinated vola-
tile organic compounds.

CONCLUSION

This review discusses publications concerning
the studies of uranium oxygen compounds as cat-
alysts. The analysis of the literature showed that
uranium-containing catalysts are promising in all
areas of catalysis, including environmental pro-
tection processes, organic synthesis, photocataly-
sis, electrocatalysis, processes for the production
of hydrogen and valuable chemical compounds.
Uranium catalysts are characterized by high sta-
bility and resistance to the adverse effects of cat-
alytic poisons, which allows them to be used in
processes accompanied by the release of chlorine,
sulphur, water vapour, etc. The uniqueness of the
uranium oxide systems is due to the presence in
the U-0O system of polymorphic modifications,
several oxidation degrees and the existence of a
variety of compounds of variable composition,
stable and metastable phases. Due to the rela-
tively large ion radius, the kinetic lability of coor-
dination and oxidative states, uranium contrib-
utes to the activation of small molecules (for ex-
ample, CO, CO,, N,, O,, H,0, CH,, HCI and NH,),
which leads to the use of uranium-containing
catalysts in many industrial processes, such as
the Haber—Bosch process for the production of
ammonia from nitrogen, Deacon process for chlo-
rine production, ammoxidation of propylene, etc.
The trend of research in recent years has become
the use of uranium metal complexes, in which
organic ligands provide high dispersion of active
centres and excellent performance in various cat-
alytic reactions.

The review describes in detail the work on the
use of depleted uranium oxides for the prepara-
tion of catalysts conducted in BIC SB RAS in the
Laboratory of Environmental Catalysis in collabo-
ration with the Siberian Chemical Combine (Sev-
ersk), NGPII “VNIPIET” (Novosibirsk), and the
Institute of High-Temperature Electrochemistry
UB RAS (Ekaterinburg). The researchers system-
atically investigated methods of preparing bulk
and supported uranium oxides, the prospects for
the use of uranium compounds as catalysts in the
processes of deep oxidation of hydrocarbons, par-
tial oxidation of methane, steam and carbon diox-
ide reforming of methane, and oxidation of chlo-
rinated volatile organic compounds.

It should be noted that all the work carried out
in BIC SB RAS was organized in accordance with
the requirements of the “Basic sanitation regula-
tions for radiation security” (OSPORB-99/2010),
taking into account all issues of toxicity [156], ra-
diation safety [157, 158] and the rules of account-
ing and control of nuclear materials [159]. At the
same time, the maximum permissible concentra-
tions (MPC) of U-238 are determined only by its
chemical toxicity and are 0.075 mg/m? in the air of
the working area and 15 mg/L in the form of sol-
uble compounds [156]. According to MPC stand-
ards, compounds of metals such as Ni, Cu, Zn are
more toxic than U, and the MPC of these metals is
1.5 times lower. A common prejudice on the dan-
ger of depleted uranium compounds is greatly ex-
aggerated and in the case of the strict fulfilment
of the OSPORB rules, the work with depleted
uranium compounds is no different from working
with other chemical reagents.
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