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Abstract. Natural opoka from the Taskalin deposit in the Republic of Kazakhstan was used as a support for Co-Mn catalysts

in the deep oxidation of CO and hydrocarbons. After preliminary preparation of the opoka samples by water washing (opoka /),
calcination at 500 °C (opoka /), HCI treatment (opoka /II), or combined HCI treatment and calcination at 500 °C (opoka /V),
an active phase (AP) consisting of 5 wt. % Co + 5 wt. % Mn (based on metals) was applied via low-temperature combustion
of a metal nitrates and urea mixture. The support and catalyst samples were analyzed using XRD and SEM/EDS, and their
specific surface area was measured by the BET method. The primary phases identified in the support and catalyst compositions
were various modifications of SiO,, as well as Na-, Ca-, and Mg-aluminosilicates. Due to their low content, AP components
in the form of cobalt oxyhydroxide and potassium manganite were detected only on two of the catalyst samples. According
to SEM/EDS data, the original nanoscale honeycomb structures on the opoka surface were almost completely destroyed during
opoka processing and after AP application. Elemental composition showed notable variability across different granules of both
the support and the catalyst, likely due to the natural structural heterogeneity of opoka. It was established that as the complexity
of opoka treatment increased, its specific surface area tripled, from 21.0 to 64.1 m?/g. In contrast, the specific surface area of cata-
lysts based on these opoka samples varied irregularly. Testing of the resulting catalysts in the deep oxidation of CO and propane
over a temperature range of 150540 °C revealed substantial activity, with the best performance observed in the catalyst based
on water-washed opoka without further treatment. This sample achieved 100 % CO conversion at 7= 500 °C and 97 % propane
conversion at 540 °C. Thus, natural opoka with minimal processing can serve as an effective support for deep oxidation catalysts
for CO and hydrocarbons.
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AHHoTaywms. Tpupoanas onoka TackannHCKOro MecTopoxaeHust Pecrybnuku Kazaxcran ucnonb3oBaHa kak Hocutens Co—Mn-kara-

nm3atopos rybokoro okucienus CO u yraeBogoponos. Ilocine mpeaBapuTenbHON MOATOTOBKH €€ 00pas3loB ITyTeM MPOMBIBKH
Bozoit (omoka /), mpokanku npu temneparype 500 °C (omoka /1), obpadorku HCI (omoka ///) nnn o6paborkn HCl u mpokamku
mpu 500 °C (omoka /V) Ha HEX B MpoIlecce HU3KOTEMIIEPATyPHOTO TOPEHUSI CMECH HUTPATOB METAJJIOB U MOYEBHHBI Oblila HaHE-
cena axktuBHas ¢aza (AD) cocrasa 5 mac. % Co + 5 mac. % Mn B mepecuere Ha MeTamnbl. OOpa3Ibl HOCUTENS U KaTalu3aTopa
uccnenosanuch merogamu POA m SEM/EDS, n3mepena ynensHas moepxHocTs mo BOT. Ilokazano, 4To OCHOBHBIMHU (hazaMu
B COCTaBe HOCHTENEH M KaTajlu3aropoB ABJIAIOTCA pasnudnble Monudukamuu SiO,, a Tawke Na-, Ca- 1 Mg-almoMOCHINKaTHL.
Kommonentsr AD BcieAcTBHE MX HHU3KOTO COAEPKaHWSA B BHAE OKCOTHAPOKCHJA KOOalbTa M MaHTAHWTA Kaius ObUTH OOHapy-
JKEHBI TOJIBKO Ha ABYX 00pasmax karanniatopoB. CormacHo ganHeIM SEM/EDS B xome 00paboTku OMOKH 1 1ociie HaHeceHust AD
HCXOJHbIE HAHOPA3MEPHBIE COTOBBIE CTPYKTYPHI Ha ITOBEPXHOCTH MPAKTUIECKHU MOIHOCTBIO pa3pymiaioTcs. MiMeeT MecTo HepaBHO-
MEPHOCTb EMEHTHOTO COCTaBa Ha MOBEPXHOCTH PAa3HbBIX TPAHYIN KaK HOCHUTEINS, TAK U KaTaJIu3aTopa, CBs3aHHAsI, O-BHINMOMY,
C HEOTHOPOAHOCTHIO MPHUPOAHON CTPYKTYpHI OTOKH. YCTAaHOBIEHO, YTO 1O Mepe YCIOKHEHUs] 00pabOTKH OMOKH ee yAelabHas
MOBEPXHOCTH MOHOTOHHO Bo3pacTaeT B 3 pasza — ¢ 21,0 1o 64,1 m*/r. C apyroit CTOpPOHBI, yA€NbHas MOBEPXHOCTh KaTaJIn3aTopOB
Ha OCHOBE 3THX 00pa3ll0B OMOKH M3MEHSETCS HeperymspHO. MchbITaHus MONyYeHHBIX KaTalM3aToOpOB B MpOIEcCce ITyOOKOro
okxucnenns CO u npomana B nHTepBaie Temneparyp ot 150 1o 540 °C BBISBHIM UX TOCTaTOYHO BBICOKYIO AKTHBHOCTH, PHUEM
HAWITy4IlIne XapaKTePUCTHKH MOKa3ajl KaTajJu3aTop Ha OCHOBE MPOMBITON BOJIOW OMOKHM Oe3 mocienyroneil oo0padorku. Ha stom
o6pasie 100 %-nas kouepcust CO Obina momyuena yxe mpu 7' = 500 °C, a kousepcust npornana mpu 540 °C nocturna 97 %. Takum
00pa3om, IPUPOJHAS OMOKA C MHHUMAJILHONH 00pabOTKONH MOXKET CIYKHTh d((EKTHBHBIM HOCHUTEIIEM KaTaIu3aToOpPOB IITyOOKOTO
oxucnerns CO u yrieBOZOpOIOB.

KnioueBble cnoBa: OII0Ka, HOCHUTECJIb, HU3KOTEMIICPATYPHOE T'OPCHHUEC, CO*MH-KaTaJ'II/BaTOpLI, OKCUJ yIieponaa, IpoIiaH, rny601<oe

OKHCJICHUEC
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and environmental friendliness. The primary challenge
usually involves standardizing these natural materials
since even within a single deposit, their composition

Introduction

Supported catalysts represent the most widely used

class of heterogeneous catalysts. Active phases (AP)
are very often deposited on supports made of simple
and complex oxides of elements from the main sub-
groups of the middle of the Periodic Table, such as
y-AlLO,, SiO, (typically in hydrated form as silica
gel), amorphous and crystalline aluminosilicates, and
their complexes with oxides of transition and rare-earth
metals. Generally, synthetic materials with a fixed set
of physicochemical properties are used. However,
there remains significant interest in using natural high-
porosity materials as supports due to their low cost
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and properties can vary considerably.

The literature documents the use of natural mine-
rals such as bentonite clays (specifically montmoril-
lonite), which are hydroxylated nanoscale-layered
aluminosilicates, as acid-base catalysts [1], catalyst
supports [2; 3], and photocatalysts [4; 5]. Of particular
interest is their dehydrated modification — multilayered
aluminosilicate nanotubes known as the natural mine-
ral halloysite [6; 7]. Another popular catalyst sup-
port in various processes discussed in the literature is
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the highly porous silica rock, diatomite [8; 9]. Closely
related to diatomite in composition and properties is
opoka — a microporous, high-silica sedimentary rock
containing up to 92-98 wt. %' SiO,. It is widely used
in construction as a thermal and sound insulation mate-
rial, and due to its high adsorption, filtration, and ion-
exchange properties, opoka is also employed as an
adsorbent and filter filler [10—14]. However, there is no
information in the literature regarding its use as a sup-
port for AP in catalysis.

Deep catalytic oxidation processes are essential
for purifying anthropogenic gas emissions and have
long been crucial from an environmental standpoint.
Additionally, these processes are applied in flame-
less heat generators, catalytic burners, fuel cells,
and gas composition monitoring systems within fire-
and explosion-hazardous industries, among others.
According to the literature, catalyst development
for these applications is advancing rapidly. It is well
established that the most effective catalysts for such
reactions are those with AP containing noble metals,
effective in both CO oxidation [15; 16] and the deep
oxidation of hydrocarbons [17-19].

However, aside from their high cost, a major
drawback of noble metal catalysts is their low resis-
tance to catalytic poisons (see, for example, [20]).
Consequently, a significant focus in the global literature
is on developing and researching new catalytic systems
based on non-noble transition and rare-earth elements,
particularly in nanoscale forms. Among the most active
elements in these systems, Co and Mn are often high-
lighted, both as supported catalysts on various sub-
strates — such as sialon [21], the previously mentioned
diatomite [8], y-Al,O, [22], silica gel modified with
aluminum oxide [23], foamed silicalite-1 [24], and
nanostructured CeO, [25] - and in monolithic complex
oxide forms [26-29].

One of the promising methods for producing sup-
ported catalysts is the low-temperature combus-
tion method, also known as self-propagating sur-
face thermosynthesis [22; 23; 30; 31]. This method
involves impregnating the support with a solution mix-
ture of oxidizers (usually nitrates of active metals) and
a reducer or fuel (a water-soluble organic compound),
followed by drying and heating the sample to initiate
the combustion reaction. This technique offers several
advantages over traditional impregnation methods,
including low energy consumption, short reaction time,
the formation of highly dispersed (including nanoscale)
oxide and/or metallic active phases on the pore surfaces
of the support, and the absence of harmful gas emis-
sions (typically only CO,, nitrogen, and water vapor

! All percentages are by weight (wt. %) unless otherwise indicated.

are released). The low combustion temperature (in our
practice, < 360 °C) minimizes the interaction between
the AP and the support, preventing particle sintering
of the resulting AP.

Previously, using this method, we produced Co-,
Mn-, and Ni-containing catalysts on various sup-
ports [7;22; 23], which demonstrated high activity
in the deep oxidation of propane and CO.

The aim of this study is to synthesize and examine
the physicochemical and catalytic properties of new
5% Co—5 % Mn catalyst samples, with the active
phase deposited on pre-treated opoka from the Taskalin
deposit in Kazakhstan [32] (referred to hereafter as
5Co5Mn/opoka I-1V). These catalysts were evaluated
in the deep oxidation of propane and CO.

Before applying the AP, the natural opoka samp-
les underwent several preliminary treatment proce-
dures. A common step for all samples was washing
to remove impurities of water-soluble salts and easily
washable clay contaminants. The purpose of calcina-
tion at 500 °C was to burn off organic impurities in
the air and to dehydrate the remaining clay impurities.
Treatment with HCI solution was performed to remove
oxide impurities, complex oxides, and carbonates
containing transition metals, primarily iron, as well
as alkaline earth metal carbonates. These procedures
were applied to different samples to assess the impact
of each treatment step.

Research methodology

Before use, all opoka samples were ground to a par-
ticle size of 0.1-0.3 mm, washed several times with
distilled water, and dried in an oven at 90 °C. The first
part (opoka /) was set aside without further treat-
ment, the second (opoka /7) was additionally calcined
at 500 °C, the third (opoka [II) was washed with
a 10 % HCI solution and then rinsed with distilled
water, while the fourth (opoka /V) was also washed
with a 10 % HCI solution, rinsed with distilled water,
and then calcined at 500 °C.

The prepared supports, each weighing 5 g, were
impregnated with a solution mixture of metal nitrates
(Co(NO,)-6H,0 + Mn(NO,),6H,0) and urea, with
concentration ratios calculated to yield the pure metals.
The sample was dried at 90 °C and placed in a flat-bot-
tomed quartz tube reactor, sealed with a dust collection
system and purged with argon. The heater at the bottom
of the reactor was turned on, and its power remained
constant throughout the process. Temperature was
monitored by a thermocouple placed in the sample
layer at the center of the reactor. After the reaction
and cooling, the sample in the argon-filled reactor was
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stabilized with a 5 % H,0O, solution to prevent sponta-
neous ignition of any highly dispersed metallic phases
in the active phase. The sample was then washed with
distilled water and dried at 90 °C. Particles smaller
than 0.1 mm were removed from the resulting catalyst.
The setup and synthesis procedure were previously
described in detail [22; 23].

X-ray diffraction analysis (XRD) of the samples was
conducted using a DRON-3M diffractometer (Russia)
with FeK  radiation.

The morphology and elemental composition
of the catalyst surfaces were examined with a high-reso-
lution field-emission scanning electron microscope,
the Zeiss Ultra Plus, based on the Ultra 55 platform
(Carl Zeiss, Germany), equipped with an INCA Energy
350 XT microanalysis system from Oxford Instruments.
The specific surface area was measured through nitro-
gen physical adsorption by the BET method on an appa-
ratus designed according to GOST 23401-90.

The obtained samples were tested on a catalytic
setup with a flow-through quartz reactor containing
a fixed bed of catalyst (I cm? of 0.1-0.3 mm fraction).
Analysis of the initial gas mixture and reaction products
from deep oxidation was conducted using a 5-compo-
nent gas analyzer, Avtotest 02.03P, with zero-class
accuracy (Meta, Russia). The initial gas mixture had
the following composition by vol. %: propane — 0.15,
CO - 0.6, O, — 1.6, nitrogen — up to 100 %. The gas
flow rate was 120,000 h™!. Experiments were carried
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out within a temperature range from 150 to 540 °C
in 50 °C intervals. CO and propane conversions during
deep oxidation were calculated using the formula

Cro=Crr 1000,
R0

Xpr =

where C,  and C, , are the concentrations of the reac-
tant (CO or propane) in the initial gas mixture and
at the reactor outlet at temperature 7, respectively,
vol. %.

Results and discussion

Fig. 1 shows thermograms of the catalyst synthe-
sis process on opoka samples prepared as described
above. The self-ignition temperatures (7) at the start
of the combustion wave and the maximum tem-
peratures (7 ) within the combustion wave were
recorded. As shown, the T values for samples on
opokas / and /I are nearly identical, though the T
on opoka /I is noticeably higher. The highest self-
ignition (192 °C) and combustion (322 °C) tempera-
tures were recorded during synthesis on sample /1.
Secondary peaks at lower temperatures, likely cor-
responding to the afterburning wave, were observed
on opokas /-III. This phenomenon was also noted in
our previous synthesis of a similar AP-based catalyst
on y-Al,O, [22]. Synthesis on opoka IV proceeded in

a low-intensity mode, with minimal 7gand T .
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Fig. 1. Thermograms of the synthesis process for catalysts SCoSMn/opoka / (a), II (b), 11 (c), and IV (d)

Puc. 1. TepmorpamMsl poriecca cuHTe3a kataiauzaropoB SCoSMn/omnoka [ (a), 11 (b), I1I (c), IV (d)
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XRD patterns of the prepared supports and their
corresponding catalysts are shown in Figs. 2 and 3.
Notably, opoka samples / and // contain complex oxide
impurity phases of iron and magnesium, which dis-
appear after HCI treatment (see Fig. 2). The primary
phases present are various modifications of SiO,, along
with Na-, Ca-, and Mg-aluminosilicates, with a signifi-
cant portion of amorphous phases also observed.

As shown in Fig. 3, Co- and Mn-containing APs
appeared only on two catalyst samples — those based
on opokas I and /1], and separately: in sample 7/, likely
as trivalent Co oxyhydroxide, and in opoka /// as potas-
sium manganite. This likely results from the low AP
component content, which is near the detection limit
of the XRD analysis. Aluminosilicate phases were
preserved only in samples based on opokas / and /1,
while in samples with supports /// and IV, the amount
of silica phase modifications increased.

The morphology and surface elemental composi-
tion of supports // and 7V, as well as the catalyst based
on opoka /1, were studied using SEM/EDS. The results
are shown in Figs. 4-6.
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It can be noted that a characteristic feature
of the support granule surfaces, both before (Fig. 4)
and after (Fig.5) acid washing, is the presence
of nanoscale honeycomb structures with wall thick-
nesses of < 50 nm, which are clearly visible in Fig. 4.
After HCI treatment and calcination, the honeycomb
walls appear to melt and thicken noticeably (Fig. 5),
though only the application of AP almost completely
destroys these formations (Fig. 6). Only isolated ele-
ments of the honeycomb structures remain. Notably, as
the sample treatment procedures become more complex
(opoka I — opoka Il — opoka /1] — opoka IV, followed
by AP application), the morphology of the support and
catalyst granule surfaces takes on an increasingly frag-
mented, amorphous appearance.

Elemental microanalysis data show significant
variability in the element content across individual gra-
nules of both the supports and the catalyst. This applies
not only to impurity elements but also to the primary
structural elements (Si, Al). This variability may be
related to the structural heterogeneity of natural mine-
rals, as noted above. Some samples show detectable
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Fig. 2. XRD patterns of support samples opoka I (a), II (b), Il (c), and IV (d)

Puc. 2. Pentrenorpammbl o0pasios Hocurels onok / (a), 11 (b), 111 (¢), IV (d)
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Fig. 3. XRD patterns of catalysts SCo5SMn/opoka I (@), II (b), III (c), and IV (d)
Puc. 3. Pesynbrarel POA o6pasios karaianzaropoB SCoSMn/omnoka [ (a), 11 (b), 111 (c), IV (d)

Element content, wt. %
Area 0 | Na | Mg | Al Si K Ca | Fe
1 58.18 | 0.14 | 0.83 8.68 | 28.18 | 1.29 042 | 2.30
2 5739 | 0.10 | 0.82 8.50 | 28.71 | 1.59 0.14 | 2.77
3 65.16 0 0.66 | 6.31 | 25.61 [ 0.88 0.08 1.32
Average | 60.24 | 0.08 0.77 7.83 | 27.50 | 1.25 0.21 2.13

Fig. 4. Surface morphology of opoka /7 sample (SEM) and elemental composition at marked points

Puc. 4. Mopdosnorus noBepxHocTr 06pasua ornoku [/ (COM) u 27IeMeHTHBIN cOCTaB B OTMEUEHHBIX 00JIacTsIX
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, Element content, wt. %
Pt T e | AL | S K Ti | Fe

1 62.65 | 0.29 3.04 | 10.58 | 0.15 | 22.59 | 0.70
2 57.52 | 042 4.58 | 35.79 | 0.69 0.21 0.78
3 65.74 | 0.12 5.19 | 22.04 | 1.78 0.75 4.41
4 70.59 | 0.25 2.87 | 25.39 | 0.46 0.06 0.40
5 76.34 | 0.18 298 | 1991 | 0.28 0.03 0.28
6 64.15 | 0.61 921 | 23.07 | 1.05 0.32 1.59
7 61.48 | 0.06 0.90 | 37.29 | 0.11 0 0.16

Average | 65.50 | 0.28 4.11 | 24.87 | 0.64 342 1.19

Fig. 5. Surface morphology of opoka 7V sample (SEM) and elemental composition at marked points

Puc. 5. Mopdonorus moepxHoctu oopasia omnoku [V (COM) u 371eMEHTHBIN COCTaB B OTMEUCHHBIX TOUKAX

-

; Element content, wt. %
Pomt =T Mg | Al | i | K | T | Mo | Fe | Co

1 6439 | 050 | 4.56 | 26.05 | 0.34 | 0.07 1.50 | 0.84 1.73
2 3839 | 099 | 035 | 3577 | 1.86 | 0.57 | 555 | 339 | 5.12
3 14.66 0 21.22 | 3.54 | 0.19 0 17.19 | 21.98 | 21.23
4 505 | 0.83 | 3.66 | 47.53 | 1.61 320 | 16.08 | 590 | 16.15
5 36.58 | 0.74 | 7.40 | 3093 | 1.63 | 0.17 | 9.03 | 4.46 | 9.05
6 55.00 | 0.89 | 7.40 | 2452 | 0.79 | 0.23 | 438 1.63 | 5.14

Average | 35.68 | 0.66 | 7.43 | 28.06 | 1.12 | 0.71 8.96 | 635 | 9.68

Fig. 6. Surface morphology of the 5Co5Mn/opoka I7 catalyst sample (SEM) and elemental composition at marked points

Puc. 6. Mopdomnorus nmoBepxHocTH 06pasua karanuzaropa SCoSMn/onoka /7 (COM) U aeMeHTHBIH COCTaB B OTMEUSHHBIX TOUKaX
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amounts of titanium, which does not appear in XRD,
likely due to its low concentration, even if present in
compound form. Conversely, magnesium, which con-
stitutes a fraction of a percent on the surface, is con-
sistently detected in the form of magnesium silicate
on diffractograms, particularly for the opoka /7 sample
(see Fig. 2, d). The application of AP to the opoka I/
sample resulted in a noticeable reduction in oxygen
content on its surface (compare the data in the Tables
in Figs. 4 and 6), even considering that the surface
was stabilized with a hydrogen peroxide solution after
synthesis. It can be assumed that a portion of weakly
bonded oxygen on the support surface reacted during
the combustion process when the AP was applied.
Significant variations in Co and Mn concentrations on
the catalyst granule surfaces are also observed, both in
absolute terms and in their relative ratios. This variabi-
lity likely stems from the structural heterogeneity noted
earlier, especially in the number of open pores, where
the AP precursor solution penetrates through capillary
action prior to synthesis.

The specific surface area (Ssp) of certain support
and catalyst samples, determined by the BET method,
is shown below, in m%/g:

Opokal .............. 21.0
Opokall.............. 42.0
OpokalV.............. 64.1
S5CoSMn/opoka l........ 40.6
5Co5Mn/opoka Il . . ... .. 29.5
S5CoSMn/opoka IV . ... ... 62.8

A distinctive feature of the support treatment pro-
cess is evident: as the treatment becomes more com-
plex, the specific surface area of the samples increases,
likely due to the exposure of an increasing number
of fine pores. However, the application of the AP has
varying effects on this value. As can be seen, the cata-
lyst based on opoka / has twice the specific surface
area S_ of the initial support. Conversely, for the cata-
lyst based on opoka /I, this trend is reversed, while
for the 5Co5Mn/opoka IV sample, there was almost
no change. This may indicate differences in the dis-
persion of the AP formed during synthesis, depending
on the surface morphology and, to some extent, the ele-
mental composition of the different support samples.

A series of catalysts based on treated opoka was
tested in the deep oxidation of propane and CO.
The results are shown in Fig. 7. According to these
data, the opoka-based catalysts demonstrated fairly
high activity in both CO oxidation and propane deep
oxidation. In the first case, 100 % CO conversion
was achieved at 500 °C on the 5Co5Mn/opoka I cata-
lyst (Fig. 7, @), with its activity being higher across
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Fig. 7. Temperature dependences of CO (a) and propane (b)
conversions on catalyst samples

1 —5Co5Mn/opoka 1, 2 — 5Co5Mn/opoka I, 3 — 5Co5Mn/opoka IV
Puc. 7. 3aBucumoctu xonsepcuii CO (@) u nponana (b)
OT TeMIIepaTypbl Ha UCCIEeYeMbIX 00pa3lax KaTaau3aTopoB
1 —5Co5Mn/omoka I, 2 — 5Co5Mn/omoka 71, 3 — 5Co5Mn/omioka IV

the entire temperature range. In the second case, this
same catalyst achieved a propane conversion of 97 %
at 540 °C (Fig. 7, b). The sample based on opoka IV
showed the lowest activity in these processes, despite
having the highest specific surface area among the sam-
ples. It should be noted that for the SCo5Mn/opoka I/
and 5Co5Mn/opoka IV samples, propane conversion in
the high-temperature region (> 500 °C) exceeded CO
conversion.

Conclusion

For the first time, catalysts with a CoMn active
phase (5% +5 % based on metals) on differently
treated opoka were obtained using the low-tempera-
ture combustion method with mixtures of Co and Mn
nitrates and urea. XRD analysis showed that, follow-
ing acid treatment and subsequent calcination, iron-
magnesium complex oxide impurities are removed
from the opoka samples, with the main phases being
various modifications of silica, along with Na-, Ca-,
and Mg-aluminosilicates, and a significant proportion
of amorphous phases.
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SEM/EDS analysis of the morphology and surface
elemental composition of the supports and catalyst
revealed degradation of the initial nanoscale honey-
comb structures as opoka processing became more
complex, with further degradation upon AP application.
A significant variability in elemental content among
individual granules of both supports and catalysts was
observed, likely due to the structural heterogeneity
of this natural mineral.

The specific surface area of the support samples
increased with more complex processing steps, but
thesurfaceareaofthecatalystsvariednon-monotonically.
Testing of several catalysts showed the activity order in
the deep oxidation of both CO and propane as follows:
5Co5Mn/opoka I > 5Co5Mn/opoka I > 5Co5Mn/opo-
ka IV, with CO conversion reaching 100 % at 500 °C
and propane conversion reaching 97 % at 540 °C
on the 5Co5Mn/opoka / sample. The sample based
on opoka IV demonstrated the lowest activity in these
processes, despite having the highest specific surface
area among the catalysts studied (62.8 m?/g).

Thus, natural opoka with minimal processing can
serve as an effective support for deep oxidation cata-
lysts for hydrocarbons and CO.

References / Cnucok nutepatypbl

1. Gandhi D., Bandyopadhyay R., Soni B. Naturally occur-
ring bentonite clay: Structural augmentation, characte-
rization and application as catalyst. Materials Today: Pro-
ceedings. 2022;57(1):194-201.
https://doi.org/10.1016/j.matpr.2022.02.346

2. Borah D., Nath H., Saikia H. Modification of bentonite
clay & its applications: A review. Reviews in Inorganic
Chemistry. 2022;42(3):265-282.
https://doi.org/10.1515/revic-2021-0030

3. Vaculikova L.,Valovicova V., Plevova E., Napruszew-
ska B.D., Duraczynska D., Karcz R., Serwicka E.M.
Synthesis, characterization and catalytic activity of cryp-
tomelane/montmorillonite composites. Applied Clay Sci-
ence. 2021;202(1):105977.
https://doi.org/10.1016/j.clay.2021.105977

4. Zhou D., Jiang D., Jing H., Yin C., Li C. Natural alumino-
silicate nanoclay mineral for photocatalytic applications:
Influence of the surface properties in photocatalysis. App-
lied Clay Science. 2024;249(1):107240.
https://doi.org/10.1016/j.clay.2023.107240

5. FengJ., Hu X., Yue P.L. Novel bentonite clay-based Fe-
nanocomposite as a heterogeneous catalyst for photo-Fen-
ton discoloration and mineralization of orange II. Environ-
mental Science & Technology. 2004;38(1):269-275.
https://doi.org/10.1021/es034515¢

6. Massaro M., Noto R., Riela S. Halloysite nanotubes: Smart
nanomaterials in catalysis. Catalysts. 2022;12(2):149.
https://doi.org/10.3390/catal12020149

7. Borshch V.N., Bystrova .M., Pugacheva E.V., Smirno-
va E.M., Stavitskaya A.V., Vinokurov V.A. Low-tempera-

10.

11.

12.

13.

14.

15.

16.

ture combustion synthesis of halloysite-based catalysts for
the deep oxidation of hydrocarbons and carbon monoxide
and the methanation of carbon dioxide. Kinetics and Ca-
talysis. 2022;63(6):775-786.
https://doi.org/10.1134/S0023158422060027

Bopm B.H., beicrposa M.M., Ilyrauesa E.B., CmupHno-
Ba E.M., CraBuukas A.B., Bunokypos B.A. Cunre3 B pe-
JKHME HU3KOTEMIIEpaTypHOTO TOPEHUs KaTaln3aTopoB Ha
OCHOBE TaJuTya3uTa JJisi ITyOOKOTO OKUCIICHUS YIIIEBOJIO-
ponos, CO u meranuposanus CO,. Kunemuxa u kamanus.
2022;63(6):845-857.
https://doi.org/10.31857/S0453881122060028

Liu Q., Li M.., Wang S., Lv S., Han F., Xi Y., Cao Z.,
Ouyang J. Ultrathin 3D CoMn nanoflowers coupled diato-
mite for highly efficient catalytic oxidation of CO and pro-
pane. Chemical Engineering Journal. 2023;477:147102.
https://doi.org/10.1016/j.cej.2023.147102

Liang L., Miao C., Ke X., Peng Y., Chen G., Ouyang J.
A superior strategy for CO, methanation under atmo-
spheric pressure: Organic acid-assisted Co nanoparticles
assembly on diatomite. Fuel. 2023;351:128931.
https://doi.org/10.1016/j.fuel.2023.128931

Mal’kova V.N. Method for obtaining a sorbent for clean-
ing solid surfaces and water from oil and liquid petroleum
products: Patent 2642799. (RF). 2018. (In Russ.).

Manbkosa B.H. Crioco0 nonyuyenus copOeHTa it O4HCT-
KH TBEPABIX IMOBEPXHOCTEH M BOIBI OT HE(DTH M KHIKUX
Hedrenponykros: ITarent 2642799. (P®). 2018.

Smol M., Widka D. Use of natural sorbents in the pro-
cesses of removing biogenic compounds from the aquatic
environment. Sustainability. 2022;14:6432.
https://doi.org/10.3390/su14116432

Kotlyar V.D., Bratskiy D.I., Ustinov A.V. Material com-
position and pre-firing ceramic properties of clay flasks.
Inzhenernyi vestnik Dona. 2010;4:47-59. (In Russ.).
http://www.ivdon.ru/magazine/archive/n4y2010/249

Kornsp B.J., bparckuit J[.1., Yctunos A.B. Bemecr-
BEHHBIN COCTaB U JOOOKUTOBBIE KEPAMUYECKUE CBOUCT-
Ba TIMHUCTBIX OMNOK. Muoicenepnulii @ecmuux J{oHa.
2010;4:47-59.
http://www.ivdon.ru/magazine/archive/n4y2010/249
Makarov D.V., Manakova N.K., Suvorova O.V. Produc-
tion of rock-based foam-glass materials. Glass and Ce-
ramics. 2023;79(9):411-417.
https://doi.org/10.1007/s10717-023-00522-8
Kurmangazhy G., Tazhibayeva S., Musabekov K., Sydyk-
bayeva S., Zhakipbaev B. Magnetite-gaize composite sta-
bilized with polyacrylic acid. Chemical Bulletin of Kazakh
National University. 2020;98(3):12—17.
https://doi.org/10.15328/cb1160

Schilling C., Ziemba M., Hess C., Ganduglia-Pirova-
no M.V. Identification of single-atom active sites in CO
oxidation over oxide-supported Au catalysts. Journal
of Catalysis. 2020;383:264-272.
https://doi.org/10.1016/j.jcat.2020.01.022

Fan J., Hu S., Li C., Wang Y., Chen G. Effect of loading
method on catalytic performance of Pt/CeO, system for
CO oxidation. Molecular Catalysis. 2024;558:114013.
https://doi.org/10.1016/j.mcat.2024.114013

25


https://doi.org/10.1016/j.matpr.2022.02.346
https://doi.org/10.1515/revic-2021-0030
https://doi.org/10.1016/j.clay.2021.105977
https://doi.org/10.1016/j.clay.2023.107240
https://doi.org/10.1021/es034515c
https://doi.org/10.3390/catal12020149
https://doi.org/10.1134/S0023158422060027
https://doi.org/10.31857/S0453881122060028
https://doi.org/10.1016/j.cej.2023.147102
https://doi.org/10.1016/j.fuel.2023.128931
https://doi.org/10.3390/su14116432
http://www.ivdon.ru/magazine/archive/n4y2010/249
http://www.ivdon.ru/magazine/archive/n4y2010/249
https://doi.org/10.1007/s10717-023-00522-8
https://doi.org/10.15328/cb1160
https://doi.org/10.1016/j.jcat.2020.01.022
https://doi.org/10.1016/j.mcat.2024.114013

DM v on

W3BECTUA BY30B

U3BECTUA BY30B. TOPOLIKOBAA META/IIYPTUA U ®YHKLMUOHANBHLIE MOKPbITUA. 2024;18(6):17-27
[ycynkanueea P.W., Bbicmposa U.M. u 0p. CUHTE3 B MPOLLECCe HU3KOTEMMNEPATYPHOO FOPEHUsA Ha OCHOBE ...

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

26

Auvray X., Lindholm A., Milh M., Olsson L. The addition
of alkali and alkaline earth metals to Pd/Al,O, to promote
methane combustion. Effect of Pd and Ca loading. Cataly-
sis Today. 2018;299:212-218.
https://doi.org/10.1016/j.cattod.2017.05.066

Zhang W-X., Zhao X., Xu L-Y., Xia S., Zhou Y-F.,
Chen C-L., He H-H., Luo M-F., Chen J. Unveiling the cru-
cial active sites responsible for CO, n-heptane, and toluene
oxidation over Pt/ZrO, catalyst. Molecular Catalysis.
2024;558:114015.
https://doi.org/10.1016/j.mcat.2024.114015

Shikina N.V., Yashnik S.A., Gavrilova A.A., Niko-
laeva O.A., Dovlitova L.S., Ishchenko A.V., Ismagi-
lov Z.R. Effect of the conditions of solution combustion
synthesis on the properties of monolithic Pt~MnO_ cata-
lysts for deep oxidation of hydrocarbons. Kinetics and Ca-
talysis. 2020;61(5):809-823.
https://doi.org/10.1134/S0023158420050110

Montenegro N.D., Epling W.S. Effects of SO, poison-
ing and regeneration on spinel containing CH, oxidation
catalysts. Applied Catalysis B: Environmental. 2023;336:
122894. https://doi.org/10.1016/j.apcath.2023.122894
Borshch V.N., Zhuk S.Ya., Vakin N.A., Smirnov K.L.,
Borovinskaya I.P., Merzhanov A.G. Sialons as a new
class of supports for oxidation catalysts. Doklady Physical
Chemistry. 2008;420(2)121-124.
https://doi.org/10.1016/10.1134/S0012501608060018

bopm B.H., Xyx C.A., Bakun H.A., Cmupuos K.JI., bo-
poBunckas W.I1., MepxxanoB A.I. CuanoHbl KaK HOBBII
KJIaCC HOCHTEJEH KaTallM3aTOPOB OKHCICHUS. /[oK1aob
Axaodemuu nayx. 2008;420(4):496-499.

Borshch V.N., Dement’eva .M., Khomenko N.Yu. Sup-
ported polymetallic catalysts by self-propagating surface
synthesis. [International Journal of Self-Propagating
High-Temperature Synthesis. 2019;28(1):45-49.
https://doi.org/10.3103/S1061386219010059

Borshch V.N., Bystrova [.M., Boyarchenko, O.D., Kho-
menko N.Yu., Belousova O.V. Low-temperature com-
bustion synthesis and characterization of Co-containing
catalysts based on modified silica gel. International Jour-
nal of Self-Propagating High-Temperature Synthesis.
2023;32(2):126-138.
https://doi.org/10.3103/S1061386223020024

Guan Y., Shen H., Guo X., Mao B., Yang Z., Zhou Y., Li-
ang H., Fan X, Jiao Y., Zhang J. Structured hierarchical
Mn—Co mixed oxides supported on silicalite-1 foam cata-
lyst for catalytic combustion. Chinese Journal of Chemi-
cal Engineering. 2020;28:2319-2327.
https://doi.org/10.1016/j.cjche.2020.06.019

Liu Z., Li J., Wang R. CeO2 nanorods supported M—Co
bimetallic oxides (M = Fe, Ni, Cu) for catalytic CO and
C,H, oxidation. Journal of Colloid and Interface Science.
2020;560:91-102.
https://doi.org/10.1016/j.jcis.2019.10.046

Zhang X., Ye J., Yuan J.,, Cai T., Xiao B., Liu Z., Zhao K.,
Yang L., He D. Excellent low-temperature catalytic perfor-
mance of nanosheet Co—Mn oxides for total benzene oxi-

27.

28.

29.

30.

31.

32.

dation. Applied Catalysis A: General. 2018;566:104—112.
https://doi.org/10.1016/j.apcata.2018.05.039

Feng C., Chen C., Xiong G., Yang D., Wang Z., Pan Y.,
Fei Z., Lu Y., Liu Y., Zhang R., Li X. Cr-doping regu-
lates Mn,O, spinel structure for efficient total oxidation
of propane: Structural effects and reaction mechanism
determination. Applied Catalysis B: Environmental.
2023;328:122528.
https://doi.org/10.1016/j.apcatb.2023.122528

Shen K., Wang C.-Y., Rai R.K., Stach E.A., Vohs J.M.,
Gorte R.J. Synthesis of thin-film CuMn,O, for low-tem-
perature CO oxidation. Applied Catalysis A: General.
2024;682:119823.
https://doi.org/10.1016/j.apcata.2024.119823
Gonzalez-Cobos J., Mylonoyannis B., Chai G., Zhang W.,
Tian C., Kaddouri A., Gil S. Low-temperature gas-phase
toluene catalytic combustion over modified CoCr,O, spi-
nel catalysts: Effect of Co/Cr content and calcination tem-
perature. Applied Catalysis A: General. 2023;657:119162.
https://doi.org/10.1016/j.apcata.2023.119162

Zav’yalova U.F., Tret’yakov V.F., Burdeinaya T.N., Lu-
nin V.V., Shitova N.B., Ryzhova N.D., Shmakov A.N.,
Nizovskii A.L, Tsyrul’nikov P.G. Self-propagating syn-
thesis of supported oxide catalysts for deep oxidation
of CO and hydrocarbons. Kinetics and Catalysis. 2005;
46(5):752-757.
https://doi.org/10.1007/s10975-005-0132-6

3aBpsioBa Y.®., TpetpsikoB B.®., bypuaetinas T.H., Jly-
wun B.B., Illutora H.B., Peixosa H./., IImakoB A.H.,
Hwuzosckmit A.U., LpipynmsankoB [1.I. Camopacmpoctpa-
HSFOIMIACS] CHHTE3 HAHECEHHBIX OKCH/IHBIX KaTaln3aro-
poB okucnernst CO u yrneBomnoponoB. Kunemuka u kama-
awus. 2005;46(5):795-800.

Kotolevich Y.S., Mamontov G.V., Vodyankina O.V.,
Petrova N.I., Smirnova N.S., Tsyryul’nikov P.G., Tre-
nikhin M. V., Nizovskii A.I., Kalinkin A.V., Smirnov M.Y.,
Goncharov V.B. Catalytic Pd—Ag nanoparticles immo-
bilized on fiber glass by surface self-propagating ther-
mal synthesis. International Journal of Self-Propagating
High-Temperature Synthesis. 2017;26(4):234-239.
https://doi.org/10.3103/S1061386217040045

Smirnov P.V., Zhakipbayev B.E., Staroselets D.A., Derya-
gina O.1., Batalin G.A., Gareev B.I., Vergunov A.V. Diato-
mites and opoka from Western Kazakhstan deposits:
lithogeochemistry, structural and textural parameters, po-
tential of use. Izvestiya Tomskogo politekhnicheskogo uni-
versiteta. Inzhiniring georesursov. 2023;334(7)187-201.
(In Russ.).
https://doi.org/10.18799/24131830/2023/7/4046

Cwmupnos I1.B., XKakunbaes b.E., Crapocenen /1.A., de-
psruna O, baranun I'A., I'apees B.1., Beprynos A.B..
JlmatoMuTBI M OTIOKK MecTOpOXKAeHM 3anaanoro Kazax-
CTaHa: JINTOJIOTHS, CTPYKTYPHO-TEKCTYPHBIC MTapaMeTpHl,
MIOTEHIMA MCTONb30BaHus. Mzeecmus Tomckozo noau-
mexHuyecko2o ynugepcumema. Huoicunupune 2eopecyp-
cos. 2023;334(7)187-201.
https://doi.org/10.18799/24131830/2023/7/4046


https://doi.org/10.1016/j.cattod.2017.05.066
https://doi.org/10.1016/j.mcat.2024.114015
https://doi.org/10.1134/S0023158420050110
https://doi.org/10.1016/j.apcatb.2023.122894
https://doi.org/10.1016/10.1134/S0012501608060018
https://doi.org/10.3103/S1061386219010059
https://doi.org/10.3103/S1061386223020024
https://doi.org/10.1016/j.cjche.2020.06.019
https://doi.org/10.1016/j.jcis.2019.10.046
https://doi.org/10.1016/j.apcata.2018.05.039
https://doi.org/10.1016/j.apcatb.2023.122528
https://doi.org/10.1016/j.apcata.2024.119823
https://doi.org/10.1016/j.apcata.2023.119162
https://doi.org/10.1007/s10975-005-0132-6
https://doi.org/10.3103/S1061386217040045
https://doi.org/10.18799/24131830/2023/7/4046
https://doi.org/10.18799/24131830/2023/7/4046

Pon e

POWDER METALLURGY AND FUNCTIONAL COATINGS. 2024;18(6):17-27
Jussupkaliyeva R.1., Bystrova I.M., etc. Synthesis of Co—Mn catalysts for deep oxidation of CO ...

Information about the Authors

Roza I. Jussupkaliyeva - Master Sci. (Tech.), Senior Lecturer

at Zhangir Khan West Kazakhstan Agrarian Technical University
ORCID: 0000-0001-8916-0008

& E-mail: rozaid2@mail.ru

Inna M. Bystrova - Junior Researcher, Laboratory of Catalytic Pro-
cesses, Merzhanov Institute of Structural Macrokinetics and Mate-
rials Science, Russian Academy of Sciences (ISMAN)

ORCID: 0000-0003-3739-7390
& E-mail: inna2019@ism.ac.ru

Svetlana I. Pomogailo - Cand. Sci. (Chem.), Senior Research Scien-
tist, Laboratory of Catalytic Processes, ISMAN

ORCID: 0000-0001-8200-0706
& E-mail: pomogsvetlana@mail.ru

Vyacheslav N. Borshch - Cand. Sci. (Chem.), Leading Researcher,
Laboratory of Catalytic Processes, ISMAN

ORCID: 0000-0001-5827-4942
& E-mail: borsch@ism.ac.ru

Contribution of the Authors

R. I Jussupkalieyva - defining the research goals and objectives,
data collection, conducting experiments, analyzing the obtained
data, and processing results.

L.M. Bystrova - conducting experiments, analyzing the obtained
data, and participating in the discussion of results.

S.1. Pomogailo - participation in the discussion of results.

V.N. Borshch - developing the main concept, research supervision,
organizing the work, and discussing the research results.

All authors contributed equally to writing the manuscript and share
responsibility for identifying any instances of plagiarism, self-pla-
giarism, or other ethical issues.

@

)

CBegeHns o6 aBTopax

Po3za H6paumosHa /jycycynkaiueea - MarUCTpP TeXHUYECKHUX
HayK, CT. IpenojaBaTe/b UHAYyCTpUaIbHO-TEXHOJIOTMYECKOTO UH-
CTUTYTa 3anajHo-KasaxcTaHCKOro arpapHoO-TEXHUYeCKOro YHHU-
BepcuTeTa UM. YKaHrup XaHa

ORCID: 0000-0001-8916-0008
& E-mail: rozaid2@mail.ru

HuHa MuxaiinoeHa Bvicmpoea - M. Hayd. COTPYAHHUK JaGopa-
TOPUHU KAaTaJUTHYECKUX POLeccOB MHCTUTYTa CTPYKTYPHOH Ma-
KPOKMHETHKHU U IPpo6JieM MaTepuanoBefeHus uM. A.I MepxaHoBa
Poccuiickoit akagemun Hayk (MCMAH)

ORCID: 0000-0003-3739-7390
& E-mail: inna2019@ism.ac.ru

CeemaaHa HopazumoeHa Ilomozaiiio - K.X.H., CT. Hay4. COTPY/-
HUK JJab0opaTOPUHU KaTaJlUTHYeCKUX npoueccoB MCMAH

ORCID: 0000-0001-8200-0706
& E-mail: pomogsvetlana@mail.ru

Bsiuecnae Hukoanaesu4 bopu - K.X.H., BeJl. HAy4. COTPYJHUK Jabo-
paTopuu KaTaJuTuyeckux npoueccoB MCMAH

ORCID: 0000-0001-5827-4942
3 E-mail: borsch@ism.ac.ru

Bknap aBTopoB

P. H. /Ixcycynkasuesa - onpejiesieHre LieJield U 3a/ia4y UCCIe/j0Ba-
HUSs1, CO0p JAHHBIX JJIs1 UCC/Ie/I0BaHUs, IPOBe/IeHHe IKCIIepUMEH-
TOB, dHaJIU3 MOJIYY€HHbIX IEPBUYHBIX ITaHHBIX, o6pa60TKa pe3yib-
TaTOB.

H. M. Bbicmpoea - npoBe/ieHre IKCIIePUMEHTOB, aHa/IU3 TT0JIy9eH-
HBIX IepPBUYHBIX IaHHBIX, y4acTHe B 06CYXIeHUH Pe3y/IbTaToB.

C. H. llomozaii1o - yyacTre B 06CyX/AeHUY Pe3yJIbTaTOB.

B. H. Bopuj - opMHpoBaH1e OCHOBHOH KOHLEMIIUH, PyKOBOJCTBO
uccae/loBaHUEM, OpraHu3anua paboT, o6Ccyx/eHre pe3y/bTaToB
HCCle/J0BaHUS.

Bce ABTOPLI B paBHOl‘/'I CTelleH! y4acTBOBaJIM B HAllUCAHUU PYKO-
MUCHU, U HEeCyT OTBETCTBEHHOCTb IIpHU 06Hapy’}KeHI/IH I1arvara,
caMoniaruaTa uiu Apyrux HeaTu4eCcKux HpO6JIeM.

Received 13.08.2024
Revised 23.08.2024
Accepted 28.08.2024

CraTbsa noctynuia 13.08.2024 r.
Jlopa6oTaHa 23.08.2024 1.
[IpuHsTa k ny6aukauuu 28.08.2024 .

27


https://orcid.org/0000-0001-8916-0008
mailto:rozaid2@mail.ru
https://orcid.org/0000-0003-3739-7390
mailto:inna2019@ism.ac.ru
https://orcid.org/0000-0001-8200-0706
https://orcid.org/0000-0001-5827-4942
mailto:borsch@ism.ac.ru
https://orcid.org/0000-0001-8916-0008
mailto:rozaid2@mail.ru
https://orcid.org/0000-0003-3739-7390
mailto:inna2019@ism.ac.ru
https://orcid.org/0000-0001-8200-0706
https://orcid.org/0000-0001-5827-4942
mailto:borsch@ism.ac.ru

