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Abstract: Co-Mn-containing composites based on diatomite as a carrier (matrix) were prepared using the energy-efficient
low-temperature combustion method using natural and activated diatomite from the Utesai deposit (Republic of
Kazakhstan) as a support (matrix). Activation included the stages of washing with water, calcination at 500 °C, and
treatment with an HCI solution in various combinations. The phase containing 5 wt. % of Co + 5 wt. % of Mn (calculated
as metals) was applied to diatomite by low-temperature combustion of a mixture of Co and Mn nitrates (oxidizers) with
urea (reducing agent, fuel) applied to diatomite. The maximum temperature in the combustion wave reached 337 °C.
The physicochemical properties of the composites were studied using X-ray diffraction, SEM/EDS, and the specific
surface area was measured according to BET on nitrogen. The main phases in the composites, according to XRD data,
were modifications of SiO; (quartz, tridymite, and cristobalite). According to the SEM/EDS results, there is an uneven
distribution of the Co-Mn-containing phase components over the surface of the catalyst granules, due to the heterogeneity
of the surface morphology and internal pores of natural diatomite. Impurity elements (Mg, Al, Na, K, Ca, Fe) were also
detected in the composition of the supports and catalysts. The specific surface area of the support samples ranged from
56.0 to 83.5 mz-gfl, and that of the composites — from 46.4 to 78.5 mz-gfl. The resulting composites are expectedto be used
as catalysts for deep oxidation of CO and hydrocarbons for environmentally important technologies for the neutralization
of man-made exhaust and waste gases.
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AHHoOTanmsi: DHeprod(GEeKTUBHBIM METOAOM HHU3KOTEMIIEpaTypHOro ropeHus mnonaydeHsl Co-Mn-conepixamue
KOMIIO3UTBl Ha OCHOBE IPHPOJHOTO W aKTUBHPOBAHHOIO IHATOMHUTA YTecaiickoro mecropoxueHus (PecryGinuka
KazaxcraHn) B kadecTBe HOCHTENS (MAaTPHIBI). AKTHBAIMS BKIIOYajia dTAlbl MPOMBIBKA BOJOU, mpokaiku mpu 500 °C,
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a Taroke o0padotku pactBopom HCl, B pasnuunbix coueranusix. Hanecenue dassi, conepxareit 5 mac. % Co + 5 mac. % Mn
(B pacyere Ha MeTaJUIbl), HA JUATOMHUT MPOU3BOJUIIU IyTEM HU3KOTEMIIEPAaTypHOro ropenusi cmecu HutpatoB Co u Mn
(okucauTENN) ¢ MOYEBHMHOHN (BOCCTAaHOBUTENB, rOprouee). MakcuManbHas TeMIepaTypa B BOJHE TOPEHHS TOCTUTAa
337 °C. UccnenoBansl (PU3UKO-XUMHUECKUE CBOUCTBA KOMITO3UTOB MeTomamu PDA, COM/D/IC, n n3MepeHa ynenbHas
MOBEPXHOCTh 1O ancopOuuu a3ora. OcHOBHbIMH (pa3amMu B cOCTaBe KOMIIO3MTOB MO JaHHbIM P®DA  sBisutnch
moaudukarmu  SiOp (kBapu, TpuauMUT U Kpuctodanur). CormacHo pesynabratam COM/DJIC, umeer MecTto
HEpaBHOMEpHOE pacmpenencHne koMmoHeHToB Co-Mn-copepikamieli (a3bl MO IMOBEPXHOCTH TPaHyN KaTalH3aTOpPOB,
CBSI3aHHOE C HEOJHOPOJHOCTHIO MOP(OJIOrHH MOBEPXHOCTH U BHYTPCHHUX IMOP MPHPOTHOIO NUATOMHUTA. Takke ObLIH
oOHapyskeHbl TpumecHbie teMeHTh (Mg, Al, Na, K, Ca, Fe). Ynenbnas nosepxHocth mo BOT 00pa3ioB Hocutenei
cocraBuiia oT 56,0 no 83,5 MZ/F, a KoMno3uToB — oT 46,4 no 78,5 M/T. [Tony4yeHHblE KOMITO3UTHI MPEANOIaraeTcs
WCTIOJIh30BaTh KaK KaTaIHM3aTOPBI Ipolecca Tiyookoro okucieHuss CO W yriIeBOJOPOMOB sl SKOJIOTUYCCKH BaXKHBIX
TEXHOJIOTUH HeﬂTpaﬂM?,aLlHld BBIXJIOIIHBIX U OTXOJAIIUX I'a30B TEXHOIeHHOM IMpUupoabl.

KaroueBble ciioBa: JAUATOMUT; aKTUBALMA; HU3KOTCMIICPATYPHOC IT'OPEHUE, KO6EU'II)T; MapraHen; KOMIO3UThbI.
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1. Introduction

Diatomite is a sedimentary rock formed from the
remains of diatomaceous algae, with abundant
deposits in Kazakhstan and Russia [1, 2]. The main
component of diatomite is silica SiO, (70-98 wt. %,
depending on the deposit), largely in an amorphous
state. Its characteristic feature is a highly porous
structure, resulting in a low density (on average
0.5-0.7 g‘crn_3), a high specific surface area, high
adsorption capacity, and low thermal conductivity.
Furthermore, it is quite heat-resistant and resistant to
aggressive environments. Due to these properties, as
well as its low cost, diatomite is widely used in
various industries and construction. Thus, in its
original or modified forms, it is an effective sorbent
for removing oil spills and waste containing
petroleum products [3], water purification from
aromatic compounds and esters [4], inorganic salts, in
particular, phosphates (in combination with Mg(OH),
[5]). Particular attention is paid to the development of
diatomite-based adsorbents for the removal of
organic dyes from waste and discharge water [6, 7].
High specific surface area and chemical stability are
attractive factors for the use of diatomite as a carrier
of deposited catalysts for various processes.
The range of developed diatomite-based catalysts is
currently quite wide. Diatomite modified with
organoaluminum compounds turned out to be an
active catalyst for ethylene polymerization [8]; with
deposited transition metal salts it showed high
activity in the process of catalytic pyrolysis of the
propane-butane fraction to obtain multiwalled carbon
nanotubes [9]. Diatomite-based catalysts have
demonstrated high selectivity in the isomerization of
a-pinene [10], the hydrogenation of vegetable oils to
particularly valuable cis-isomers [11], and the

hydrogenation of CO,; to methane [12].
Developments have been made of catalysts for the
deep oxidation of CO and propane [13],
formaldehyde [14, 15], and the liquid-phase oxidation
of As(Ill) compounds in an alkaline medium [16].
Catalysts for photooxidation processes in both
gaseous and liquid media, including those for water
purification processes, are being intensively
developed [17-21].

The most common method for synthesizing
supported catalysts is the impregnation of carriers
with solutions of active transition metal salts (most
often nitrates), followed by drying and calcination
[9, 23]. The disadvantage of this method is the high
calcination temperature (usually not less than 500 °C)
and the corresponding energy costs, as well as toxic
gas  emissions  containing  nitrogen  oxides.
An alternative to this method is the relatively recently
developed energy-efficient method of self-
propagating surface thermal synthesis or the low-
temperature combustion method [24-32]. Its essence
lies in impregnating the carrier with a mixture of
solutions of an oxidizer (usually transition metal
nitrates) and a reducing agent (fuel) — a water-soluble
organic compound (urea, glycine, citric acid, sucrose,
sorbitol, etc.). After drying, slight heating (< 200 °C)
initiates a self-sustaining combustion reaction in the
sample, usually proceeding in a wave mode.
The gaseous products of combustion are water vapor,
CO,, and, in the case of nitrogen-containing fuels,

Nj. The resulting catalysts often have a nanosized
active phase, which contributes to their high activity
and selectivity. We previously used this method to
obtain a number of catalysts for the deep oxidation of
CO and propane, as well as the hydrogenation of CO,

[29-32, 36] on a wide range of supports (y-Al,O3,
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silica gel (including modified Al,O3), zeolites NaX
and ZSM-5, halloysite (natural aluminosilicate
nanotubes), and the natural silica mineral opoka).
The catalysts demonstrated high activity, selectivity,
and stability in the processes studied. In [29], we
were the first to show that this method can be used to
obtain not only oxide but also metallic phases of
transition metals in the catalyst composition.

In this study, a low-temperature combustion
method was used to obtain composites containing
Co-Mn phases based on the initial and activated
diatomite. These composites are expected to be used
in the future as catalysts for the deep oxidation of CO
and hydrocarbons for environmentally important
technologies for the neutralization of exhaust and
waste gases of anthropogenic origin. The composition
of the Co-Mn-containing phase was selected based on
the results of our previous studies and literature data
[23, 29, 33-36], which showed that -catalysts
supported on various supports with a bimetallic active
phase Co-Mn were characterized by high activity and
stability in the process of deep oxidation of CO and
propane. The study was aimed at studying the
features of the synthesis process of various samples
of the Co-Mn/diatomite system, and the
physicochemical characteristics of the obtained
materials.

2. Materials and Methods
2.1. Composite preparation
2.1.1. Preparation of the carrier

Diatomite from the Utesai deposit in the
Republic of Kazakhstan was used as the carrier for
the composites. All carrier samples were crushed to
a 0.1-0.3 mm fraction using sieves, pre-washed
several times with distilled water to remove water-
soluble impurities and easily dispersible clay
impurities, and dried in an oven at 90 °C. Samples
that did not undergo further processing are designated
DI1. The next subset of samples were calcined at
500 °C for 3 hours, washed again with distilled water,
and dried in an oven at 90 °C (D2). The third part of
the carriers was washed with a 10 % HCI solution to
remove impurities of carbonates, oxides and
hydroxides of alkaline earth metals and iron, then
washed with distilled water until a neutral reaction
and dried in a drying oven at 90 °C (D3). The fourth
part of the samples was washed with a 10 % HCI
solution, then washed with distilled water until
a neutral reaction, dried in a drying oven at 90 °C,
calcined at 500 °C for 3 hours and again washed with
distilled water and dried at 90 °C (D4).

2.1.2. Synthesis of composites
by low-temperature combustion

The support samples prepared in accordance
with section 2.1.1 were impregnated with a mixture

of cobalt nitrate hydrate solutions Co(NO3),-6H,0
and manganese Mn(NO3),-4H,O (oxidizers), and

urea CO(NH;), (reducing agent, fuel). The required
amount of precursors to obtain a composite
containing 5 wt. % of Co and 5% wt. % of Mn
(calculated as metals) was calculated using the
following equation:

Co(NO3)y-6H,0 + Mn(NO3),-4H,0 + 4CO(NH,), —
— Co +Mn + 4CO, + 5N, + 18H,0. (1)

Thus, the maximum amount of reducing agent
(urea) was introduced into the precursor mixture,
sufficient to obtain the fully reduced (metallic) phases
of Co and Mn. This limiting case is far from always
realized; a mixture of metallic and oxide phases [29],
or even oxide phases alone, was often obtained.
In any case, unreacted fuel was simply washed from
the sample. The proposed metal content is the
minimum possible for achieving stable low-
temperature combustion.

The calculated amounts of nitrates and urea were
dissolved in a minimal amount of water at room
temperature, and the carrier samples were
impregnated with the resulting solution while stirring.
After drying in a drying oven at 90 °C, 10 g of the
samples were placed in a combustion reactor
assembled according to the diagram in Fig. 1.

6 /5

Fig. 1. A diagram of the experimental setup
for synthesis in the low-temperature combustion mode:
1 — sample; 2 — heat-insulating casing with a viewing
window; 3 — tubular quartz reactor with a flat bottom;
4 — quartz glass with a lid; 5 — dust collection system;
6 — thermocouple; 7 — argon supply; 8§ — backlight lamp;
9 — electric heater
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Throughout the experiment, the reactor was
purged with argon. The reactor bottom heater was
turned on and its power remained constant throughout
the entire process. Temperature was monitored with
a thermocouple placed in the sample layer at the
center of the reactor bottom. Thermocouple readings
were entered into a computer using a Metex ME-31
digital multimeter (Metex, Korea), and thermograms
of the process were plotted as a temperature-time
dependence. The sample combustion reaction began
at a random point near the reactor perimeter and
proceeded as a combustion wave, appearing as
a darkening wave accompanied by intense gas
evolution and dust emission above the sample layer.
After cooling, the sample in the reactor under argon

was stabilized with a 5 % H,O, solution to prevent
spontaneous combustion of any highly dispersed
metallic phases in the active phase. The sample was
then rinsed with distilled water and then dried at
90 °C. The fraction < 0.1 mm was removed from the
resulting product by sifting on a sieve.

The prepared samples have the following
designations: SCo5SMn/D1, 5Co5Mn/D2, 5Co5Mn/D3,
5Co5Mn/D4. The numbers before the names of the
elements indicate their content in the composites in
wt. %, calculated as metal.

2.2. Physicochemical studies of samples

The X-ray diffraction (XRD) analysis of the
samples was performed on a DRON-3M
diffractometer (Russia), using FeKo radiation.
Surface morphology and elemental composition were
analyzed using a scanning electron microscope with
an EDS attachment (SEM/EDS) (Zeiss Ultra plus
microscope + INCA Energy 350 XT energy-dispersive
spectrometer). Specific surface area was measured
using a dedicated laboratory setup designed and
constructed according to the design and methodology
of Russian Standard 23401-90, using a multipoint
scheme at liquid nitrogen temperature. Specific
surface area was calculated using the BET method.

3. Results and Discussion

Figure 2 shows thermograms of the synthesis
processes of composite samples on all types of

supports. Tg denotes the point of temperature rise at
the front of the combustion wave incident on the
thermocouple, when the heat release from the
chemical reaction begins to exceed the external heat
input. In essence, this value is close to the

autoignition temperature. The 7g values are quite
close for all samples. Tmax correspond to the

maximum temperatures in the combustion wave; the
spread of their values is more significant (~50 °C).
The splitting of the maximum temperature peaks
(Fig. 2) was previously observed in the case of the
synthesis of Co-Mn/yAl,O3 catalysts [29] and was
explained as the passage of combustion and
afterburning waves associated with the heterogeneity
of the porous structure of the samples and the
complex mechanism of the process, including the
autocatalytic action of newly formed oxo-metallic
phases.

The X-ray diffraction results for the support and
composite samples are shown in Fig. 3. As can be
seen, the diffraction patterns of both the support and
the resulting composites show only peaks

corresponding to three different SiO, modifications:
quartz, cristobalite, and tridymite. Thus, support
activation and composite synthesis do not
significantly affect their phase structure. Co- and Mn-
containing phases were not detected, apparently due
to their content being below the detection limit of the
method (~5 %) and the significant amorphous nature
of the support.

In order to study the phase composition of the
cobalt-manganese phase, the samples of 5Co5Mn/D1
and 5Co5Mn/D2 composites were boiled for 1 hour
in a 20 % NaOH solution according to our previously
proposed method [29], washed with distilled water
until a neutral reaction was achieved, and dried at
90 °C. As a result, the amorphous component of the
carriers dissolved, increasing the content of the
Co-Mn component in the residue. The mass loss of
the 5Co5Mn/D2 sample was 55.47 %, while that of
the 5Co5Mn/D4 sample was 58.27 %. The X-ray
diffraction results of the leached composite samples
are shown in Fig. 4.

As can be seen, the next phase, CoMn,0;, is
observed. This phase is a mixed oxide, meaning that
reduction during combustion according to reaction
(1) is incomplete.

The results of specific surface area
measurements for the initial and activated support
samples, as well as the Co-Mn-containing composites
based on them, are shown in the histogram in Fig. 5.

As can be seen, the processing processes affect
the specific surface area differently compared to the
original diatomite sample. A slight decrease is
observed only during the initial calcination of the
diatomite, but the acid treatment and calcination
processes lead to a significant increase in the specific
surface area, reaching a maximum in the case of
sample D4.
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Fig. 2. Thermograms of the composite’s synthesis process:
a—5Co5Mn/D1; b —5C0o5Mn/D2; ¢ — 5Co5Mn/D3; d — 5Co5Mn/D4
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Fig. 3. XRD-patterns of samples:
1-D1;2-D2; 3-5C0o5Mn/D1; 4 — 5Co5Mn/D2

Fig. 4. XRD-patterns of leached composite samples:

1 —5Co05Mn/D2; 2 — 5Co5Mn/D4
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Fig. 5. Histogram of specific surface area values of support and composite samples

This is likely due to the opening of small pores
in the support. The application of the Co-Mn-
containing phase leads to a nearly identical
dependence of the specific surface area of the
composites on the specific surface area of the
supports (except for the 5Co5Mn/D3 sample), with a
slight decrease in the specific surface area of the
composites. This suggests that the dispersion of the
metal-containing phase is somewhat lower than the
characteristic pore size of the support, as a result of
which some of the small pores of the support may be
blocked by particles of the applied phase. It should be
noted that the specific surface area of the composites
obtained in  this study is  significantly
(by approximately 15 mz-g_l) higher than that of the
5Co5Mn/flask composites obtained by us previously
[36], which demonstrated high catalytic activity in

Fig. 6. SEM-image of D2 sample

the process of deep oxidation of CO and propane.
It should be noted that flasks are similar in
composition and structure to diatomite, so it can be
expected that diatomite-based composites will also
exhibit high catalytic activity.

The results of the elemental analysis of the
surface of composite granules according to
SEM/EDS data at points in Figs. 6 and 7 are
presented in Tables 1 and 2.

According to Table 2, significant levels of
impurity elements (Na, K, Mg, Ca, Al, and Fe) are
observed in both the carrier and finished composite
samples. This is related to the natural origin of
diatomite and depends on the specific deposit.
The highest concentrations are indicated for iron-
containing phases, which impart a characteristic
reddish-brown hue to the original diatomite samples.

Fig. 7. SEM-image of catalyst sample 5Co5Mn/D2
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Table 1. Elemental composition of the surface (wt. %) of the D2 sample in the points in Fig. 6

Point Elements, wt. %
number 0 Mg Al Si K Ca Fe

1 31.91 0.52 1.50 41.16 2.36 1.32 21.23
2 35.75 0.42 1.88 21.96 0.95 0.56 38.48
3 58.40 0.58 4.64 32.79 1.32 0.42 1.85
4 49.14 0.56 4.57 40.25 1.63 0.73 3.12
5 67.28 0.13 1.87 29.62 0.42 0.23 0.45
6 63.19 0.44 2.66 32.08 0.62 0.30 0.67

Mean 51.08 0.44 2.85 33.05 1.22 0.60 10.76

Table 2. Elemental composition of the surface (wt. %) of the 5Co5Mn/D2 sample in the points in Fig. 7

Point Elements, wt. %
number o Na Mg Al Si K Ca Ti Mn Fe Co

1 57.25 0.60 0.43 344 28.05 0.54 0.55 0.77 3.78 1.04 3.55
2 24.47  0.00 0.10 2.65 13.07 1.12 0.85 044 2555 137 2739
3 56.16 0.13 0.31 2.02 2933 033 0.55 0.15 5.05 0.97 5.00
4 11.82  0.00 0.18 145 10.84 1.48 1.58 095 3225 652 3293
5 54.50 0.20 0.31 1.95 2376  0.52 0.65 0 8.28 1.74 8.12
6 33.74  0.08 0.26 332 3475 097 0.80 0.05 11.53 224 1225
7 18.87  0.00 0.08 2.09 11.24 0.10 0.64 0.00 29.16 6.73 31.09
8 29.46  0.30 0.65 3.03 2879 0.62 2.04 0.82 1489 751 12.26
9 5.07 0.00 0.11 2.77 4.95 0.60 2.19 0.00 31.52 12.86 39.94

Mean 3237 0.15 0.23 2.55 2047 0.69 1.09 035 18.13 492 19.17

Note the wide range of concentrations of cobalt- To study the surface morphology of the

and manganese-containing phases on the surface of
various composite granules, apparently related to the
varying absorption of the initial precursor solution by
the individual granules. This absorption, in turn,
depends on the wettability and pore structure of the
individual granules, which varies greatly due to the
structural  heterogeneity of natural minerals.
This heterogeneity manifests itself when the carrier is
crushed into granules of different types. Even
visually, Figs. 6 and 7 reveal granules with a denser
surface and granules that are essentially
conglomerates of small particles. However, the
higher average Co and Mn contents, compared to the
calculated values, indicate that the metal-containing
phases are concentrated primarily on the outer surface
of the granules. The surface morphology of the
composite granules is shown in more detail in Fig. 8.

composite in Fig. 8, composite granules based on two
main types of carrier granules were selected.
Granules of the first type (Fig. 8a) are denser,
layered, and covered with micron-sized crystallites.
However, at the nanoscale, a flaky surface structure
appears, with characteristic flake sizes <200 nm.
The composition of these morphological elements,
due to their size, cannot be analyzed by EDS. Since
the specific surface area of this composite sample is
smaller than that of its carrier (see Fig. 5), the
morphology of the metal-containing phase can be
associated with the noted micron-sized crystallites on
the surface. Granules of the second type (Fig. 8b)
have the appearance of loose breccia-type
conglomerates; however, at the nanoscale, in contrast
to granules of the first type, their stepped surface is
smoother and permeated with nanopores. No details
that could be associated with the deposited phase are
observed at this level.
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Fig. 8. SEM-images of two 5Co5Mn/D2 composite granules of different structure

4. Conclusion

Composite materials with a deposited Co-Mn-
containing phase were obtained using low-
temperature combustion on the basis of natural and
activated diatomite samples. These materials were
then used as catalysts in the deep oxidation of CO
and hydrocarbons. In addition to the original
diatomite (D1), three types of activated diatomites
were obtained: those calcined at 500 °C (D2), those
treated with an HCI solution (D3), and those treated
with an HCI solution and then calcined at 500 °C
(D4). Synthesis of the composites by low-temperature
combustion included the following  steps:
impregnation of the diatomite samples with solutions
of Co and Mn nitrates (oxidizers) and urea (reducing
agent, fuel), drying, and initiation of the combustion
process by heating the impregnated samples.
The process was visually observed in the combustion
wave mode. The maximum temperature in the

combustion wave (337 °C) was recorded during the
synthesis of the 5Co5Mn/D1 composite. In the
thermograms of the synthesis of three composite
samples, in addition to 5Co5Mn/D1, secondary peaks
were observed, apparently associated with the
passage of afterburning waves due to a complex,
possibly autocatalytic combustion mechanism.
According to XRD data, only peaks of various SiO,
phases (quartz, tridymite, and cristobalite) were
observed in the composites. The specific surface area
of the composites ranged from 46.4 to 78.5 rnz-g_l.
EDS analysis revealed a significant spread in the
surface concentrations of Co and Mn, mainly on two
types of granules, apparently associated with the
structural  heterogeneity of natural diatomite.
Noticeable concentrations of impurity elements,
including iron, were also detected. The SEM
morphology of composite granules with two different
surface types was studied. Some assumptions are
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made about the morphology of the Co-Mn-containing
phases. The resulting composites are similar in
composition to our previously synthesized
5Co5Mn/opoka composites, which demonstrated high
catalytic activity in the deep oxidation of CO and
propane. Since these diatomite-based composites
have a significantly higher specific surface area
(approximately 15 m”- g ! )  compared to
5Co5Mn/opoka, their high catalytic activity can be
assumed.
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