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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 HCl 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 SiO2 (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 m2⋅g–1, and that of the composites – from 46.4 to 78.5 m2⋅g–1. 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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Аннотация: Энергоэффективным методом низкотемпературного горения получены Co-Mn-содержащие 
композиты на основе природного и активированного диатомита Утесайского месторождения (Республика 
Казахстан) в качестве носителя (матрицы). Активация включала этапы промывки водой, прокалки при 500 °С,  
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а также обработки раствором HCl, в различных сочетаниях. Нанесение фазы, содержащей 5 мас. % Co + 5 мас. % Mn  
(в расчете на металлы), на диатомит производили путем низкотемпературного горения смеси нитратов Co и Mn 
(окислители) с мочевиной (восстановитель, горючее). Максимальная температура в волне горения достигала  
337 °С. Исследованы физико-химические свойства композитов методами РФА, СЭМ/ЭДС, и измерена удельная 
поверхность по адсорбции азота. Основными фазами в составе композитов по данным РФА являлись 
модификации SiO2 (кварц, тридимит и кристобалит). Согласно результатам СЭМ/ЭДС, имеет место 
неравномерное распределение компонентов Co-Mn-содержащей фазы по поверхности гранул катализаторов, 
связанное с неоднородностью морфологии поверхности и внутренних пор природного диатомита. Также были 
обнаружены примесные элементы (Mg, Al, Na, K, Ca, Fe). Удельная поверхность по БЭТ образцов носителей 
составила от 56,0 до 83,5 м2/г, а композитов – от 46,4 до 78,5 м2/г. Полученные композиты предполагается 
использовать как катализаторы процесса глубокого окисления СО и углеводородов для экологически важных 
технологий нейтрализации выхлопных и отходящих газов техногенной природы. 
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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 SiO2 (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⋅cm–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)2 
[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 
α-pinene [10], the hydrogenation of vegetable oils to 
particularly valuable cis-isomers [11], and the 

hydrogenation of CO2 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(III) 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 oC) 
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, 
CO2, and, in the case of nitrogen-containing fuels, 
N2. 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 CO2 
[29–32, 36] on a wide range of supports (γ-Al2O3, 
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silica gel (including modified Al2O3), 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 
D1. 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 % HCl 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 % HCl 
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)2⋅6H2O 
and manganese Mn(NO3)2⋅4H2O (oxidizers), and 
urea CO(NH2)2 (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)2⋅6H2O + Mn(NO3)2⋅4H2O + 4CO(NH2)2 → 
 

→ Co + Mn + 4CO2 + 5N2 + 18H2O.          (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. 
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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 % H2O2 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: 5Co5Mn/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 FeKα 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. TS 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 TS 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/γAl2O3 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 SiO2 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, CoxMnyOz, 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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                                               (a)                                                                                   (b) 

 
                                               (c)                                                                                   (d) 

 
Fig. 2. Thermograms of the composite’s synthesis process:  

a – 5Co5Mn/D1; b – 5Co5Mn/D2; c – 5Co5Mn/D3; d – 5Co5Mn/D4 
 
 

 

 
Fig. 3. XRD-patterns of samples:  

1 – D1; 2 – D2; 3 – 5Co5Mn/D1; 4 – 5Co5Mn/D2 
Fig. 4. XRD-patterns of leached composite samples:  

1 – 5Co5Mn/D2; 2 – 5Co5Mn/D4 
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Table 1. Elemental composition of the surface (wt. %) of the D2 sample in the points in Fig. 6 
 

Point 
number 

Elements, wt. % 

O 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 
number 

Elements, wt. % 

O Na Mg Al Si K Ca Ti Mn Fe Co 

1 57.25 0.60 0.43 3.44 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 0.44 25.55 1.37 27.39 

3 56.16 0.13 0.31 2.02 29.33 0.33 0.55 0.15 5.05 0.97 5.00 

4 11.82 0.00 0.18 1.45 10.84 1.48 1.58 0.95 32.25 6.52 32.93 

5 54.50 0.20 0.31 1.95 23.76 0.52 0.65 0 8.28 1.74 8.12 

6 33.74 0.08 0.26 3.32 34.75 0.97 0.80 0.05 11.53 2.24 12.25 

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 28.79 0.62 2.04 0.82 14.89 7.51 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 32.37 0.15 0.23 2.55 20.47 0.69 1.09 0.35 18.13 4.92 19.17 

 
Note the wide range of concentrations of cobalt- 

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. 

To study the surface morphology of the 
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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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 m2⋅g–1) compared to 
5Co5Mn/opoka, their high catalytic activity can be 
assumed. 
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