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ABSTRACT

In this work, the catalytic effect of copper (I) iodide (CuI) synthesized by a mechanochemical 
method on the thermal decomposition of ammonium nitrate (NH4NO3) was studied. CuI 
was obtained by ball milling CuSO4·5H2O and KI at 300-400 rpm for 60-120 min. The 
results of X-ray phase analysis showed that CuI, with high phase purity, formed after 
120 min of processing. The composite systems were prepared based on NH4NO3 by adding 
1, 3, and 5 wt.% CuI. DSC analysis was carried out in the temperature range of 25-500 °C 
and at heating rates of 5-20 °C·min-1. While for pure ammonium nitrate the main thermal 
decomposition was observed at ~282 °C, the appearance of a pronounced exothermic 
peak at ~276 °C in the presence of CuI indicated an earlier reaction onset. In addition, 
it was found that the deepening of the endothermic effect at ~300 °C is associated with 
the intensive release of gaseous products. According to the results of kinetic analysis, 
the activation energy for pure NH4NO3 is in the range of 101.27-113.48 kJ·mol-1, while 
with the introduction of 5 wt.% CuI, this value decreases to 81.37-94.59 kJ·mol-1. In 
the second reaction stage, the activation energy decreases from 188.73 kJ·mol-1 to 
159.71 kJ·mol-1. The observed decrease in activation energy is consistent with a mechanism 
reported in the literature involving Cu+/Cu2+ redox cycling and the possible formation of 
reactive radicals. The results show that CuI synthesized by the mechanochemical method 
significantly affects the thermal decomposition kinetics of ammonium nitrate, thereby 
decreasing the reaction energy barrier and increasing the system’s overall reactivity.
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1. Introduction

Currently, the regulation of the thermal decom-
position mechanisms of oxidizers is considered 
one of the most important scientific directions to 
increase the efficiency of energy materials and py-
rotechnic compositions [1-3]. Among the oxidizers 
widely used for this purpose, ammonium nitrate 
holds a special place, as it has a high oxygen balance 
and is relatively safe [4, 5]. Nevertheless, ammoni-
um nitrate has several disadvantages, in particular 
its high hygroscopicity, insufficient thermal stability, 
and the onset of decomposition at relatively high 
temperatures. These factors limit the effectiveness 
of this compound in energy systems to some extent.

In recent years, research has focused on using 
various catalysts to reduce the thermal decomposi-
tion temperature of ammonium nitrate and increase 

the reaction rate [6-10]. In this regard, special atten-
tion is paid to the effectiveness of transition-metal 
compounds. It has been found that copper-based 
nanostructured materials, including oxides and fer-
rites, can reduce the decomposition temperature of 
ammonium nitrate and reduce the activation ener-
gy [11-12]. In addition, it has been shown that the 
formation of metal-nitrate-type intermediates, cat-
alyzed by a catalyst, affects the reaction mechanism 
and increases the intensity of gaseous product for-
mation [13].

One of the compounds that has received special 
attention in this direction is copper(I) iodide (CuI). Its 
high electrical conductivity, stable crystal structure, 
and the presence of active surface centers make this 
compound a promising material for use in catalytic 
processes [14-16]. In particular, the mechanochem-
ical preparation of CuI increases particle dispersion 
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and enhances their reactivity. Mechanochemical 
synthesis, which is carried out without a solvent or 
with a small amount of solvent, is an energy-efficient 
and environmentally safe method that has become 
widespread in recent years [17]. Nevertheless, it 
cannot be said that the effect of mechanochemical-
ly prepared CuI particles on the thermal decompo-
sition of ammonium nitrate has been fully studied. 
In particular, systematic data on changes in the re-
action's kinetic parameters in the presence of CuI, 
modifications to the decomposition mechanism, and 
the formation of gaseous products remain insuffi-
cient [18-19].

Accordingly, the present study aims to synthe-
size CuI via a mechanochemical method, investigate 
its structural and morphological characteristics, and 
comprehensively evaluate its effect on the thermal 
decomposition behavior of ammonium nitrate. The 
findings of this study provide a scientific basis for im-
proving the performance of ammonium nitrate-based 
energetic systems and for the rational design of new 
catalytic additives. Previous studies have suggested 
that copper-containing catalysts accelerate the ther-
mal decomposition of ammonium nitrate through 
electron transfer via the Cu+/Cu2+ redox cycle and the 
formation of reactive intermediates. However, this 
catalytic pathway has mainly been inferred from indi-
rect experimental observations and has not been suf-
ficiently verified for mechanochemically synthesized 
CuI. Therefore, the present study focuses on evaluat-
ing the catalytic effect of CuI via thermal and kinetic 
analyses, while the mechanistic interpretation is dis-
cussed based on prior literature.

2. Materials and methods

2.1. Initial materials 

Chemical compounds with analytical purity ≥99% 
were used as starting reagents in the study. Cop-
per(II) sulfate pentahydrate (CuSO4·5H2O) was used 
as a source of copper, and potassium iodide (KI) was 
used as a source of iodide ions. Ammonium nitrate 
(NH4NO3) was chosen as the oxidizing agent for ther-
mal studies. All reagents used were obtained from 
commercial suppliers and used without further puri-
fication. Samples were stored in a dry environment 
and protected from moisture until the start of the 
experiment.

2.2. Mechanochemical Synthesis of CuI

CuI particles were synthesized by the mecha-
nochemical method in a planetary ball mill. Cu-

SO4·5H2O and KI were used in a stoichiometric ra-
tio for the reaction. The mixture was placed in a 
steel drum with steel balls with a diameter of 5-
10 mm and subjected to mechanical processing.

Synthesis parameters:
• rotation speed: 300-400 rpm
• processing time: 60-120 min
• ball/powder ratio: 10:1

As a result of the mechanochemical effect, a re-
dox-exchange reaction occurs, Cu2+ ions are reduced 
to the Cu+ state, and the CuI phase is formed. The 
obtained powder was washed with water, dried in 
vacuum, and used for further analysis

2.3. Structural and morphological analysis of mech-
anochemically synthesized CuI

Modern analytical methods were used to charac-
terize the structural and morphological properties 
of Copper(I) iodide samples synthesized by mecha-
nochemical synthesis. To determine the phase com-
position and crystal structure, an X-ray diffractom-
eter (XRD) DW-XRD-27mini (CuKα radiation source) 
was used. Based on the diffractograms obtained, the 
sample's crystalline phases were identified, and its 
structural features were evaluated. The morpholo-
gy and particle sizes of the samples were studied 
using a scanning electron microscope (SEM), Ther-
mo Scientific Phenom XL G2 Desktop SEM. In ad-
dition, energy-dispersive X-ray spectroscopy (EDX) 
was used to determine the elemental composition 
and distribution. The results of the comprehensive 
analysis enabled assessment of the structural integ-
rity, morphological features, and the consistency of 
the elemental composition of the synthesized CuI 
materials.

2.4. Preparation and thermal analysis of NH4NO3-
CuI composite mixtures

Model compositions based on ammonium nitrate 
were prepared by mechanical mixing. NH4NO3 was 
used as the main oxidant, and mechanochemical-
ly synthesized Copper(I) iodide was added to it in 
different amounts (1, 3, and 5 wt.%). The mixtures 
were mixed until a uniform distribution of the com-
ponents was ensured on an agate plate, and then 
stored in hermetic containers. The thermal proper-
ties of the prepared composite systems were stud-
ied by differential scanning calorimetry (DSC). The 
analysis was carried out over the temperature range 
of 25-500 °C at heating rates of 5, 10, 15, and 20 °C 
min-1 in a nitrogen atmosphere. Based on the DSC 
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curves obtained, the onset and maximum decompo-
sition temperatures, the nature of the exothermic 
effects, and the reaction stages were determined. 
To ensure the reproducibility of the experimental 
results, all mechanochemical synthesis procedures, 
DSC measurements, and kinetic analyses were per-
formed at least three times independently under 
identical experimental conditions. The reported val-
ues correspond to the average of repeated measure-
ments, and good agreement across independent 
experiments confirmed the reproducibility of the re-
sults. The experimental uncertainty in the measured 
thermal parameters was estimated to be ±2 °C, and 
the relative experimental error did not exceed 5%.

2.5. Calculation of kinetic parameters

The Kissinger method was used to estimate the 
thermal decomposition kinetics. The activation ener-
gy was calculated from the maximum temperatures 
measured at different heating rates [20].

(1)

where: β – heating rate; Tp – exothermic peak tem-
perature; Ea – activation energy; R – universal gas 
constant.

The kinetic parameters obtained allow us to 
quantitatively assess the effect of the CuI catalyst on 
the decomposition of ammonium nitrate.

3. Results and Discussion

3.1. Structural and Morphological Characterization 
of CuI 

The structural and morphological characteristics 
of Copper(I) iodide materials synthesized by mech-
anochemical methods are the primary determinants 
of their physicochemical properties and catalytic 
activity in energy systems. In particular, the phase 
composition, degree of crystallinity, particle size dis-
tribution, and surface morphology directly affect the 
material’s reactivity and the characteristics of its in-
teractions with oxidizing components.

It is known that the mechanochemical synthe-
sis process contributes to the formation of high-
ly dispersed particles and an increase in structural 
defects, which, in turn, can enhance the material’s 
surface activity [21]. In this regard, a comprehen-
sive study of the crystal structure and micromor-
phological features of the obtained CuI samples is 
important for explaining their characteristics during 

subsequent thermal processes. The phase composi-
tion of the synthesized material at different stages 
of ball-mill synthesis of the CuSO4·5H2O + KI system 
is shown in Fig. 1.

Figure 1 shows the X-ray phase composition of 
the samples obtained as a result of mechanochem-
ical treatment of the CuSO4·5H2O + KI system for 
different times. Although the formation of the CuI 
phase as the main product was observed during 
grinding for 60 min (a), the presence of additional 
reflexes belonging to the K2SO4 and K3OI phases in 
the diffractogram indicates that the reaction is not 
completely completed and by-products are retained 
in the system. This indicates that the interaction 
between the solid phases is incomplete due to the 
lack of mechanical action and that complex reaction 
pathways occur, accompanied by partial oxidation of 
iodide ions. When the grinding time is increased to 
120 min, the reflexes of the CuI phase (b) become 
clearly dominant, and the intensity of foreign phases 
decreases significantly, which is explained by the in-
crease in mechanochemical activation, the increase 
in the degree of particle crushing and the deeper 
course of the reaction. However, the preservation 
of weak traces of potassium-containing phases indi-
cates that their complete conversion is not ensured 
solely by mechanical processing. In this regard, the 
obtained powders were further purified by leaching 
with water, since potassium salts are highly soluble 
in water, whereas CuI is insoluble in water. The X-ray 
phase analysis of the purified copper iodide is shown 
in Fig. 2.

Figure 2 shows the X-ray phase composition of the 
product purified by water leaching after mechano-
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Fig. 1. X-ray phase composition of products obtained from 
the CuSO4·5H2O + KI system at different rotation times in a 
ball mill: (a) 60 min; (b) 120 min.
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chemical synthesis. The preservation of reflections 
characteristic only of the CuI phase in the diffracto-
gram, and the complete disappearance of addition-
al potassium-containing phases such as KH(IO3)2, 
K2SO4, and K3OI observed in previous samples, con-
firm the high efficiency of the purification process. 
This is explained by the high solubility of potassium 
salts in water and their ease of separation from the 
solid phase, whereas the insolubility of CuI allows its 
structure to be preserved. In addition, the high in-

Fig. 2. XRD pattern of purified CuI after water washing.

 

tensity and clarity of the diffraction peaks indicate 
that the material is well-crystallized and that the 
structure formed during mechanochemical treat-
ment is not destroyed. The results show that com-
bining mechanochemical synthesis with subsequent 
water leaching is an effective method for obtaining 
CuI with high phase purity from the CuSO4·5H2O + KI 
system.

Figure 3 shows the morphological and elemental 
characteristics of CuI samples obtained by the mech-
anochemical method in the CuSO4·5H2O + KI system. 
SEM analysis allows us to determine the particle 
structure and changes during processing, while EDX 
analysis allows us to assess the compositional purity 
of the product obtained from the synthesis.

Figure 3 presents the morphological and elemen-
tal characteristics of CuI samples synthesized by the 
mechanochemical method in the CuSO4·5H2O + KI 
system. The obtained SEM micrographs (3a) show 
that the initial product is finely dispersed, consist-
ing of particles of various sizes, agglomerated and 
has a rough surface structure, which is explained by 
the simultaneous processes of particle crushing and 
re-aggregation under the influence of high-energy 
impacts during mechanochemical treatment. In the 
sample after water treatment (3b), the morphology 

Fig. 3. Micromorphology and elemental composition of CuI samples obtained by mechanochemical synthesis in the Cu-
SO4·5H2O + KI system: (a) synthesized CuI; (b) water-purified CuI; (c) EDX spectrum.
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of the particles is somewhat clarified, the disinte-
gration of large agglomerates and the formation of 
a relatively homogeneous structure are observed, 
which is associated with the removal of side reac-
tion products (e.g., soluble salts). In addition, after 
surface cleaning, the particle shape becomes clearly 
visible, and porosity increases. The EDX spectrum 
(3c) confirms the presence of Cu and I as the main 
elements, which proves the formation of the CuI 
phase. The absence of pronounced peaks of foreign 
elements in the spectrum indicates that the synthe-
sis was carried out with relatively high purity. Over-
all, the results indicate that the mechanochemical 
method is effective for synthesizing CuI, and that 
the subsequent water treatment stage plays an im-
portant role in increasing the structural homogene-
ity and purity of the product.

3.2. Thermal decomposition behavior and thermok-
inetic analysis of ammonium nitrate-CuI composi-
tions

This section comprehensively considers the fea-
tures of thermal decomposition of ammonium ni-
trate-based systems in the presence of CuI and their 
kinetic characteristics. The aim is to determine the 
effect of CuI addition on the thermal stability of Am-
monium Nitrate (AN), decomposition stages and re-
action rate. In this regard, the thermal characteristics 
of the systems were evaluated by DSC analysis, and 
the temperature parameters of the main exothermic 
and endothermic processes (Tonset, Tmax, Toffset) were 
determined. In addition, based on the experimental 
data obtained, the reaction kinetics were analyzed 
and the laws of the decomposition process at differ-
ent heating rates (β) were studied. The features of 
thermal decomposition of ammonium nitrate-based 
systems in the presence of CuI are shown in Fig. 4.

Figure 4 shows the typical DSC curves for the 
AN and AN–CuI systems, illustrating their thermal 
behavior. The endothermic peaks observed in the 
low-temperature region (~56 °C and ~131 °C) are as-
sociated with polymorphic phase transitions in am-
monium nitrate. These transitions result from the 
rearrangement of the crystal lattice without chang-
ing the chemical composition. These transforma-
tions are expressed as follows [3] (1):

NH4NO3(IV) → NH4NO3(III) → NH4NO3(II) → NH4NO3(I) (1)

Therefore, these processes are considered as 
structural changes accompanied by heat absorption. 
In the presence of CuI, a slight change in peak tem-

perature and intensity indicates that the mixture’s 
crystal lattice stability is affected to some extent. The 
endothermic effect observed at ~168 °C is associated 
with the melting of ammonium nitrate [3]:

NH4NO3 (s) → NH4NO3(l)                   (2)

At this stage, the substance transitions from sol-
id to liquid, and the prerequisites for further ther-
mal decomposition of the system are established. 
In the high temperature region (~250-300 °C), the 
main thermal decomposition processes of AN occur. 
In the first stage, ammonium nitrate can dissociate 
into ammonia and nitric acid [5]:

NH4NO3 → NH3 + HNO3                       (3)

Then the main decomposition reaction occurs [5]:

NH4NO3 → N2O + 2H2O                       (4)

For pure AN, this phenomenon manifests itself 
as an endothermic effect observed around ~282 °C 
and is also accompanied by the release of gaseous 
products.

In the AN–CuI system, the thermal characteristics 
change significantly. In particular, the appearance of a 
pronounced exothermic peak in the region of ~276 °C 
indicates the catalytic effect of CuI. Based on previous 
literature, the catalytic effect of CuI may be attribut-
ed to electron transfer via the Cu+/Cu2+ redox couple, 
which could facilitate the formation of reactive inter-
mediates during ammonium nitrate decomposition. 
Although this mechanism is consistent with the ob-
served decrease in decomposition temperature and 
activation energy, it has not been directly verified in 
the present work and should therefore be regarded 
as a proposed reaction pathway. A possible catalyt-
ic pathway proposed in previous studies can be de-
scribed as follows [22]:

Fig. 4. DSC curves of pure AN and AN–CuI compositions.
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Cu+ → Cu2+ + e–                               (5)

According to Xu et al. [11], Cu-containing cata-
lysts promote the homolytic decomposition of ni-
tric acid, leading to the formation of NO2-containing 
radical intermediates. The exact radical generation 
pathway was not directly investigated in the pres-
ent work and is therefore discussed only as a litera-
ture-supported mechanism.

NH3 + OH• → NH2
• + H2O                      (6)

The formation of reactive intermediates such as 
NH2

•, O•, and OH• has been proposed in previous 
studies as a possible consequence of Cu+/Cu2+-me-
diated electron transfer. This proposed mechanism 
is consistent with the experimentally observed de-
crease in decomposition temperature and activation 
energy. However, the formation of these radical spe-
cies was not directly verified in the present study. 
In addition, the deep endothermic peak observed in 
the region of ~300 °C is clearly enhanced in the AN-
CuI system. This phenomenon is associated with an 
increase in the intensity of the main decomposition 
reaction and the rapid release of gaseous products. 
The deepening of the endothermic effect indicates 
an increase in mass transfer and gas evolution in 
the system. The results suggest that the CuI additive 
modifies the thermal decomposition behavior of 

ammonium nitrate. The decrease in the reaction on-
set temperature and activation energy is consistent 
with the proposed catalytic mechanism, although 
the formation of intermediate reactive species was 
not directly verified in this study. It should be em-
phasized that the present study provides indirect ev-
idence for the catalytic action of CuI, based solely on 
DSC measurements and kinetic analysis. No in situ 
spectroscopic, electron paramagnetic resonance 
(EPR), X-ray photoelectron spectroscopy (XPS), or 
other direct techniques were employed to verify the 
Cu+/Cu2+ redox cycle or the formation of radical in-
termediates during ammonium nitrate decomposi-
tion. Therefore, the proposed catalytic mechanism 
should be regarded as a literature-supported inter-
pretation rather than an experimentally confirmed 
reaction pathway.

The Kissinger and Ozawa–Flynn–Wall methods 
were used to estimate the kinetic parameters. The 
main focus of the analysis was on how the activation 
energy (Ea) changes. Based on this, it was possible 
to characterize the catalytic effect of CuI and assess 
its impact on the reaction. The temperature parame-
ters (Tonset, Tmax, Toffset) of the AN and AN–CuI systems 
at different DSC heating rates are given in Table 1.

The DSC results shown in Table 1 show the de-
pendence of the thermal decomposition parame-
ters of the AN and AN-CuI systems on the heating 

Table 1. Thermal parameters of the DSC curves of pure AN and AN–CuI compositions at different heating rates

Sample β, (Heating 
rate, °C·min-1)

Thermal Decomposition
1st Step 2nd Step

Tonset Toffset Tmax Tonset Toffset Tmax

Pure AN

5 225.4 276.3 267.3 - - -
10 238.1 294.1 277.2 - - -
15 239.5 307.9 288.5 - - -
20 250.3 315.5 296.3 - - -

AN with 1 
wt.% CuI

5 222.9 259.3 235.5 263.2 286.5 281.1
10 239.1 262.8 246.3 269.9 298.4 292.3
15 247.4 268.1 254.7 271.5 299.4 296.1
20 248.0 268.7 263.1 272.8 305.2 297.7

AN with 3 
wt.% CuI

5 243.5 278.2 262.8 287.8 313.7 298.2
10 257.4 287.9 273.3 278.9 317.1 306.3
15 260.4 290.6 284.7 294.1 322.2 313.6
20 273.8 293.2 292.8 297.8 324.7 318.2

AN with 5 
wt.% CuI

5 213.6 242.1 231.8 243.6 275.3 301.1
10 219.8 247.8 242.4 248.3 293.5 315.7
15 235.7 265.6 251.9 265.7 298.3 319.4
20 246.7 270.7 263.1 271.6 298.6 322.1
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rate. Using these temperature results, kinetic pa-
rameters were determined based on the Kissinger 
and Ozawa-Flynn-Wall methods.

In order to determine the kinetic characteristics 
of the studied systems, the ln(β/T2) – 1/T and ln(β) 
– 1/T dependences were constructed, and Kissinger 
and Ozawa plots were obtained, respectively (Figs. 
5-6). Based on the slope angles of the obtained lin-
ear dependences, the activation energy values were 
calculated and compared with the value of the ini-
tial ammonium nitrate.

The activation energy of the system was calculat-
ed using various methods using graphs based on the 
ln(β/T2) – 1/T and ln(β) – 1/T dependences, and the 
relative values are given in Table 2.

The results presented in Table 2 show a clear 
change in the kinetic parameters of the systems 
based on ammonium nitrate and CuI. According to 
the data in the table, the activation energy for pure 
AN is relatively high, indicating its high thermal sta-

Fig. 5. Kissinger (a) and Ozawa (b) plots of a pure AN.

 

 

Fig. 6. Kissinger (a) and Ozawa (b) plots of an AN-CuI composite systems.

bility. When CuI is introduced, a gradual decrease in 
the Eₐ values is observed in the first stage, especially 
at 5 wt.% CuI. This proves that the catalyst reduces 
the energy barrier in the initial stage of the reac-
tion and facilitates decomposition. A similar trend 
is observed in the second stage: with an increase 
in the CuI content, the activation energy decreases, 
but its values remain higher than in the first stage. 
This indicates that the subsequent reactions in the 
multi-stage decomposition mechanism are more 
complex. The obtained data show that the CuI cat-
alyst effectively changes the kinetics of the thermal 
decomposition of ammonium nitrate, reduces the 
energy barrier of the reaction and increases the re-
activity of the system.

4. Conclusion

The study found that copper(I) iodide synthesized 
by the mechanochemical method exhibits a pro-
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nounced catalytic effect on the thermal decomposi-
tion of ammonium nitrate. The CuI samples obtained 
by processing in the CuSO4·5H2O and KI system at 400 
rpm for 120 min exhibited high dispersion and phase 
purity. The results of X-ray phase analysis confirmed 
the complete elimination of foreign phases and the 
formation of a pure CuI structure. According to DSC 
analysis, the main decomposition process for pure 
NH4NO3 was observed at ~282 °C, whereas in systems 
with CuI (~1-5 wt.%), a pronounced exothermic peak 
at ~276 °C indicated that the reaction began earlier. 
In addition, it was found that the endothermic effect 
at ~300 °C is associated with the intensive release of 
gaseous products and an increase in the process in-
tensity. These results indicate that the CuI catalyst al-
ters the thermal decomposition mechanism, shifting 
the process to a multi-step, highly reactive regime. 
The results of the kinetic analysis showed that the 
introduction of CuI significantly decreases the activa-
tion energy. In particular, while the activation ener-
gy of the first stage for pure NH4NO3 is in the range 
of 101.27-113.48 kJ·mol-1, in the presence of 5 wt.% 
CuI this value decreases to 81.37-94.59 kJ·mol-1. In 
the second stage, a decrease was observed, respec-
tively, from 188.73 kJ·mol-1 to 159.71 kJ·mol-1. The 
observed decrease in activation energy is consistent 
with the catalytic mechanism proposed in the liter-
ature, involving Cu+/Cu2+ redox cycling and the pos-
sible formation of reactive radical species. However, 
this interpretation is based on indirect experimental 
evidence, and the proposed reaction mechanism was 
not directly verified in the present study. Thus, mech-
anochemically synthesized CuI is an effective catalyt-
ic additive for ammonium nitrate-based systems. It 
reduces the energy barrier of the reaction, reduces 
the decomposition temperature, and increases the 
overall reactivity of the system. The results obtained 
can serve as a scientific basis for the design of new 
catalytic systems to increase the efficiency of ener-
getic materials and pyrotechnic compositions. Future 
studies employing in situ spectroscopic techniques 
and radical detection methods are required to direct-

ly verify the proposed Cu+/Cu2+ redox mechanism and 
the formation of reactive intermediates during the 
thermal decomposition of ammonium nitrate in the 
presence of mechanochemically synthesized CuI.
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Влияние механохимически синтезированного CuI на кинетику термического разложения нитрата 
аммония

Л. Мусапирова1,2, Д. Мукталы1, А. Баткал1, К. Камунур1,2*

1Казахский национальный университет им. аль-Фараби, пр. аль-Фараби, 71, Алматы, Казахстан
2Институт проблем горения, ул. Богенбай батыра, 172, Алматы, Казахстан

АННОТАЦИЯ

В данной работе исследовано каталитическое влияние йодида меди(I) (CuI), синтезированного 
механохимическим методом, на термическое разложение нитрата аммония (NH4NO3). CuI получали 
путем шарового помола CuSO4·5H2O и KI при скорости 300-400 об/мин в течение 60-120 мин. Результаты 
рентгенофазового анализа показали, что после 120 мин обработки формируется CuI с высокой фазовой 
чистотой. Композиционные системы готовили на основе NH4NO3 с добавлением 1, 3 и 5 мас.% CuI. DSC-
анализ проводили в температурном диапазоне 25-500 °C при скоростях нагрева 5-20 °C·мин-1. Если для 
чистого нитрата аммония основное термическое разложение наблюдалось в области ~282 °C, то появление 
выраженного экзотермического пика при ~276 °C в присутствии CuI свидетельствует о более раннем начале 
реакции. Кроме того, установлено, что углубление эндотермического эффекта в области ~300 °C связано с 
интенсивным выделением газообразных продуктов. Согласно результатам кинетического анализа, энергия 
активации для чистого NH4NO3 составляет 101,27-113,48 кДж·моль-1, тогда как при введении 5 мас.% CuI она 
снижается до 81,37-94,59 кДж·моль-1. На второй стадии реакции энергия активации уменьшается с 188,73 
до 159,71 кДж·моль-1. Наблюдаемое снижение энергии активации согласуется с механизмом, описанным в 
литературе, который включает окислительно-восстановительный цикл Cu+/Cu2+ и возможное образование 
реакционноспособных радикалов. Полученные результаты показывают, что CuI, синтезированный 
механохимическим методом, оказывает существенное влияние на кинетику термического разложения 
нитрата аммония, снижая энергетический барьер реакции и повышая общую реакционную способность 
системы.

Ключевые слова: механохимический синтез, йодид меди(I)(CuI), термическое разложение, каталитический 
эффект, энергия активации
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Механохимиялық синтезделген CuI-дың аммоний нитратының термиялық ыдырау кинетикасына 
әсері

Л. Мусапирова1,2, Д. Мұқталы1, А. Батқал1, Қ. Қамұнұр1,2*

1Әл-Фараби ат. Қазақ ұлттық университеті, әл-Фараби даң., 71, Алматы, Қазақстан
2Жану проблемалары институты, Бөгенбай батыр к., 172, Алматы, Қазақстан

АҢДАТПА

Бұл жұмыста механохимиялық әдіспен синтезделген мыс(I) йодидінің (CuI) аммоний нитратының (NH4NO3) 
термиялық ыдырауына тигізетін каталитикалық әсері зерттелді. CuI CuSO4·5H2O мен KI қоспасын 300-400 айн/мин 
жылдамдықта 60-120 мин бойы шарлы диірменде өңдеу арқылы алынды. Рентгенфазалық талдау нәтижелері 
өңдеудің 120 мин кейін жоғары фазалық тазалықтағы CuI түзілетінін көрсетті. Композициялық жүйелер NH4NO3 
негізінде дайындалып, оған 1, 3 және 5 масс.% CuI қосылды. DSC талдауы 25-500 °C температура аралығында 
және 5-20 °C·мин-1 қыздыру жылдамдықтарында жүргізілді. Таза аммоний нитраты үшін негізгі термиялық 
ыдырау ~282 °C аймағында байқалса, CuI қатысында ~276 °C шамасында айқын экзотермиялық пиктің пайда 
болуы реакцияның ертерек басталатынын көрсетті. Сонымен қатар, ~300 °C аймағындағы эндотермиялық 
эффекттің тереңдеуі газтәрізді өнімдердің қарқынды бөлінуімен байланысты екені анықталды. Кинетикалық 
талдау нәтижелері бойынша таза NH4NO3 үшін активация энергиясы 101,27-113,48 кДж·моль-1 аралығында 
болса, 5 мас.% CuI енгізілгенде бұл мән 81,37-94,59 кДж·моль-1 дейін төмендейді. Екінші реакция сатысында 
активация энергиясы 188,73 кДж·моль-1-ден 159,71 кДж·моль-1-ге дейін азаяды. Бақыланған активация 
энергиясының төмендеуі әдебиеттерде сипатталған Cu+/Cu2+ редокс-цикліне және реактивті радикалдардың 
ықтимал түзілуіне негізделген механизммен сәйкес келеді. Алынған нәтижелер механохимиялық әдіспен 
синтезделген CuI аммоний нитратының термиялық ыдырау кинетикасына елеулі әсер ететінін көрсетеді. 
Нәтижесінде реакцияның энергетикалық тосқауылы төмендеп, жүйенің жалпы реакциялық қабілеті артады.

Түйін сөздер: механохимиялық синтез, мыс(I) йодиді (CuI), термиялық ыдырау, каталитикалық әсер, белсендіру 
энергиясы


