EHBEK KbI3BLT TY OPJEH/II
«®. B. BEKTYPOB ATBIHJIAFBI
XUMUS FBUTBIMJIAPBI MTHCTUTY ThI»
AKIIMOHEPJIIK KOF AMBI

KA3AKCTAHHBIH
XMmst JKYPHAJTBI

XMMUUYECKU JKYPHATI
KA3AXCTAHA

CHEMICAL JOURNAL
of KAZAKHSTAN

AKIIMOHEPHOE OBHIECTBO
OPJIEHA TPYJJOBOI'O KPACHOI'O 3HAMEHHA
«MHCTUTYT XUMMNYECKHNX HAYK
M. A. b. BEKTYPOBA»

4 (68)
OKTABPh — IEKABPbH 2019 1.

U3JAETCSH C OKTABPA 2003 'OLA
BBIXOJUT 4 PABABTO/]

AJIMATBI
2019



ISSN 1813-1107 M 4 2019

ZH. K. YELEMESSOVA!? R. SHEN®

L Al-Farabi Kazakh National University, Almaty, Republic of Kazakhstan,
2Institute of Combustion Problems, Almaty, Republic of Kazakhstan,
®Nanjing University of Science and Technology, Nanjing, China.
E-mail: yelemessova.zh@gmail.com

METAL-ORGANIC FRAMEWORKS BASED
ENERGY PROPELLANT: EFFECT ON COMBUSTION
OF AMMONIUM NITRATE AND MAGNESIUM COMPOSITION

Abstract. In order to obtain a better understanding of thecombustion characteristics
of ammonium nitrate (AN) andcarbon (C) mixtures (AN/C), burning tests and Differential
Scanning Calorimetry (DSC) were performed. Ammonium nitrate is widely used in rocket
fuels, in explosives and gas generators as an oxidant. However, several major drawbacks
have reduced the scope of the application.In order to improve these disadvantages of AN
in the composition of composites, energy materials useactivated carbonwith metal oxi-
desas a metal organic frameworks (MOFs). In addition, the influence of copper oxide on
the combustion of compositions and its thermal characteristics was studied.Compositions
were combusted at the pressure of 1 MPa, 2 MPa, 3 MPa and 3,5 MPa in the combustion
chamber and the burning rates were determined.With the addition of a metal oxide,
burning rate has increased for 2—3 times.The thermal characteristics of compositionswere
analyzed using DSC at different heating rates, andthe activation energy of the system was
calculated.

Key words: Energetic materials, ammonium nitrate, activated carbon, copper oxide,
burning rate, activation energy.

Introduction. Energy materials have several advantages: (1) do not consume
oxygen from the environment (chemical transformation reactions occur due to
internal oxygen resources; (2) it is possible to control the rate of a chemical reac-
tion in a rather wide range from burning to explosion (10-5 seconds); (3) allow in
the shortest possible time to obtain large amounts of the required energy for the
target application. The above listed advantages continue to attract the attention of
researchers for more than a hundred years, the results of previous work in this
area have opened up access to the development of technical progress that we have
today.

Metal-organic frameworks (MOFs) have attracted great attention because of
their intriguing molecular topologies and potential applications in chemical
separation, gas storage, drug delivery, catalysis and chemical sensor technology.
Particularly, MOFs could also be potential energetic materials because of their
high densities and high heats of detonation.The porous crystalline structure
attracts attention due to its high specific surface characteristics and the possibility
of changing their physicochemical properties by introducing metal centers [1].
However, the process for preparing these bulk polymers is expensive and
multistage. In this connection, it is of interest to search for alternative methods for
obtaining bulk materials, one of which are structures based on graphene oxide
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frameworks and activated carbon materials. The growing popularity of multilayer
graphene’s is due to the uniqueness of their physical and chemical properties. A
promising, simple and cost-effective method is the production of activated carbon
materials from plant wastes like rice husk or walnut shell [1-3].

Ammonium nitrate (AN) is widely used as a fertilizer and as an ingredient in
industrial explosives or oxidizing chemicals because it is relatively cheap, re-
leases almost 100% gaseous products when it reacts, and has a positive oxygen
balance (+20.0%).Recently, AN-based compositions have been investigated for
use as oxidizers of rocket propellants and gas generators for air bags, because AN
does not contain toxic halogens. However, AN has several disadvantages, such as
a low combustion performance, high hygroscopicity, and solid-state phase transi-
tions at temperatures below 100°C. Many combinations of combustible contents
and additives with AN have thus been explored in an attempt to improve these
properties [4, 5]. For example, AN-based compositions with metal oxides are
beneficial with respect to burning rate and hygroscopicity [6,7]. However, while
these studies have demonstrated the thermal properties and structures of mixtures
of AN with metal oxides, evolved gas analyses have not been carried out.

Understanding the thermal characteristics of AN and mixtures of AN with
combustibles and additives is necessary for enabling its general use in potential
new applications, such as propellants and gas generators. Consequently, this study
aimed to understand the mechanism of decomposition of AN-based mixtures,
with an emphasis on the analysis of the gases that evolve from AN, carbon, and
copper oxide (CuO) mixtures. Carbon is a typical combustible material, but there
are many different forms of carbon with different physical properties [8-10].

The purpose of this study is to evaluate the influence of carbon properties on
the combustion of AN/C and to clarify the relationship between combustion and
the thermal decomposition of AN/C.

EXPERIMENTAL

2.1. Materials and Propellant Samples. Activated carbon was obtained in the
Laboratory of Functional Nanomaterials of the Institute of Combustion Problems,
Almaty, Kazakhstan. Mechanical treatment (15 min) of ammonium nitrate (purity
99%) powder was carried out in a planetary mill. Ammonium nitrate was used as
an oxidizer in the condensed mixture with a diameter of 212-250um. Magnesium
(Mg) was used as a fuel, and its diameter was 200pm. The diameter of the metal
oxide particles was 60-70 um, and it acted as a catalyst. Nitrate cellulose was
used as a binder.

2.2. Measurement of Burning Characteristics. The diameter of compositions
is 6 mm and the length is10 mm. The process of combustion was studied under
gas pressure in the combustion chamber. Each sample was heated up and ignited
with nichrome wire. Each of the samples is ignited under a pressure of 1-3,5 MPa.
The combustion of compositions was registered using high-speed cameras. These
recorded videos were used to determine the burning rate. The degree of measu-
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rement error of 0.01 mm is measured from the dependence of the height of the
surface combustion.

All measurements were made 3 times under pressure and were calculated
using the average burning rate. If 1/3 of the sample is not ignited or does not burn
the burning rate is not determined. Figure 1 shows the equipment for practical
work.

Figure 1 — Scheme of the combustion chamber
under pressure

2.3. Measurement of Thermal Decomposition Behavior. Thermal analysis is a
fast and effective method for studying thermal fires of energy materials. The
description of the thermal decomposition was investigated in a Differential Scan-
ning Calorimeter in temperature intervals from 30°C to 550°C.The equipment
operates in atmospheric pressure in a stream of nitrogen (300 cm®min). DSC-TG
is working with the heating rate of () 5-20 K-min™.In DSC-TG equipment, the
standard line of DSC-TG was measured four times for each sample.

RESULTS AND DISCUSSION

3.1. Combustion characteristics. Figure 2 shows the mechanism of com-
bustion of AN/Mg composites in the combustion chamberat a pressure of 1 MPa,
2 MPa, 3 MPa and 3.5 MPa and depending on the increase in pressure the in-
creases in burning rate in the form of a line.

Figure 3 shows the mechanism of combustion of AN/Mg/C composites in the
combustion chamberat a pressure of 1 MPa, 2 MPa, 3 MPa and 3.5 MPa.
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Figure 2 — Burning images of AN/Mg Figure 3 — Burning images
composites at pressures of AN/Mg/Ccomposites at pressures
(@) — 1 MPa, (b) — 2 MPa, (@) — 1 MPa, (b) — 2 MPa,
(c) -3 MPaand (d) - 3.5 MPa (c) -3 MPa and (d) — 3.5 MPa

And a linear increase in combustion rates due to a linear increase in pressure
on composites AN/Mg/C. Compared with the AN/Mg system, the lower pressure
limit was reduced, and the burning rates increased the catalytic effect of activated
carbon. In addition, some of the disadvantages of ammonium nitrate have been
added. According to the experimental results, it can be seen that the propellants
are completely burned at high combustion rates.

Figure 4 shows the mechanism of combustion of AN/Mg/C/CuOcomposites
in the combustion chamberat a pressure of 1 MPa, 2 MPa, 3 MPa and 3.5 MPa.

In figure 4 also increases in burning rate due to increases in pressure for
AN/Mg/C/CuO. Compared with the AN/Mg system, the PDL was loweredand the
burning rates increased by the catalytic effect of CuO.

Characteristics of the burning rates of composite propellants AN/Mg,
AN/Mg/C and AN/Mg/C/CuO at different pressures are shown in figure 5.
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Figure 4 — Burning images of AN/Mg/C/CuOcomposites at pressures
(@) —1 MPa, (b) — 2 MPa, (c) — 3 MPa and (d) — 3.5 MPa
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Figure 5 — Dependencies of the burning rates
of composites AN/Mg, AN/Mg/C and AN/Mg/C/CuO on the pressure
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When adding carbon and CuO, the burning rate of the propellant composites
increases by 3 mm-s™in average at each pressure.

3.2. Characteristics of thermal decomposition. The characteristics of the heat
discharge of composites, prepared in different ways, were measured at different
heating rates by the DSC method. Figure 6 shows two exothermic peaks at

b
Figure 6 — DSC curves measured at (a) B=5 and (b) p = 20 K min-1 forAN/Mg
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196.95°C and 261.43°C, starting from 165°C to 267°Coccurs the main decompo-
sition of ammonium nitrate:

NH,NOz— N,O + 2H,0 + Q. 1)

When activated carbon was added, a sharp decrease in heat absorbed by the
sample was noticeable from 261.43°C to 220.35°C (figure 7). With the addition of

d
Figure 7 — DSC curves measured at (c) p=5 and (d) B = 20 K min-1 forAN/Mg/C
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f
Figure 8 — DSC curves measured at (€) p=5 and (f) p = 20 K min™ forAN/Mg/C/CuO

CuO, the thermal decomposition temperature decreasedby 10°C (figure 8). The
addition of copper oxide to ammonium nitrate may affect as a catalyst to AN.
Based on the obtained results of DSC, it can be concluded that activated
carbon has a direct impact on the process of thermal decomposition of ammonium
nitrate, reducing the temperature of complete decomposition and the reaction rate.
It is established that the addition of activated carbon from affects the temperature
change of phase transitions during the decomposition of ammonium nitrate.
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3.3. Kinetics of thermal decomposition. The activation energy is important in
the kinetics of thermal decomposition and is evaluated using the Kissinger me-
thod based on the DSC analysis. This method is widely used and does not re-
quirea detailed reaction model. The activation energy (E,) is calculated from the
total physical energy of the thermal decomposition and the total amount of
activation energy of the chemical reaction, and some researchers have studied the
activation energy of composite rocket fuel and solid high-energy materials using
the Kissinger method [11, 12].

According to the Kissinger method, E, is expressed by the following
equation:

E, _ din(BTy?)
R apt @

p
where T, - is the peak temperature of the DTA curve. E,- can be calculated from
the slope of the plot of In(ﬁTp‘Z) against T,™. E, can be expected to vary when T,
on the DSC curve changes with the addition of the catalyst.

The values of composites can be determined by the DSC values measured at
each heating rate in determining the activation (E,) of gas generators with 3 = 5,
10, 15 and 20 K-min™. Table 1-3 shows the calculated activation energy (Ea)
according to the Kissinger method.

Table 1 — Calculation of the activation energy (E,) according
to the Kissinger method for the composition AN/Mg

Tmax, °C /T max Heating rate, K/min In(B/T"2)
261.43 1.870627 5 -9.52688
276.05 1.820830 10 -8.94216
283.52 1.796396 15 -8.58991
294.56 1.761463 20 -8.37838

slope -10.8327
E. 90062.32 Jimol
90.06 kd/mol
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Figure 9 — Kissinger plot of AN/Mg composition

Figure 9 presents the results of calculations in the form of graphs reflecting
the slope of the heating rate constant as a function of the variable obtained as the
maximum decomposition temperature.As shown by the results of calculations,
obtained experimental data, the activation energy of the composition AN/Mg was
90.06 kJ/mol according to the Kissinger method.

Table 2 — Calculation of the activation energy (E,) according
to the Kissinger method for the composition AN/Mg/C

Tmax, °C LT max Heating rate, K/min In(B/T"2)
220.35 2.026342 5 -9.18661
240.60 1.946472 10 -8.66839
242.61 1.938886 15 -8.27949
248.52 1.916921 20 -8.03973

slope -9.9587
Ea 82795.65 J/mol
82.80 kd/mol
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Figure 10 —Kissinger plot of AN/Mg/C composition

(]

In figure 10, as shown by the results of calculations obtained from experi-
mental data, the value of the activation energy of the composition of AN/Mg/C

according to the Kissinger method was 82.80 kJ/mol.

Table 3 — Calculation of the activation energy (E,) according
to the Kissinger method for the composition AN/Mg/C/CuO

Tmax, °C LT max Heating rate, K/min In(B/T2)
209.05 2.073828 5 -9.08194

222 2.019590 10 -8.5083
229.26 1.990406 15 -8.16685
237.98 1.956449 20 -7.95345

slope -9.84678
Ea 81865.14 J/mol
81.87 kJ/mol

109



XUMUYECKUH JKYPHAJI KA3AXCTAHA

Figure 11 — Kissinger plot of AN/Mg/C/CuO composition

Figure 11 shows the results of calculations obtained from experimental data,
the value of the activation energy of the composition of AN/Mg/C/CuO according
to the Kissinger method was 81.87 kJ/mol.

The activation energy of composition AN/Mg thermal decomposition is
reduced by adding C activated carbon and cupper oxide (CuO).These results show
that the thermal decomposition of AN/Mg gas generator can be improved by C
and CuO.

Conclusion. The using of the activated carbon as a fuel for the AN-based
compositions increases the burning rate. Addition of CuO to AN/Mg/C increases
the burning rate significantly. C and CuO additive reduce the activation energy of
the AN/Mg composition from 90.06 kJ/mol to 82.80 kJ/mol and 81.87 kJ/mol.
And improves the decomposition reactions in the condensed phase however, the
main effect with the addition of CuO to the AN/Mg/C-based propellants can be
assumed to take place in the gas phase reaction zone. CuO can be the catalyst for
our AN-based propellant system.
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Pe3zrome
K. K. Enemecosa, P. Illen

METAJIOPTAHUKAJIBIK K¥PbUIBIM HET'T3IHAEI'T
. SOHEPTETUKAJIBIK OTBIHIAP:
AMMOHNN MEH MATHUU HUTPATBIHBIH )KAHYBIHA ©CEPI

AMMHaK CeIHTpachl XKoHEe KOMIipTeri KOCTIaJlapbIHbIH JKaHy CHUIIATTaMaJlapblH JKaKCh
TYCiHy YWiH auddepeHnnanasl CKaHepsey KalopUMETPHUSCHIH KOJJaHa OTBIPHII, JKaHy
CBIHAKTAphl MEHTAIAA YJIap KYPri3iiai. AMMHaKCEIUTPachi3bl MBIPaH OTHIHBIH/IA, YKapbLl-
FBIII 3aTTapMEH Ta3reHepaTopiaplia TOTBIFY Kypaibl peTiHIe KEeHIHEH KOJIaHBbUIAJIbI.
Anaiina, Oip HemeMaHBI3Abl KEMIIUTIKTEPI KOJAaHy KeJIEMiH KbICKapTThl. KoMmosuTri
MaTepHaNapMeH SHEPreTHKAIBIK MAaTepHAIAAp KYPaMBIHIAFbl aMMOHHHHHUTPATHIHBIH
KOPCETUIreH KEMIIUTIKTEpiH JKOI0 YIIiH, METaJUIOKCHATEpi 0ap aKTHUBTEH ipiireH
KOMipMeTaJlOpraHuKaIBIK Heri3peTinae KoipaHbutanbl. COHBIMEHKaTap, MBICOKCHIIIHIH
KOMIIO3ULIMSHBIH JKaHYbIHA 9Cepi )KOHE OHBIH JKbUTY CHIIaTTaManapbi3 eprreninai. Kommo-
3unusUIap KaHy kamepa cbiHga 1 MIla, 2 Mlla, 3 Mlla xone 3,5 Mlla KbICBIM MEH Xa-
HBII, )KaHY >KbUIIAMJIBIFBI aHBIKTAIBIHIBI. MeTaUIOKCHIIHIH KOCBUTYBIMEH)KaHy MOJIIIepi
2-3 eceecti. Komnosunusuiap/pIH KbUly CHUIIaTTaMallapbl OPTYPIl KbI3ABIPY KBUIAAM/IbI-
reiparel JICK kemei MeHTanmaHIbl JkoHE KYHWEHIH aKTUBTEHJIIPY SHEPTUsACHl ecemTe-
JiHAL

Tyiiin ce3aep: sHepreTUKANIBIK MaTepHajIiap, aMMOHUITHUTPAThI, aKTUBTEHIipiJIreH
KOMIp, MBIC OKCH/II, )KaHYKbIJIIaM/IbIFbl, aKTUBTEH/IPY SHEPTHSICHI.
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Pe3zrome
JK.K. Enemecosa, P. [llen

OHEPT'ETUYECKOE TOITJIMBO
HA OCHOBE METAJIJIOOPI'TAHUYECKHNX KAPKACOB:
BJIMAHUE HA TOPEHUE COCTABA HUTPATA AMMOHUA U MATHUA

Jlns mydiiero NOHUMaHUs XapaKTEPUCTHKY TOPEHUS CMECe aMMUAUYHOW CENUTPBI U
yriaeposa, ObUTH MPOBEICHBI UCTIBITAHNUS HAa TOPEHHE W aHANW3bl Ha An((epeHInaTbHON
ckanupyroreit kamopumerpun (JICK). AMMuadyHass ceauTpa IMIMPOKO HCIONB3YETCS B
PaKeTHOM TOIUIMBE, BO B3PHIBUATHIX BEUIECTBAX M I'a30T€HEPATOPAX B KAUECTBE OKHCIIH-
tesst. OJJHaKO HECKOJIBKO OCHOBHBIX HEIOCTAaTKOB COKpAaTWIU 00JacTh NpUMEHeHus. B
LENAX YCTPaHEHMs YKa3aHHBIX HEIOCTAaTKOB aMMMA4HON CENUTPBl B COCTaBE KOMIIO3U-
LMOHHBIX MaTEpPHAIOB, B JHEPIeTHUYECKUX MaTepuaiax HCIONb3yIOT aKTUBUPOBAHHBIN
yroJiib ¢ OKCHIaMH METallaMH B Ka4yeCTBE METaJUIOOpPTaHHuYecKuX kapkacoB (MOD).
Kpome Toro, OblI0 M3ydeHO BIMSHHE OKCHAA MEAM Ha TOpeHHE KOMIIO3UIMH U ero
TEIUIOBBIE XapaKTEepPUCTHKH. KOMIO3UIK CKUTAINCh B KaMepe CTOpaHus P JTaBICHUU
1 MIla, 2 MIla, 3 MIla u 3,5 MIla u ompenenens! ckopoct roperus. C 1o06aBIcHHEM
OKCHJIa MEeTaJlIa CKOPOCTh TOPEHNUS YBEJINYMIACh B 2—3 pa3a. TerIoBble XapaKTepHCTHKH
KOMIO3HINI aHanm3upoBaiu ¢ ucnonb3oBanueMm JICK mpu pasnmudHBIX CKOpPOCTSX Ha-
rpeBa U ObLIa pacCUNTaHa SHEPI U AKTUBALUS CUCTEMBI.

KnaioueBble ci10Ba: SHEPreTHYECKHEe MaTepuaibl, aMMHAdHasl CEUTPa, aKTHBHPO-
BaHHBIN YIoJlb, OKCHUJ MEJIU, CKOPOCTb TOPEHUS, SDHEPT s aKTHBAIUU.
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