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The recycling of solid propellant from loaded rocket motor cases of intercontinental ballistic

missiles SS-24 results in the formation of polymer crumb that is used as an energetic

additive to emulsion explosives. The polymer crumb contains a binder, an oxidizer

(ammonium perchlorate), energetic additives (nitramine, in particular

cyclotetramethylenetetranitramine, and aluminium) and some additives. One of the most

efficient techniques for utilization of polymer crumb consists in extraction of valuable

high-energy components such as ammonium perchlorate and nitramine. To extract nitramine

from solid propellant crumb, from which ammonium perchlorate has been previously

removed, an organic solvent, dimethyl sulphoxide (DMSO), can be used. Nitramine is to

be extracted from the obtained solid propellant polymer crumb by using DMSO. Then the

extract is separated from the refined polymer crumb and nitramine is precipitated by the

addition of water (a diluent that does not dissolve nitramine) to the extract solution. The

purpose of this work was to establish the characteristics of the extraction process and

determine the parameters of the extraction of nitramine from the products of solid propellant

recycling (polymer crumb) with the use of DMSO. The effects of temperature, mechanical

agitator rotation frequency and process duration on the degree of the extraction of nitramine

from solid propellant polymer crumb by dimethyl sulfoxide were determined. The kinetic

constants and the kinetic equation that describes the extraction of nitramine from solid

propellant polymer crumb using DMSO were obtained. Ammonium perchlorate is present

as a by-product in the spent DMSO aqueous solution. Ammonium perchlorate is a strong

oxidizing agent and its presence is undesirable in the process of heating and regeneration

of DMSO. Ammonium perchlorate can be removed from the spent DMSO aqueous

solution by converting it into poorly soluble salt (KClO4), which can be used as an oxidizing

agent and in industrial explosives.
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Introduction

Currently, Pavlograd Chemical Plant performs
the disposal of loaded racket motor cases (LMCs)
from SS-24 intercontinental ballistic missiles using
a hydromechanical method. Solid propellant (SP) is
a polybutadiene-based polymer binder, filled with
an oxidizer (ammonium perchlorate), and containing
energetic additives (cyclotetramethylenetetranitra-
mine and aluminium) and some other process
additives.

In the course of hydromechanical extraction
and shredding of solid propellant with water, particles

with the sizes ranging of 742 mm to 1542 mm
are formed, from which up to 40–50% of water-
soluble oxidizing agent is extracted by leaching.
Cyclotetramethylenetetraitramine (nitramine) can be
extracted from the produced solid propellant polymer
crumb with specific organic solvents, for example,
dimethyl sulfoxide (DMSO) [1], followed by the
separation of an extract and the precipitation of
nitramine by the addition of water.

There is no technology for extracting nitramines
from solid propellant in Ukraine. In this regard, it is
necessary to study the extraction of nitramines from
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SP, since the results of such research could be used
in designing a pilot-industrial plant for the extraction
of nitramine, a water-insoluble component of solid
propellant.

The purpose of this work was to establish the
characteristics of the extraction process and
determine the main parameters for extracting
nitramine from solid propellant disposal products,
polymer crumb, with the use of DMSO.

Experimental, results and discussion

The effects of temperature, mechanical agitator
rotation frequency and extraction process time on
the degree of extraction of nitramine by dimethyl
sulfoxide were determined in this work. Samples of
shredded SP polymer crumb with particle sizes of
742 mm to 1542 mm were used.

In the process of hydrodynamic destruction of
missile bodies, a certain amount of ammonium
perchlorate remains in polymer matrix (PM) of a
solid propellant. This is undesirable because
ammonium perchlorate is very soluble in DMSO
and the subsequent heating during the regeneration
of the extractant with a strong oxidizing agent
(NH4ClO4) would decompose DMSO to form
dimethyl sulfone. In order to reduce the content of
ammonium perchlorate, additional washing with
water was performed at the temperature of 75–80°C
for 2 h in a flask equipped with an agitator. As a
result, the content of ammonium perchlorate in PM
decreased from 28.1% to 8.8% (Table 1). Table 1
presents the full chemical composition of PM before
and after washing with water.

Table  1

The chemical composition of PM before and after
washing with water

Component 

Content of 

component 

before washing 

with water, % 

Content of 

component 

after washing 

with water, % 
Polymer binder 9.6 5.9 
Ammonium perchlorate 28.1 8.8 
Nitramine 29.5 24.4 
Aluminium 25.9 19.5 
Moisture 6.9 41.45 

 
The extraction of nitramine with DMSO from

the polymer matrix after washing with water was
carried out in a flask equipped with an agitator at a
PM:DMSO ratio of 1:2.5. The parameters were
changed as follows: the temperature of 20 to 800Ñ,
the mechanical agitator rotation frequency of 3.3 to
16.7 s–1, and the duration of extraction process of 1
to 4 h. The following characteristics were taken as

the basis ones: the temperature of 200Ñ, the
mechanical agitator rotation frequency of 6.7 s–1,
and the duration of extraction process of 2 h. When
changing one of the parameters, the other parameters
remained constant.

The refined PM suspension was filtered, dried
and weighed.

At the next stage, the mother liquor was put
into a flask. At stirring, water (a diluent) was added
to adjust a DMSO:water ratio of 1:1. Then, a formed
polydisperse precipitate of nitramine was filtered,
dried and weighed. The degree of extraction was
determined by the ratio of the actual weight to the
theoretically extractable weight of nitramine. Infrared
spectra were recorded using a Spekord 75-UR
spectrometer (KBr pellets) for extracted nitramine
and commercial grade nitramine.

During the process of nitramine extraction, a
certain amount (up to 3%) of ammonium perchlorate
is transferred into DMSO. In order to reduce the
concentration of NH4ClO4, an equivalent amount
of KOH was added to the spent DMSO solution.
To this end, an equivalent amount of KOH in the
form of saturated aqueous solution was added to the
flask equipped with an agitator in which the obtained
DMSO aqueous solution is present. Thus, ÑlO4

–-
ion is fixed as a poorly soluble salt (KÑlO4). The
solution was cooled to –160C, and the obtained
KÑlO4 was filtered, dried and weighed. The yield
was determined by the ratio of the weight of extracted
potassium perchlorate to the theoretically obtained
weight, and the thermal stability was estimated by
the differential thermal analysis (DTA).

Based on the results of the research conducted,
the dependences of the degree of nitramine extraction
on the temperature, time of extraction process and
agitator rotation frequency were obtained (Figs. 1–
3).

Fig. 1. The dependence of the degree of nitramine extraction

on the temperature at the mechanical agitator rotation

frequency of 6.7 s–1 and the time of extraction process of 2 h
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Fig. 2. The dependence of the degree of nitramine extraction

on the time of extraction process at the temperature of 200Ñ

and the mechanical agitator rotation frequency of 6.7 s–1

Fig. 3. The dependence of the degree of nitramine extraction

on the agitator rotation frequency at the temperature of 200Ñ

and the time of extraction process of 2 h

The dependences plotted in Figs. 1–3 show
that the degree of nitramine extraction increases
according to polynomial dependences with an
increase in extraction temperature, agitator rotation
frequency and duration of extraction process. The
obtained dependences are well described by the
following approximating equation (the R-squared
value R20.95):

2x x c,       (1)

where  is the degree of nitramine extraction (%);
a, b, and c are the empirical coefficients depending
on the extraction temperature (a=–0.0025, b=0.425,
and c=39.65), the duration of extraction process
(a=–2, b=16.16, and c=32.95), and the agitator
rotation frequency (a=–0.03, b=1.3845, and
c=45.748).

Dimethyl sulfoxide, as an extractant of
nitramine from polymer crumb of composite solid
propellant, allows extracting the target product with

an extraction degree of up to 65.1% if the extraction
is performed at the following parameters: duration
of 4 h, temperature of 200C, and mechanical agitator
rotation frequency of 6.7 s–1.

As follows from Fig. 1, the optimum
temperature for the extraction of nitramine from PM
under the given conditions is equal to ca. 60–800C,
thereby yielding the extraction degree of 56.9–57.4%.

Analysis of the data given in Fig. 2 shows that
the optimum extraction time is 2 to 4 hours, the
degree of nitramine extraction in this case being 55.8–
65.1%.

Finally, the data of Fig. 3 indicate that the
optimum mechanical agitator rotation frequency
when extracting nitramine from PM under the given
conditions is in the range of 13.3 to 16.7 s–1, the
extraction degree being 59.8–60.0%.

In order to determine the effect of the duration
of the extraction of nitramine from PM, the change
in the concentration of nitramine in DMSO solution
with time at the temperature of 200C and the
mechanical agitator rotation frequency of 6.7 s–1 was
considered. Table 2 shows the values of the kinetic
parameters of the nitramine extraction from PM.

Table  2

The values of kinetic parameters of the process of
nitramine extraction from PM

t, s C, kg/m3 ln(1–(C/Cp)) 

3600 51.08 –1.31 

5400 55.59 –1.58 

7200 59.88 –1.94 

9000 64.90 –2.64 

10800 69.69 –3.09 

12600 69.72 –3.75 

14400 69.87 – 

 
The obtained values given in Table 2 well obey

a curve that is described by the following equation
(a pseudo-first-order reaction) [2–4]:

C=Cp(1–Ae–kt),  (2)

where C is the current concentration of nitramine
in the solution (kg/m3); Ñð is the equilibrium
concentration of nitramine in the solution (kg/m3);
A is the pre-exponential factor; k is the mass transfer
coefficient (s–1); and t is time (s).

It should be noted that the value of Ñð is
69.87 kg/m3 [2–4].

Equation (2) in the logarithmic form takes the
following form:

ln(1–C/Cp)=lnA–kt.  (3)
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It is clear that the slopes and intersections of
the straight lines plotted in coordinates ln(1–C/Cp)
vs. t allow determining the values of A and k.

Figure 4 shows the kinetic dependence of
nitramine extraction from PM plotted according to
Eq. (3). Here the R-squared value is R2=0.98.

The kinetic constants and the kinetic equation
for nitramine extraction from PM are shown in
Table 3.

Table  3

The kinetic constants and the general kinetic equation for
nitramine extraction from PM

k 
2.810–4 

lnA –0.155 

A 0.857 

Kinetic equation С=69.87(1–0.857exp(–2.810–4t)) 

 

Fig. 4. The kinetic dependence of nitramine extraction from PM
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Fig. 5. The IR spectrum of the obtained nitramine
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The recorded infrared spectra of nitramine
extracted from PM using DMSO and commercial
grade nitramine (Figs. 5 and 6) show similar
absorption bands at 1560, 1280, 946, and 760 cm–1

that can be attributed to the presence of the
N–NO2 group.
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Fig. 7. The DTA thermogram of the obtained potassium perchlorate (heating rate of 100C/min)

Extracted nitramine after its modification can
be reused in compositions of heat-resistant explosives,
solid propellant and non-electric initiation systems.

The method described above was used to obtain
KClO4 with a yield of 68% with respect to the
theoretical yield, and the DTA-curve of the obtained

Fig. 6. The IR spectrum of commercial nitramine
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potassium perchlorate (at the heating rate of
100C/min) is shown in Fig. 7. According to the results
of DTA-analysis, an endothermic peak in the
temperature range of 304.7–322.20Ñ corresponds to
the transition modification of potassium perchlorate
[5]. A second endothermic peak appears in the range
of 545–5850Ñ, corresponding to the melting of
potassium perchlorate with its subsequent
decomposition, as evidenced by the pronounced
exothermic peak in the temperature range of 583.9–
619.30Ñ.

The extracted KClO4 by-product can be reused
as an oxidizing agent in solid propellants and
industrial explosives. Refined PM can be further used
as a filler in compositions of emulsion explosives.

Conclusions

The effects of temperature, mechanical agitator
rotation frequency and duration of process on the
degree of extraction of nitramine obtained in the
extraction from PM by using dimethyl sulfoxide were
determined in this work.

It was found that the highest degree of
extraction (65.1%) in terms of the target product
during the extraction with DMSO from PM was
achieved in the experiment that lasted for 4 hours at
the temperature of 200Ñ and the mechanical agitator
rotation frequency of 6.7 s–1.

The optimum parameters for nitramine
extraction from PM using DMSO were established
as follows: the temperature of 60–80°C, the extraction
duration of 2–4 hours and the mechanical agitator
rotation frequency of 13.3–16.7 s–1.

Kinetic constants and kinetic equation for the
process of extracting nitramine from PM using
DMSO were obtained. A linear graph in logarithmic
coordinates was plotted to describe the kinetics of
nitramine extraction from PM with the R-squared
value of R2=0.98.

The extracted product was identified as
nitramine using the IR-spectroscopy method.
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ÅÊÑÒÐÀÊÖ²ß ÂÈÑÎÊÎÅÍÅÐÃÅÒÈ×ÍÈÕ
ÊÎÌÏÎÍÅÍÒ²Â Ç ÏÐÎÄÓÊÒ²Â ÓÒÈË²ÇÀÖ²¯
ÒÂÅÐÄÎÃÎ ÐÀÊÅÒÍÎÃÎ ÏÀËÈÂÀ ²Ç
ÇÀÑÒÎÑÓÂÀÍÍßÌ ÄÈÌÅÒÈËÑÓËÜÔÎÊÑÈÄÓ

Ì.Ì. ×åëòîíîâ, Ñ.Î. Îïàð³í, Î.Ñ. Ìàòðîñîâ,

Î.Ë. Êèðè÷åíêî

Ó ïðîöåñ³ óòèë³çàö³¿ òâåðäîãî ðàêåòíîãî ïàëèâà ç³ ñïî-
ðÿäæåíèõ êîðïóñ³â äâèãóí³â óòâîðþºòüñÿ ïîë³ìåðíà êðèõòà,
ÿêà çíàéøëà çàñòîñóâàííÿ â ÿêîñò³ åíåðãåòè÷íî¿ äîáàâêè â
ñêëàä³ åìóëüñ³éíèõ âèáóõîâèõ ðå÷îâèí. Äî ñêëàäó ïîë³ìåðíî¿
êðèõòè âõîäèòü: ñïîëó÷íà, îêèñëþâà÷ (ïåðõëîðàò àìîí³þ), åíåð-
ãåòè÷í³ äîáàâêè (í³òðàì³íè, çîêðåìà ö³êëîòåòðàìåò³ëåíòåò-
ðàí³òðàì³í, àëþì³í³é) ³ òåõíîëîã³÷í³ äîáàâêè. Îäíèì ç³ ñïî-
ñîá³â âèêîðèñòàííÿ ïîë³ìåðíî¿ êðèõòè º îäåðæàííÿ ö³ííèõ âè-
ñîêîåíåðãåòè÷íèõ êîìïîíåíò³â – ïåðõëîðàòà àìîí³þ ³
í³òðàì³í³â. Äëÿ âèëó÷åííÿ í³òðàì³í³â ç ïîë³ìåðíî¿ êðèõòè òâåð-
äîãî ðàêåòíîãî ïàëèâà, ç ÿêî¿ ïîïåðåäíüî âèäàëåíèé ïåðõëîðàò
àìîí³þ, ìîæëèâî çàñòîñîâóâàòè îðãàí³÷íèé ðîç÷èííèê – äè-
ìåòèëñóëüôîêñèä (ÄÌÑÎ). Ç îäåðæàíî¿ ïîë³ìåðíî¿ êðèõòè
í³òðàì³íè âèëó÷àþòü ÄÌÑÎ ç ïîäàëüøèì â³ää³ëåííÿì åêñò-
ðàêòó â³ä ðàô³íîâàíî¿ ïîë³ìåðíî¿ êðèõòè ³ âèñàäæåííÿì
í³òðàì³í³â ââåäåííÿì â ðîç÷èí åêñòðàêòó âîäè (êîìïîíåíòà,
ùî íå ðîç÷èíÿº í³òðàì³íè). Ìåòîþ ðîáîòè º âñòàíîâëåííÿ çà-
êîíîì³ðíîñòåé ïðîöåñó åêñòðàêö³¿ òà âèçíà÷åííÿ ïàðàìåòð³â
âèëó÷åííÿ í³òðàì³í³â ç ïðîäóêò³â óòèë³çàö³¿ òâåðäîãî ðàêåò-
íîãî ïàëèâà (ïîë³ìåðíî¿ êðèõòè) çà äîïîìîãîþ ÄÌÑÎ. Âñòà-
íîâëåíî çàëåæíîñò³ âïëèâó òåìïåðàòóðè, ÷àñòîòè îáåðòàííÿ
ìåõàí³÷íî¿ ì³øàëêè, òðèâàëîñò³ ïðîöåñó íà ñòóï³íü âèëó÷åííÿ
í³òðàì³í³â ç ïîë³ìåðíî¿ êðèõòè äèìåòèëñóëüôîêñèäîì. Îòðè-
ìàíî ê³íåòè÷í³ êîíñòàíòè ³ ê³íåòè÷íå ð³âíÿííÿ, ùî îïèñóº
ïðîöåñ âèëó÷åííÿ í³òðàì³í³â ç ïîë³ìåðíî¿ êðèõòè ³ç çàñòîñó-
âàííÿì ÄÌÑÎ. Ó â³äïðàöüîâàíîìó âîäíîìó ðîç÷èí³ ÄÌÑÎ ïðè-
ñóòí³é ïîá³÷íèé ïðîäóêò – ñèëüíèé îêèñëþâà÷ – ïåðõëîðàò
àìîí³þ, ùî íåáàæàíî â ïðîöåñ³ íàãð³âàííÿ ³ ðåãåíåðàö³¿ ÄÌÑÎ.
Ç â³äïðàöüîâàíîãî âîäíîãî ðîç÷èíó ÄÌÑÎ ïåðõëîðàò àìîí³þ
âèäàëÿºòüñÿ øëÿõîì ïåðåâåäåííÿ éîãî ó ìàëîðîç÷èííó ñ³ëü KClO4,
ÿêó ìîæëèâî çàñòîñîâóâàòè ÿê îêèñëþâà÷ ³ ïðîìèñëîâèõ âèáó-
õîâèõ ðå÷îâèíàõ.

Êëþ÷îâ³ ñëîâà: òâåðäå ðàêåòíå ïàëèâî, åêñòðàêö³ÿ,
öèêëîòåòðàìåò³ëåíòåòðàí³òðàì³í, ïåðõëîðàò àìîí³þ,
äèìåòèëñóëüôîêñèä.
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The recycling of solid propellant from loaded rocket motor
cases of intercontinental ballistic missiles SS-24 results in the
formation of polymer crumb that is used as an energetic additive to
emulsion explosives. The polymer crumb contains a binder, an oxidizer
(ammonium perchlorate), energetic additives (nitramine, in particular
cyclotetramethylenetetranitramine, and aluminium) and some
additives. One of the most efficient techniques for utilization of polymer
crumb consists in extraction of valuable high-energy components
such as ammonium perchlorate and nitramine. To extract nitramine
from solid propellant crumb, from which ammonium perchlorate has
been previously removed, an organic solvent, dimethyl sulphoxide
(DMSO), can be used. Nitramine is to be extracted from the obtained
solid propellant polymer crumb by using DMSO. Then the extract is
separated from the refined polymer crumb and nitramine is precipitated
by the addition of water (a diluent that does not dissolve nitramine)
to the extract solution. The purpose of this work was to establish the
characteristics of the extraction process and determine the parameters
of the extraction of nitramine from the products of solid propellant
recycling (polymer crumb) with the use of DMSO. The effects of
temperature, mechanical agitator rotation frequency and process
duration on the degree of the extraction of nitramine from solid
propellant polymer crumb by dimethyl sulfoxide were determined.
The kinetic constants and the kinetic equation that describes the
extraction of nitramine from solid propellant polymer crumb using
DMSO were obtained. Ammonium perchlorate is present as a by-
product in the spent DMSO aqueous solution. Ammonium perchlorate
is a strong oxidizing agent and its presence is undesirable in the
process of heating and regeneration of DMSO. Ammonium perchlorate
can be removed from the spent DMSO aqueous solution by converting
it into poorly soluble salt (KClO4), which can be used as an oxidizing
agent and in industrial explosives.

Keywords : solid propellant; extraction;
cyclotetramethylenetetranitramine; ammonium perchlorate;
dimethyl sulphoxide.
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