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Abstract

Extraction and anti-solvent crystallization were proposed to recover octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine
(HMX) from pressed polymer bonded explosives(PBXs). DXC-57 and DXC-59, whose polymeric binders are Estane
and HyTemp with dioctyl adipate plasticizer, respectively, were used as pressed PBX models. Estane of DXC-57
was removed by washing with tetrahydrofuran prior to extraction, which enabled the crystallization of HMX at a
low degree of supersaturation, sufficient to obtain B-form HMX. Using dimethyl sulfoxide and ethanol as the
extraction solvent and the anti-solvent for crystallization, respectively, HyTemp and dioctyl adipate in DXC-59 were
separated from HMX. The purity of recovered B-form HMX was higher than 99 %.
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DXC-57, DXC-59¢} 1o ¥3%t¥l HMX, Estane,
HyTemp 1231 DOA+ = H3}8HA-2A(ADD)ol A A&
Hkoltl, DMSO-ds 2 acetone-dg(Sigma-Aldrich)= NMR
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2.4 M MA=E DXC-570lM HMX2| Nucleation

kinetics
A AlZ" DXC-570] Foll= Estane©] HMXQ
nucleation kinetics®ll P|X|&= FaS A7) Y olgt

=< A AlFE DXC-57= i}% DMSO &l 27}
kAt Ad-e 25 °collA 3513t FBRM(Focused
Beam Reflectance Measurement, type G400, Mettler-
Toledo)Z AF&31o] @ A4 A7b3} AAe) 4 s
A4sc.

2.5 &4
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3.1 DXC-57 ¥ DXC-59 7A M| &l

theksk °7]£’~uﬁoﬂ/\19] DXC-573} DXC-59 T4
59 %S Table 19] 2.0F319iTh DMSO 2
ees 7H7t HNDH F= 9 AAs ol ARgsith
HMX©®} Estane®] DMSOo|A9] &38]%=2} DXC-57 U]
HMXS} Estane®] T-AJH]E 1123} Estaned] X1AZ|
& ARgsHA o ZAA3} TAClA Estaneel &3
nonfE HMX E5& I8 & gl& Ao= Huslsl
t}. u}g}A THFE Estane A% &nj= XA4shsic)
DXC-599] &% HyTemp 3%-#1= DMSO°] £3]%]
A o B R DMSOE AMHESHMX FE3AgolA &
gl=ojx Mre] MAH #Ago] BashA] ekttt

E] octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine2] &4~ 374 7'k

Table 1. Solubility of HMX, Estane, HyTemp, and
DOA in organic solvents at 25 C

Components

Solvent

HMX Estane | HyTemp DOA

57 g/ > 0.5 . N
DMSO 100 g[“’lz] o/ml’ insoluble”® |immiscible

< 0.01 > 0.5 b b
THF o/ml* o/ml* n.d. n.d.
Ethanol < 001 insoluble® | insoluble® | miscible®

o/ml* ul ul

28 g/ > 0.5 . a .o
Acetone 100 g[lz] o/ml* insoluble® | miscible

* determined in this study, °not determined

3.2 Prewashed DXC-570lM HMX 2 ZH s}

A A28 DXC-57914 HMX2] nucleation kinetics=
As7] fl8l ohdst vjgo] DMSO % ogh&e] &
TMLUHOH A Al et DXC-575 ¥E3FAF T HMXO
£ = Table 201 YeEFQITE ofg] 2] (1) Table
29 &oHE dolBE &3 &vl W DMSO dHE&
o] =2 Ty a ot}

Table 2. Concentration® of HMX at 25 °C

Mass fraction of DMSO in the
Saturated mixture of DMSO and ethanol
with
0.25 0.50 0.75 1.0
DXC-57
washed 0.2 34 17.5 57.5
with THF

*The unit is g/100 g solvent. The solvent, the mixture of DMSO
and ethanol, is saturated with prewashed DXC-57

" = o~ 0963+5.0022) 0

o7]4 €' HMX] gdl=ola, »= & Sv )
DMSO9] A&Fi-go|th Fig. 1> Table 29| A& o]
E]9} solubility curve®} W B EA (1)H)E B

ol =t} 3 A 01 dojrt= AJZHS FBRM probes A}
gate] SA43s W, & o =3 &= Ul DMSO9
FA HEE 74]@%‘ < dth Fig. 1% o]gsle] 1
DMSO9] Al H|EE 7H& EF-Euel EAlsh=
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HMX] content(Fig. 12] 41)9} HMX
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Fig. 1. Solubility curve of HMX in the mixture of
DMSO and ethanol saturated with prewashed
DXC-57(see Eg. (1)). The dotted line
represents C in Eq. (4) while X and S in
Egs. (2) and (3), respectively are shown
beside the flow rate and depicted on the
dotted line
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133 - gt - ol s
1.0 22s 38s 70s 100s.
- ' A - O 1.75 mL/min
LA O 3 mU/min
& 6 mU/min
A

10 Counts/s

Time (min)

Fig. 2. Number concentrations of the crystals.
Nucleation time at each flow rate of ethanol
is indicated with a dotted vertical line
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575 A AHE DXC-572 ¥312 w DMSO°|A
HMX?2] &-3]%=o|tHTable 2 #3). Table 32 3 A4
AL, Vaow X R SE 29k 3lojth
Table 3. Parameters of the nucleation kinetics

estimated for the anti—solvent crystallizationa

of HMX
Flow rate
of ethanol | tne(s)® | Vaor(m)®| x9 S
(ml/min)
1.75 100 2.92 0.65 3.75
3.0 70 3.5 0.61 43
6.0 38 3.8 0.59 4.6
12.0 22 4.4 0.56 5.07

*performed with the DMSO solution saturated with prewashed
DXC-57

btnuc denotes the nucleation time

Vg oy denotes the volume of ethanol added up until toe

4 X is the mass fraction of DMSO in the solvent mixture at
tnuc, as calculated from Eq. (2)

¢S is the degree of supersaturation and was calculated from

Eq. (3
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Table 39| t,.= Fig. 201 %7|9 #z~8e 2
FEEe F7F Aottt dEEtE olEhE TS EE
wold ZhdE ok RI(Vy,,)7t At el
g2y DMSOY HEE ARSI &£ &v Ul
DMSO2] HHEE&(X)S AXtgt} o] A=FEgol 3
et HMXO (2 3), @9 O)F &sil= (1)
o] CYE Axtg o]d AEo] Fig 19 7t ollg
= 7SR R FA E o QITE Al A AM-E 1.75-
12.0 mi/min®] o€rE 7}S) SEoA HEIIE= 6.26
wroh oromz gyl HMX ZAAe] FHE Z&
o Fe 4= AT
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3.3 DXC-570llA &|4=8F HMX2| characterization

Fig. 32 DXC-57°14 3]® HMX A XRD
pattern(Fig. 3(A))= B-HMX Z*A<2] XRD npattern(Fig.
30 LAISISATE Fig. 40 K.o{Xl FE-SEM 4] 2
I BE ofehs TH)E oA prism FEIQ] B-HMX
2ARE I535S HolFal Ak olghs 7IiE =
9 ~7}% NG MM e HEstEE FT7HA7] Al
Ho). THFo| 9]¢ DXC-579] 4 A2 Estanes 39
& AATCZ, Estaneol 23k & YA XAq37} A
A 728k, 12.0 miminol A= FESE ZHS 62690
A WAA EEQIT HA o R p-HMXS] S
7FsstA dles & & Utk ol AFelME A
A glol DXC-579] DMSO-&S ZAA3lol| A&
7% 3.0 m/min ¥ 71 SEolA FEIE Fhol
6.62% B-HMX AA FAol A3t o] A<}
% O ¥ashd, 33402 AHEHE 1.75 m/min®} 3.0
ml/min®] OERS 7}Sl&E oA £4E HMXE 3.07,
3459 HEIEE Kl v, H MFH Q= DXC-572
6.26, 6.622] FIEZTE WA M AHE DXC-57
< Fig. 19] YERd vie} o] 375, 4309 i
2 w3t wlebd 13 THFOl 93 AFvtow:
1.75-12.0 mi/min®] €& 7FYPEHEA A HQL B-
HMX 274 A4E& 7bsabAl sk3ith Fig 5+ 853
HMX®] FT-IR 4] Z3e]th non-f HMX®] 53¢l
700 cm 9} 750 cm ' A}o] transmittance band®] H-A=
53 HMX 240l B3-S LefFar e,

Fig. 62 378 HMX A8 5% &4 Aotk
Fig. 6(A)E 41 A% ¥ DXC-572%H 3|43 HMXO]
TE7E 99 % ool RS FRIANAFIL QU
Fig. 72 HMX 3|5 H5-9] 'H-NMR 2=3EdS 5o
T3 Qlth DXC-57¢ 'HNMR ~#HELS Faid

Z5-E octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine2] &4~ 374 7l

10 xsl7] wiehel H53tshefel] ¥ Estancolut
HyTemp/DOA2] H]&o] | %2 ZHAstegt= 'H-NMR
spectracl| Al #AHTEE FHA|EE THISFY] 435}
Aot webA Fig. 7(A)Q] A AlFE DXC-572HE 3]
T8 HMX Al52] E4o| A Estaneol dNF3l= peak
7} (7.34 ppm, 7.07 ppm, 4.04 ppm, 2.22 ppm % 1.59
ppm €] peak) VHEEHA| Forw 34 HMXE]
=799 % ool AS FAAAFAL A

(A)

___U,_.,_J_ . l___ku_JL_fi
15 20 25 30 35

40

Intensity (A.U.)

=
o

©

26(°)Cu(Ka)

Fig. 3. XRD patterns of (A) the HMX recovered from
DXC-57, (B) the HMX recovered from DXC-
59, and (C) the pure B—HMX!'®2!!

Fig. 4. SEM images of the HMX crystals recovered
from DXC-57 at the following flow rate of
ethanol: (A) 1.75; (B) 3.0; (C) 6.0; and (D)
12.0 ml/min. The prism morphology, which is
a characteristic of B—form HMX, is clearly
seen in all the images. The white bars in all
panels denote 50 mm
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Fig. 5. FT-IR spectra of (A) the B—HMX supplied by

ADD, (B) the HMX recovered from DXC-57,

and (C) the HMX recovered from DXC-59.
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Fig. 6. TGA results of (A) the HMX recovered from

prewashed DXC-57 and (B) the HMX
recovered from DXC-59
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Fig. 7. "H-NMR spectra of (A) HMX recovered from
prewashed DXC-57, (B) DXC-59, and (C)
HMX recovered from DXC-59. The samples
contain: (A) 0.1 g of the recovered HMX in 1
ml of DMSO-ds, (B) 0.3 g DXC-59 in 1 ml
of acetone—ds, and (C) 0.3 of the recovered

T T T T d
3 2 1 0 ppm

HMX in 1 ml of acetone—ds
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3.4 DXC-590llM zl—’FEF HMX2| characterization

Table 194 X+ FAY DXC-599] HyTemp
DMSOd &3ll5#] &=rh wekba DMSoo| 9t 3
ZA A HyTempt #2]¥th DOAE WHEHISl o
B2 Alolmg AAS dAleA HHHA ke
wEbx DXC-57°1A4 HBagdd dAg @A das)
A ekt =3 A4S 1eal HE e o
Ad 5 553 HMX 949 AAHFES dohdly] ¢
&) XRD, SEM, FT-IR #4112 $38313t}h Fig. 3(B),
5(C), 8l 1}2} 9l XRD pattern, SEM image 12|l
FT-IR spectrumS DXC-59914 B-HMXZ 3|58} o-%
HeF3 9tk Fig. 6B)2 EFE 4 ZAye
DXC-59914 3|58 B-HMXS] %71 99 % o]elS
B3 ) DXC-590 ¥ HyTemp 2 DOAS]
54420 'H-NMR peak5S #2317] 918 1 mle] o}
AlE-deoll 03 g AEE 7HY3te] "= SHAIEE A
&3l tHFig. 7B) #FX). &2 HIES w5 ARE
gk HMXE  Alxste] 2418 23 HyTemp 9
DOA®] 5721 peakso] #HHA ot (Figs.
7(B) & 7(C) HW]iL). DXC-592HE & 99 % ©]4<
B-HMX 3|5 HolFE F7H4Q1 Aol Fig 9+
AFA A2 E DXC-57 2 DXC-59°14 HMXE 3|43}
7] 918k S-S aoksialth AlA 9 o3 Gl A €]
=22 Q3] DXC-57 2 DXC-59Z5-E HMXQ| &
& 247} 914409 %, 91.1+1.1 % ©]SUTh

Fig. 8. SEM image of the HMX recovered from
DXC-59. The image depicts the morphology
of a prism. The white bar in the panel
denotes 10 um

Z5-E octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine2] &4~ 374 7l

DXC-57 DXC-59
Prewashing Extraction
with THF with DMSO
Estane/THF «-- Filtration Filtration --+ HyTemp
Solubilization Crystallization
with DMSO with ethanol
Crystallization Washing
with ethanol with ethanol |7~ DOA/ethanol
Washing ( )
Estane/THF +-- . HMX
with THF particles
HMX
particles

Fig. 9. Flowchart of HMX recovery from prewashed
DXC-57 and DXC-59.
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