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PR o B ZE R — R B AE R T AT 5 A AR U
PEAST AR A AR AT AURE T AR 1 I T 4 RO AIR o L BLAEE
A 77 s BB LA S DRAIE SR AL AR 1 — 118 L VBRI | 25K
JI5E % TG R P L2 A B AR — 2, H AT L T TR
(9 HIL R A5 ) 22 AL IS b 2D | IO A AL 79 4 i
M2 LIRS B IN] FL AR 43 A 458 9 45 o) R, B 1
THEFLALFE AR B HT . RO 3 72 LUK A1 22 4 4% i 4
gy PR E R T AT AL53 53 85, e MR AR R 25 76 4k 7
Ao v A7 30 R U R BT R A AR R KRR B T R B B
BB 4 BB 245 i B AR AR A KR 2 45

A L ) 28 0E (OSN) 2 — Fh 3 T RO o 2 11 4%
T RE e AL oy B R AT LS A PLI R R R
2 T 252 200~2000 g-mol ™ 4 4r 460 A
OSN [ 545 i AT DL . — D i, ml 76 =5 IR T fF
1103 F ROBE (9 43 BS W) 0 % 38 JE AR S | REFESE 0705 53
— 7 T8, MEAE Ry BB 0 7 A R R A SR R AR K 27
58 2o AR R BRI 1 g B S 4 S A S R R
i J7 3t fE ) AT LIRS A 42 1 5 o6 R Ak R R B —
P OB — RF o0 A0 8 ) 1 AR L SR
M5 AT AL ¥ 790 A% 3R 114 MBS 285 ot 0 5 30 A k2 A5 B B, A L
Vo R T LSS A2 B RS . DR IR R RS
ATESE LG4 Skl & LA M AR SRR T 3 TR
IR Bl A AL U 1 A HIL T T G R R A S g ke R
JH P AT BIL 5 790 44 0 B, BT 5% OSN i B F ) HMX
FELNER TS ST BR T XBT LSRR
FE TN HMX SRR BYJE 30 ORLBE | b 28 F0 AP fiE Y
ST 5 28 R A S AT T L T
U 0 8 7 15 35 AR M O R I UG FE 5 T AT M L
TFRIEL AL Sl T2 RS %

1 KIEER4Y

1.1 RFSNE

KA R HMX, B #f B, 7 DMSO/H,O 1k & h
I M A AR R AR 29 20 pm, 41 >99%,
b TR A 3 O B AR TR 5E T 5 £ (ACN,
AR, 99.0%) , Ji#B i B} B 1k 2% i A7 BR A R s N (AC,
AR,99.0%) , AR T B} B AL 2= fh A FR A W) s N, N-Z H
I H L (DMF, AR, 99.0% ) , AR T B B 1k 27 & A5 BR
I8 E AR (AR, 99.0% ), JCER T Bl B Ak 2 5 A B2
w5 T A AL TR0 20 U8 R (AR o0 2R I I g P, 25 1)
% : GC-DM200, #& /4 43 F & MWCO 24 200 g-mol™,
T ERI R A RA ) .
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AU < S AR B S v TR A BT 5 B AL T A R
5 B 5 3% 791 755 R 48 3 22 (Y-1000, b 50550 36 3 R 3
KA PR ED 5 ¥ /46 A E I 25 (Julabo , 7818 ) ; LCD
B T X F B PE 2% (Dragon Lab, Jb50) 5 L F K
P (METTLER TOLEDO, %if ) ; 75 i 38 - 17 ¥k 45 X
(BUCHI, i 1) .
1.2 EEREESXRAE

BT Ry 2 S 06 e B R R B R R . R 1 Al
DU B, v A8 O 28 4 b A e TR ) 4 0 B i B 3% &2
i st 9 (&1 @), He 7 3R 3l F ¥ 5 i 2o B AL B 18 i
W Te), SRR S Bt A, B i S A . i T4
il 2ok A R 22 W AR 23 5 T IR AR T R R 4R R
P52 T Al e Aok 0 A X vl 0 R A % 1 D ) 9 B O
T T3 B (B Tb) Al LA i 38 i B 2 1 i 55 D)
Rk 28 e AL PG , DR LA 98 %0 T 4 i g A X
B A T R T A B OB W/ iR X 4 08 B i
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| modules
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| E <
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7 R T \
) i ) | (low pressure side) __'_:_pegirgzate
solvent e 1 |
T 1 (*;*(*'/?‘;(*(;(*(;(* 1 nanofiltration
hisr e ’: ! membranes
solution 1 (high pressure side) solution .y oo side
— { )

Bl 1 (a) B4 A 528604 B | (b) A 5 it 45 1 18] | (o) B4 i ik
TR 4ok 0 0 2 4 o) D T

Fig.1 (a) Membrane crystallization device, (b) structural
diagram of flat membrane cell, and (c) supersaturation con-

trol principle of membrane crystallization process

FELR R Ny (1) B R H HMX/ 2 1 s
WG s N, BUBBCE R 2R Ry 200 remin”', IR
FEAE B I 5 (2) 3T P e 28 L & 8 1K 70 3R Bl 1
FWOE RS E [0 %, € Wi B2 100 mL-min™';(3)
0 RIS YA 40 D R T ) T 25 BR B T 5 5O I 4 g
JEETE BB 325 W Bk 1 0L, 45 o s N R A 3] 3 e R IR
AL HMX FR AR I8 5% 18 35 WU FRURE B (8] 19 22 4L
(4) 52 30 25 o J5 aod 8 ISR W0 B2 HMX b A T i A7 1
fig FAE 5 (5) 78 A )i B (20, 25,30 °C) FUAS [A] JE )
(0.5,1,2,3 MPa) &M FEE FR TR TE,

1.3 HMIBERMEBERRIE
90 U 1 e G R OR F B B B i (Flux) (8 R
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S AY AT L3 B 48 i R ) R A R E A
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j=—Y (1)
A X At
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Shy Tk A AL VS ) 40 08 ) A AR A S TR, mP s AR A S
FE], b

WEEEHA(2)H,

C
R =|1--—"|x100% (2)
J Cf

A, R UE X HMX I 8 B8 %, % 5 ¢, 18 8 TRk
B, g U s R gL'

20 8 AT T I 0 2R TR 285 R 4T i H - I e
(SEM, Sigma-HD-0129 1 Zeiss 7 , i [ ) FAF , I i L
JE 2R 5 kv, il RE T R RE TR LS TR A P e )
T e
1.4 HERLERIIEXRE

Hi T BB 45 A 15 28 R 45 i (ECr) 7 1 B 02 3 5 2 Bk
VA A I VR 3k 30 2o L IR S BT L AL T B i R Y
FAFRAL, DA A 50 28 B8 S 45 A v L SE 56, PR 2
Tl AN [F) 235 5 7E S AR TE 35 45 R R4 5 T 118 25 5

78 J2 4 b SE 56 R BUCH | 7 38 3 S A7 4k 46 13, 4%
BIAE20.25.30 CHAET B 10 mL HMX/Z i A
WA 22 mL, p LA I 2R R VA L A A B 5
TRLFAT A A P43 0 5 B 3 AN ELas (7, 8,10 kPa)
Wee AR S g A e AR 0 e 8 w8 2 R AR i P Ry
120 remin™ i JEWCAEIF T4 A5 B HMX S 1A
1.5 HMX @& iEE R

i TR 3 43 A SR AT Dl 38 HUE e 19 D' 27 W 3003 i
(OMS, Sigma-HD, Zeiss, f [& ) 1 47 4iff . 7 2 G0 5%
(SEM, Sigma-HD-0129 %I Zeiss 375, £l [# ) , Jin i g i

K3 KV b ARG KL 43 T R F X S R R AT A (XRD
DX-27mini 5 A7 F AL, PEAR G TAES AR A A
CuK, (A=1.5418A) , 1 4] ff1  8~70°, % HLJE : 40 kV,
L 13 mA, 258 £ 0.02°; f 1Ak BE 23 BT R T OE
B BE AL (MICROTRAC S3500 %, 26 [/ ) ; & 1k 6 W1 25 i
G3ATT R A B B 1% 5 A AR AR B 4 BT SR AR - 250K
H L (TG-DSC, METTLER TOLEDO, % +) , N,
A4, A 30 mLemin™', THE S 10 °C-min™', T
U7 Bl 40~400 °C, A ALEE HE .

2 ZHR5WiE

2.1 BR5BEFMFIE

JEE 85 iy 3ok A e RS RA L2 S B VR A 43 43 S R [
b, B2 T L 45 B B A% B D L Ak o3 B ek R A G
U E G R ORS00 H A MLV R AT,
ISR AL B BE A8 T 32 A MLV ) i IR R B /N FE R )
M EA REFREYE, 5 TIERERLA . HMX
153 T (MW=296.2 g-mol ™ ) FE4N Ik 5 5 15 1Y
AU L, 9B 35 1o AR A E g 8 o R A R O T
XoF 3 1 B 1 T P B SR R, R B A X A Y BT
DL ] # B 4> F & F 200 g-mol” (MWCO=200) [
T T A R T IV g P14 3 R AT AR ST

VB 3 1 KN OB EE SRR B 23 5 e 325 7
14 185 J A% ST BE ), 2 17 52 95 7 8 i A B AR
VS0 o DN RS ) 2 2k A B TR ) 9 K LA T
3N o A VB ER | B T 5R LA R N Sy R
W M PR 45 5, 78 43 BE TR 80 15 00RG B /N, 43
T AR ) BRAR AL BTRCRBR . BRI T BT A
S0 o B b R AR e R ST b R Y U vk B —
J7 T 23 19 5 5 B8 05 TR, O3 — 7 1143 00 3% IO S 3R THT
EYR L BRAR T B RCR Y, R b AR RS EE  A g T
fif 2% 5 75 Fh 28 K HMX FE AS [6] 3 700 op 0 3 e 3 4
P20 Xt 2 M IR DMF BRI R 4 Fl s 5 4 35 1 i
BT TR, AR R MR B S

R AR HMX BYBE IR 73 B0 R (25 °C) 0 AR AR Rl 7 290 8 114 32 37 e

Table 1 The mole fraction solubility of HMX (25 °C), molecular weight, relative polarity, viscosity and flux for nanofiltration
membrane in different solvents

solvent mole fraction solubility ~ molecular weight / g-mol™ relative polarity"*®’ viscosity / mPa-s"" flux /L-m™-h™"
acetonitrile 0.0024 41.05 0.460 0.325(30 °C) 12.980

acetone 0.0051 58.08 0.355 0.316(25 °C) 5.506

DMF 0.0081 73.10 0.386 0.802(25 °C) 3.556
cyclopentanone 0.0042 84.12 - 0.990(30 °C) 3.404
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Fig.2 Optical microscope images of HMX crystals obtained by membrane crystallization (MCr) and evaporation crystallization

(ECr) method at different temperatures
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Fig.3 SEM images of raw HMX and HMX crystals obtained by MCr at different temperatures and pressures
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S, o RRLAL B A B BRI 22 (SD) s s SRR o e B AR 0L A 52 43 A6 e 1 1 RS D, (32,38,
FEIE, wme 32.76 pm), R IESBIE G TR 25 CHA /My CV

TEA AR B (20,25,30 °C) AR E 53 (0.5,1,2,
3 MPa) &4 F 343 HMX SRR i 1Y 2360 B8 20 A
B SER R FRUE 2E CCVAE Y85 B K N SR FL B

*x2

AT BE R T3, B4 ke it 19 SRR 2 20 A1 8 S 4ok 42

fH(34.17%) , AL BE 4347 3 il e 75 5 1 7E 30 °CHlil &
A A B e R BB A R 40 A, CV (L 34 86.11%,
L E 3 A 5 LI A3 A 3K e PR R A 4 o AR R B

PR HER 2% (CV AR T2 B R AR AL R

Table 2 Cumulative particle size distribution parameters, mean size, standard deviation, coefficient of variation (CV), aver-

age density and internal porosity of samples obtained by MCr at different temperatures and pressures

sample
T/C p/ MPa
D,,/ pm D,/ pm Dy, / pm mean size /um  SD /um CV /% Pavg /g-cm™? &/ %
20 2 16.62 32.38 59.07 34.41 15.75 45.77 1.9004 0.13
25 2 18.92 32.76 49.18 33.27 11.37 34.17 1.9002 0.14
30 2 15.29 53.99 166.4 72.98 62.84 86.11 1.8998 0.16
20 0.5 30.76 55.25 110.6 60.52 27.29 45.09 1.9001 0.14
20 1 25.33 42.99 66.66 44.05 15.23 34.57 1.8997 0.16
20 3 18.07 37.98 63.51 38.84 17.72 45.62 1.8997 0.16
Note: T is the temperature. p is the pressure. D, D, D, are cumulative particle size distribution parameters. SD is the standard deviation. CV is the coefficient of
variation. p_ is the average density of crystal. § is the internal porosity of crystal.
20
154
R R
£ £
g 10 3
o o
‘o @
5 5 5
S S
= =
01
1 10 100 1000 10 o 100
particle size / pm particle size / pm
a. atdifferent temperatures b. at different pressures
B4 AR R 7T BESS R R HMX S OB 23 A

Fig.4 Particle size distribution of HMX crystals obtained by MCr at different temperatures and pressures

Chinese _Journal of Energetic Materials, Vol.31, No.1, 2023 (8-17) A Re AR

www.energetic-materials.org.cn



HE T RE S B HMX 2% 60 25 & il 4 5 3R AR

WA 7= A O[] A K I 1 A AR R RN 25 57
W, 3% 5 OMS (I 2¢) K SEM (I 3d) sk &5 S 4 —
B, R LS T AE SR AR T HEAT KR 25 25 S e K
F il 45 oL BE 43 A o

&2 FfE 4b AT LAE 1,78 20 °C, AH K )
(0.5,1,2,3 MPa) 254 ¥ BE 4K 15 725 B0 & 43 1 BF
i AR B 43 A1 S B PR 43 A1, B CV B AE 46% LA
T, 1 MPa & £ T il £ th 9 HMX & A& 19 CV (L
34.57% , BLBE i 2 . WA RS0 T e AR 3
A I R B SR R TE R R R RS S R
PR, T TR T R AR AP e A5 R R I A K K
I DARYI 37 N e o B W N1/ N AN
) AR AR

M % 2 P AN AR (20, 25,30 °C) AN E B
(0.5,1,2,3 MPa) &4 T 1 CV {E £ 86 % b, 7T DL &
B, 5 BE PR AR A L, R R RE A SO S ARORLE |
ok e 728 Ak AT LIRS o 9 4 5 1R R AR b R T %
FEREFL PN 0 2o B2 A2 388 HUAT I i A% 3 WA Vi A 3 A
FEAE R AR SRR, 0] LR IR 25 &b #8% P9 0 0 o A AR £k
1 — M B BB E B 25 AR sh 10 2 i AR A kL
Oy ARSI R . R 2 v R A R S 1 O 38 %
Je P FLBR R o0 A7 2 B, B2 it T 4 B9 R 1 - 2 2
JEE B B 4230 HMX (1 B8 2% 91,9028 g-cm ™, Sk
DA TR L B SRR A AR, 445 ol o A R
2.4 BRIEEHST

Pl 5 T 7 oA N () 45 5 0 1 3 285 o 2% K 44
i il & RE BB XRD 18 . K] 5a~5b Ha] LLE Y, 16 A [
T B U 7 250 8, B2 8 1 45 1 HMOX & R 19 e K
U fE B AE 15.9° ., 20.4° ,22.9° ,29.6° ,31.8°, 5
B-HMX B #5 1fE F H (PDF#45-1539) 41—, K 5¢c
AT LA W 6 AN R 28 K 45 A T 251 F il 45 19 HMX
il A T 2 A I 0 1 6 OB B B-HMX I bR T R
F (PDF#45-1539) JE A — 55, {0 0§ (%) A1 X6 58 B AH 22 5%
Ko JERFHMX A R 9 = 5 04 X 107 & 187 4390 (=102) |
(120) . (=132) , 1M 78 & 2 fh A 5 1 00 358 T 5 okt
HMX A7 B 5 A [R], ] 8 5L R Ok 78 & 45 ol 7 v 25 i BE
S0 B TR RO AR AR R ORI 5T i 5
T WL BE 45 R (8] 2d~2f) —F . (E78 —$2 9 2 , H
Pt 1 2% OURE L0 & B, 45 b T 3 R P O R R A W
B i 28 e BB R RS A 1 B An B R BB A i
BT A — oMo, R I S B R AR AR S
I8 A 45 i O T H A B AL

CHINESE JOURNAL OF ENERGETIC MATERIALS

J 1 f\ 25°C
Y L A 20°C

T ﬂ LA \ Original Crystals

ol g L, PDR#5539

10 20 30 0 50
201(°)

intensity

a. MCrsamples under different temperatures
conditions at 2 MPa

Ll z " 5 3 MPa
Ak anench o . BHFE

1) I ‘ 1 l 1 MPa
A ( 1 A 0.5 MPa |
A } L oA } Original Crystals

L g L PORMS539

10 20 30 ) 50
201(°)

b. MCr samples under different pressures
conditions at 20 °C

intensity

. ‘ S—
(on) 131 022)
z % C
k5 (020) (132) (232)
E 20°C
(000200 132 gl Crystals
Ui ‘ Ao, b, PDF#A51539
10 20 30 40 50

201(°)
c. ECrsamples at different temperatures

5 IR BREAS it R 26 S 25 Al i 46 B9 HMXCR AR XRD 18]

Fig.5 XRD curves for HMX crystals obtained by the methods

of MCr and ECr under different conditions
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Green Crystallization of HMX Based on Membrane Separation: Preparation and Characterization

WANG Teng'*, ZHOU Xin', HAO Shi-long', ZHANG Shu-hai*, GOU Rui-jun’, LI Hong-zhen'
(1. Institute of Chemical Materials, CAEP, Mianyang 621999, China: 2. School of Environment and Safety Engineering , North University of China , Tatyuan
030051, China)

Abstract: Aiming at the problems that the crystallization methods (evaporation, antisolvent and cooling, etc.) of the convention-
al explosive are difficult to accurately control the uniformity of supersaturation and the low solvent recovery rate, an organic sol-
vent nanofiltration (OSN) membrane crystallization apparatus based on pressure-driven and cross-flow filtration was designed
and used to study the membrane crystallization process of 1,3,5,7-tetranitro-1, 3,5, 7-tetrazacyclooctane (HMX). The effects of
key process parameters (temperature and pressure) on the crystal morphology and particle size were discussed, and the crystal
morphology and structure were compared with those of evaporative crystallization. The HMX crystals after recrystallization by
both methods were characterized by scanning electron microscopy (SEM) , X-ray powder diffractometer (XRD) and
thermogravimetric-differential scanning calorimeter(TG-DSC). The long-term operational stability of the nanofiltration membrane
was further investigated, and the solvent recovered by permeation was used to re-crystallize. Results show that by the optimal
control of temperature and pressure, the membrane crystallization process can obtain B-phase HMX with narrow particle size dis-
tribution (coefficient of variation < 46%) , high crystal density (p,,=1.8997-1.9004 g-cm™) and excellent thermal stability.
Compared with evaporation crystallization, the supersaturation control in the membrane crystallization process is easier to oper-
ate, and the prepared crystal morphology is more uniform. After repeated use, the rejection of HMX molecules in the solvent still
remained above 92%, showing a good permeation selectivity stability. The B-phase HMX crystals with an median particle size of
34.92 wm and a coefficient of variation of 37.22% can still be prepared by membrane crystallization using permeation-recovered
solvent, indicating that this technology can realize the efficient recovery and reuse of the crystallization solvent.

Key words: membrane crystallization;organic solvent nanofiltration ; HMX; crystal size;evaporation crystallization
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