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FERIE S5 A8 B D0 A, BAT P R Th0 AR g AL Bt 25 m] 9 Rk
3 A T g AR R AR O R A A b e
i I BRI EOR R R R T R
T3 B 2 3 00 7 VR T SRR AR R RO ) T Al Ak
AP BRI AR 1 AR Ay T AL B R U L BT
A 1 2 1) BR B A FH R 552 BT 9 K bR TE 3 RN
5 K A A PR, LA A ORT B B e, 2 ) 5 A FL R

Sl AR : & i, W4 8 WA 4 ALK BR/RDX = & UK & A8 & & M ORHIY 85 S 3o i PR Re D). & e MR, 2023,31(1):18-25.

JIN Wu-jing, YE Jin, ZENG Jian-you,et al. Preparation and Thermal Decomposition Properties of Mesoporous Carbon Nanospheres /RDX Host-guest Energetic

Composites[]]. Chinese Journal of Energetic Materials (Hanneng Cailiao),2023,31(1):18-25.

Chinese Journal of Energetic Materials, Vol.31, No.1, 2023 (18—25)

Sttt

www.energetic-materials.org.cn



A AL B 249 K BR/RDX % 1A 3% B8 &2 5 A4 8 B0 o A B 3400 figt 1E i

19

YRR BR A E WL T

H T, A7 65 BE Ak A 4 A A FLBR A4 ) 20 2 A9 A 56
B B D HA LA R K L 3R T R RURR B 1 AL
T SR, T AR T L B TR R A A A B T RO A AR R
ALk, T A2 TF 55 BE A RE I A0 it B . O e, AR E
F XU vk 1) 45 H MCS, 1) FH 3 7035 5 20 Bk L 0
AR5 F RDX 51 A E A& MCS 2R FH 4714t i B2
(SEM) 2141 (FTIR) Al X 43 R AT 5 (XRD) X il 45 14 #
it MCS \MCS/RDX & & W) i 47 RAE 3l o 453 B R
WFFE £ %K & R 2 G ORI I 0 i P R L 858 MCS AR
Sy Bl FE AR Ak R0 A 5 BE A RE ) R R

1 SCIG#ER4y

1.1 AF5NEE

FH 35 D9 045 R P R (MM, & DMBP R& 2 7)) it —
TR 2B, ¥ AR 9%, 1 1 BT R T A Al 5 IF BE R £ TR
(TEOS) Mk F127(Mw=13000), [ 3 v bk & fL R
Ho A ) SRR (HF) WM (37%) V& A AL 88 Chz
AR IR (AR) , P8 42 i 9 3% A BR A R 5 K 2 B
(AR) , RHEETH & F5 K5 4l 1k T/ BR /A ] ; RDX, A @k
KRR (50+20) wm, P54 0L 2 58 BT 4 11

TG16-WS#I & 3 &l 2041, 743 10000 r-min™,
00l AN B O DL AR A PR 2 7] 5 SHZ-D (T ) 41 24 7K 58
% M B 25 e 7640 5 Zeiss SIGMA I3 4 H 1 i (905
ML R R 5 kv, 8 [ 8% A) 24 ) 5 L 2R T AR AT A, 56
FE] B B4 28 7 5 IRAffinity-1S 0 {8 B i 25 46 21 41k
AN, H AR B HEA | 5 2278 4 B AL (DSC-Q2000)
AR 2 $o B (SDT-Q600) , 35 [H TA X 2§ 2wl 5 9%
e O R AL (CGY-3) , A =
1.2 LI
1.2.1 HmEl&E

(1) bk B 8 P A B AR Y 2%

SR IS b BRI 30 W ki AE 2 R 425 nm HE
) B %) 5 HY L TR 05 1R WY TR (PMIMA) 2R 1 A B AR 5 4%
JEHE 1 1: 2 BB TEOS . 0.6 mol-L™" HCI, Z % i
RAE B hE R A W HInA PMMA, # &
T h BB B AR, 2T T A5 30 PO B AR 7R 2
SAHUETR LA S °Comin™ (9 TR 328 450 °CHBEBE 3 h, 3R
13 A RE (SIO,) JIUEE 1A S5 F SR o

(2) LB K BR (MCS) (61 45

22 SCHRL20 11 J5 25 045 B B 3 155 4% A (resol)
FAA , PR PV 00 28 R 5 5 11 402 0 RO A 75 ol 753
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MCS, BAR 50« SiO, B =2 I 7E & 74 F127 Fl resol
() 2. B R 3 TP (F127 /90 B B/ 20 5 1 T i HE o
1:1:15) JRABFE 12 hG , iR & LW, b5 K
3 F127/resol/SiO, & & M EL#E 100 CF i — 2 #4 R
A TENSA T L AT °C-min™ JHE 3 % 350 CHR 4R
2 h,5 C-min™ 1y FHif #3900 Chxfk 3 h; & J5 fir e
WAL = 7E 10% HF W 20k 12 h, 75 A FL ik 99 K
Bk MCS.

(3) MCS/RDX & & Wil &

LA N 2R R R A B B 4 MCS/RDX B &
Y1 F 5 A 25 mg RDX 1 PN B %5 W n &) 5 mg MCS
HOFERE R R ORI AT, LA A 28 R IR IE T BUh
Je WS AR B R A K, IE N MCS/RDX E &1 4%
MCS I A 25 4 1.5 mg. 3 mg, RDX Y it A AE , 4%
R A B A5 5% . 10% MCS/RDX Z &9 .

I Ah, BUMCS BE i I RDX B R He i e i 1:5
InABEER Py BT BE TR A ¥ 50, 18 o MCS-RDX TR &
Wy AE R X HATE ST

B4 4l RDX 43 51 HE A7 9y BT I35 0 D ) o 4% s Ak B
10K g-RDX . r-RDX, /E Sy J B i 3t v A % B4
1.2.2 PN

K F#GAr B A5 22 78 14 & A0 L RDX
MCS/RDX & &%) \MCS-RDX 1R &1 1 $4 43 i 1k i Il
AR AR FHRE AR 5,10,15,20 C-min',

SR FH Vi AR o R B A, P BRI B 2 kg, BRI RE
it R (20+2.5) mg, MRS S 48 o R ) N R
N 3CE=mgh(m k7% 5 i & kg, g b 5 77 i ok &
N-kg " )ITHE THEHREEMN L FBR (LR 100% K
2l 18 K A R o BB A TR FR A 100% KE 25 K 5] 1 st
e K g ) .

K FH 5 P TR R e SRR Y R KA IR

e e s ‘ 1
BE B GRRE o 20 mgs I AR E = ECVZ(C—EE

AL V— LR ) TR AR 100% 88 K I 04 d /)N i R K
FERE

\y

9’
RETE E, 00

[

2 #FR5iTiE

2.1 MCSHIRIMESHH

¥ F SEM X T 151 PMMA 55 11 4 B4 . SiO, [
A B T MCS (9 T8 30 3 47 R A, 45 R & 1 s .
M 1am] LLAH, HR 2R 435 nm 1Y PMMA & [
A B A R IO S T 5 s PMMA B A
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8.

c. MCS
B 1 PMMA B A B, SiO, 5285 A A8 B A A FL ik 24 K 35k
MCS ) SEM &

Fig.1 SEM images of PMMA opal, SiO, inverse opal and MCS

e fa] B 32 5 AT 0, SiO, 1T 9K AR 5 ¥ AT L 98 2]
PMMA 5 A1 Z 8] (9 25 B e JBebe S5 TR i T A 7 R
LA, FL1E 29 390 nm (& 1b) . ¥ SiO, i & H A 1E
g 5 AR ] £ MCS, I e 1d B, a] R
SN S R B N K BR P B AR R 350 nm &t 2 40
B S S MCS 9 RH B /T i 2 FokE i, o] g2
H 058 ab R v A AR ORI B 1 R 1Y [ i 4 5 Ak L 7
MCS 2 1 A L2 21 B 2 i FL &5 4 (| 1d) i IH T
BRI F127 1 LBk

i I N 0 BEE-JE BEE i — 25 A3 BT T MCS 1 25 H R
P, b 2R TR RN AL 5 K 2 5 e A R f M e 1 2 S
ENE K 2a iR, HIE 2an] LA H SR BR
T LR IV R R £ R H B S 2R (P/P,>0.4) , £
MCS FETEA FL 25 1 HAL AR 53 A ¥ 59 i A AL B A7 76 15
Tl ot R 2L B F127 89 228 o N, W - B 3
A5 R A B E I MCS B m bR EA 937 m?-g™', &
FLRBUN 1.83 cm?’-g™", 38 i BJH B8 315 H 0 B 4
FHFEEFLE A 10.19 nm.,

&l 2b A i 2R B IR Y F127 78 327 °CHF
UG 43, 29 401 °C2Z i AT 8 58 42 bR 25 s MCS 76 3¢ = Tl
BER 248 4 iR, 800 °C N 3K 15 2 28% M Bk i R |, i%
e 58 AR Y 5L DXL T R 2 e AT I IR U R B M I L
(P/F)EAIK

FE B FTIR 3% B 4N & 2 f s, 29 3212 ecm ™' 4b X
B F—OH B 45 4R 35,1557 cm™ Z& 47 B 1§ R S 4 A
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(inset: the pore size distribution)
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c. FTIR spectra

B2 MCSHY N, I -BERR 2k B i 28 22RO T 1A
Fig.2 N, adsorption-desorption isotherm, TG curve and FT-
IR spectra of MCS

I -5 B R AR TR o (B C=C 44k 2 ) , il %
PEBEE £ 1 B, 1065 cm™ 4k S C—O #1445 Ik
g1, MCS 2R T & AUH B n] i< 5 RDX 43 F 4
HAER,AHT - HRES,
2.2 MCSRDXE&HWH RS

MCS/RDX J2& i it 42 15t . 28 & P9 I 95 W 7 45 o 2
WY S A R B 9T R T SEM WLEE T MCS/RDX & &
Y MCS-RDX IR &YW OTE 5, IF 54T T R TR
SrHTL AR WNE 3 s . B 3a T LA Y, RDXAE £
R MCS B 45 5, B W A R BUR R 4R 1)
Iy BUAE MCS £ T, S BUMCS B FL &5 1 2%, ix % 1
4 g A
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2 um
e

3 MCS/RDXE ¥ (a,b),MCS-RDXIEA Y1 SEM 1% (c) ,MCS/RDX & & Wt £ 43 I (d)

2 pma s . . = 2pum

Fig.3 SEM images of MCS/RDX composite(a,b), MCS-RDX mixture (c) and elemental mapping images of MCS/RDX composite(d)

RDX i 56 £ MCS 1) 2 1 45 & , 7T fE & R MCS 1) 3%
] E5 UKk VA A R T O e ok T M 2 e A
Ve TENMMEPNTRYAELST —LIEHT
RDX 345 43 UFE Bk 15 28 109 26 10T o 4 IR A (0% R
i AN E 3¢ FraR , Btk RDX fb iR B 26 B 25 MCS 40k i
Ki L, AU 4] H RDX R A2 48 K. ML BIR A& B9 R
FlRE S, B BB & W) MCS/RDX & & 1 =2 1] #2 fl 57 Jin
BB w4y HOE T SR A A B A R T R
N HEAT o

ik — 2k 5L A MR IR BL, R I XRD FI
FTIR N, W -Jiit B X RDX Fil MCS/RDX & & ¥ ¥ 47 ¢
Mr o5 e 4R, ik 4a B/, 5EBHL, ZEH
AR RDX AT 55 06 007 B LT 34 A8 4k, A A7 5 e AR
Ti OB ES , XOR R T AL M R R AR BN
MCSTE 26°F1 43°Kb A7 2 /> Fa 06, 3 511 %65 17 A1 85 45 44 1)
(002) B (100) fb T, 2 — P JC 3 Bk S5 205 ¥4 1) R AR
Kl 4b R T RDX RIS & bR LA |, 45 dh
RDX I F¢AiF W e v A % A6 B 8 i I B8 o ELIR T &
3069 cm™ &b X} N T —CH B i 45 Pk 8l 0%, 1572 cm™
11523 cm™ %W F—NO, B AE W Wi , 1261 cm™
R A R R AR I B4, MCS 3212 em Tk
J& F-OH i F¢AiE W i W 72 MCS/RDX & & 91 hilH 2k,
F I RDX B—NO, 5 MCSH—OH Z [al 777 & IR A
SRR HVE . RN, W B S R 2R B 58 T RDX 7E
MCS HF Y& A5, W 4c. 5 MCS—%E ,MCS/RDX
BAYR RS N v R 2R (852 AR R N W B
ST 259 FL A% B /)N | ) B B 3 TR RN L Bt A B s 43
5 F %) 59.7 m?*-g”' F10.30 cm’- g™, 45 R K W], RDX
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A B FEAE MCS /Y i M FLIN .
2.3 MCSRDX IS fEITH

HWF 5 A B ORI B 4 fi# 4T b, %P RDX.
MCS-RDX IR &% .MCS/RDX & & ¥ #1717 DSC-TG
M, 25 Ll 5 frs . Bl 5a2k 10 °C-min™ MCS/
RDX & &%) .MCS-RDX i & ¥ Fl RDX 1) DSC #h 4% ,
215 N R TR R LR RS S B R R S
. 4 RDX TE 204 C M A — A~ R B0 I #hig
245.30 °CAb Ay 7 $ 06 B — > FE I AT — > I 4H B, T
Mt 1095 )., 5 S — BT I A MCS
RDX 1Y W A4 06 0% A7 BH I8 A8 Ak, T s A0 2 22 A — A
HUE R ET Gl 2 . 54 RDX#H L, MCS-RDX
B A Y0y o i 0 IR B I 3 235.40 °C, AH 35 )
13271 J-g™", 3X AT BE A& B A B A R A B B AT 32 6 1 FL 25
P b 2 T BURIAR G (9 S AR AR FE RDX I #4 43
fiff o B v, {5 RDX 43 M 7= A2 1) /N 43 F AR PR 3 1
MR 2E 3% . 5 MCS-RDXIE A # A e , MCS/RDX
AW EA BN IR 232.01 °CiVE AH N
1118 J-g™' o B2 R 775 5 40 WO A5 R o
T AR PR R AR R/ N T3 0T A A kA BT LA
A A B i B LA B MCS 5 & RE iR Z TR B R B R R
SRR TR KA E T A RE AL A A AR

i TG-DTG #i & ( &l 5b) 7] DL & i , RDX.
MCS-RDX IR A ¥ Fl MCS/RDX & & W1 i #4473 figk 34 iy 1
AR g R A K, e K R R AR A 6 1 TR BE 4 i) R
240.96 °C . 231.67 °C #ll 223.09 °C . 4 RDX 2 )\
196.52 CAFF 1 43 % , 5 Z M b MCS/RDX & & ¥ JF
U o fE R IR B K, M 17061 CL IVER KA

N XK 2023 4% H 314 #1484 (18-25)
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a. XRD
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{22}
g
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b. FTIR
1200 _oos{ 1 R —ao MCS
10004 7o | W | —e—MCS/RDX
£ 004 3
S0 oo :\\
600 5 000 [ e
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widih /nm

quantity adsorbed (cm*-g" STP)

400 o
200+ 2
&
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c. N, adsorption-desorption isotherm

(inset: the pore size distribution)
B4 MCS/RDXE &P HEM B XRD (A AMEIE BN, -
i £k
Fig.4 XRD, FTIR spectra and N, adsorption-desorption iso-
therms of MCS/RDX composite and raw materials

41.60% , Ui MCS 7] FEAIE RD X f) 36 #3450 i T
TE5.10.15F 20 °C-min™ B FHEHHE T, X A 6]
B b 0 &2 G W AT I i B 1 S g A5 R i 6
o Kl 6alyali RDX 7E 4 A THE# % T 1 DSC i £k,
T R T RDX A 6 4k 16 Y52 52 ), U4 3R 2 7 204 °C
BT 5 B T 3R T R A 3 0, 4l RDX 4 dot 1 43 fifk 06 3R 38
Helm , BWEIE A5, IE 6b.6c 7] LI Y, Il A 5% #il
10% MCS B, RDX Ji5 1 A9 it #4 e e J8 B B & W /&7
VLI AE MCS BY/EFH R, X RDX 25 — B BE 0 il #hvad 7
B A Ak A FH S B 5 A4l RDX AH EE , 5% MCS/RDX H)
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g 232.01°C
MCS/RDX
g 23540°C
Z MCS-RDX i
£ W
g 24530 °C
£ RDX
100 150 200 250 300
tiC
a. DSC
N T T — 22309 C
Ie S 58.4%

Qo= SR . L 0
= = - 2§1.67 C L2 ©
'@ 8oL MCS-RDX ®
S = =
% 40__ B I Saael \\"\'\_’:'_4;3_'*40;/%,0 %
£ 24096 °C 5

80} RDX o 8

’,’I \\\ 0

A0F. - ___ mmmmom oo = I\,_3_2-_5_A7__0

50 100 150 200 250 300
tise
b. TG-DTG

5 10 °C-min” FAFFE ) DSC . TG-DTG K
Fig.5 DSC and TG-DTG curves of different samples at a

heating rate of 10 °C-min”’

B 5 0 firk W L 2 HE IS A, 10% MCS/RDX B 4 fife W6 I
B AT A A RS AR A RDX AT AR R4 s (k1) .
24 MCS I AT N 17% IF-BI MCS/RDX, 5 45 #1 Kk
A IF R — A HIE IR HT, JHE B2 5 °C-min™
B 20 °C-min™", B IR A 219.72 C T 2
241.95 C(KEl6d) . Z5HR KU, MCS By A X RDX E
A — 8 WAL AE F O ELVS a8, i Ak 3o A
i 5

K H Kissinger 32 AR5 20 (1) Al 55 80 4 fift 2 1oz 1)
SR SRR R .
InfPZ = InA—ER - RETP (1)

H 26 1 AT, AN [RIRE 5 T A 21k A G R AU r 43
T, R G A . 4 RDX Y £ LG L RE £, N
234.87 k)-mol™"; 7E MCS A7 T ,MCS/RDX EZ &%)
A MCS-RDX 1R & 9 19 E, 73 7 2 126.48 kJ-mol™ Fil
153.22 kJ-mol™, %F b4l RDX , 38 Wi 1k AE W 2 BRI .
2.4 BEMK S

X RDX.g-RDX.r-RDX Fl MCS/RDX & & #F it i#
A7 o J R I L AR IR K, 45 R AN 3R 2 TR
N Lk
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250.47 °C _256.72 °C
20 °C-min’
251,39 °C
T 1 15 °C-min’ 2
2 15 “C-min’ ° A4
il 245.30 “ i - 2 Nemmimrr
10 °C-min’ \5 INe 1OCm'n1, I —W‘ —
| 10 Cmn |- S— , S
5 °C-min’ \‘/& 5 “C-min’ A
100 150 200 250 300 100 150 200 250 300
tc tc
a. RDX b. MCS/RDX composite containing 5% MCS
241.95 °C
» 233.59 °C
15 °C-min
T S 1
) 15 °C-min’ /\/245.93 °C =) /,/\\232.01 c
i / \ w| 10 f’Qmin" — g
P (oY S, T S = o
100 150 200 250 300 100 150 200 250 300
tc tc
c. MCS/RDX composite containing 10% MCS d. MCS/RDX composite

6 [ T 3R AN R EE H MCS/RDX & 44 \RDX 11 DSC il £&
Fig.6 DSC curves of MCS/RDX and RDX at different heating rates

%£ 1 RDX.MCS-RDXIEA Y H MCS/RDX & & YA [Hl FHlR % F 1 J12: 28
Table 1 Kinetic parameters of RDX, MCS-RDX mixture and MCS/RDX composite at different heating rates

7,/ °C Kissinger method
Samples 5°C-min”"  10°C:min™" 15°C-min”" 20 °C-min”" E /kJ-mol™ Ig/(A:s") r AH/)-g™
MCS/RDX composite 219.72 232.01 233.59 241.95 126.48 11.13 0.9730 1118
MCS-RDX mixture 224.85 235.40 240.55 242.30 153.22 13.85 0.9890 1321
RDX 237.67 245.30 247.19 250.47 234.87 21.96 0.9895 1095
MCS/RDX with 5% MCS 240.81 246.14 251.39 256.72 186.76 16.87 0.9803 1401
MCS/RDX with 10% MCS 237.02 245.93 251.61 254.33 166.80 14.88 0.9983 1876

Note: E, is apparent activation energy obtained by Kissinger method; A is pre-index factor; r is linear correlation coefficient; AH is amount of heat released at heat-

ing rate of 10 °C-min”".

2 RDX.MCS/RDX 5 5 4y i ki o 32 A0 e ok ok f e KA i BB 19.60 ), ¥ T LR RDX $3 il g 4
Table 2 The impact sensitivity and electrostatic spark sensi- ft | T BR , 4l RDX Fl g-RDX fg ¥ ey R B 4 K 0,125
- s 2 - - R . s

tivity of RDX and MCS/RDX composite

r-RDX 2} 0.245 ), MCS/RDX & 4 ¥ ) T v J2% BF 42 15 3|

samples E/) E /) o e
DX P— o125 0.5 ), BB MCS YA TERFAR T RDX YR o X P T
LROX 13791560 0125 B (A5 B S B b 2E 5 B o 2 T
-RDX 15.68-17.64 0.245 PR 7 A A A T e A g B S 1R PR A v O S
MCS/RDX composite 19.60-21.56 0.5 Bl N B YE B A B PR
Note: E is upper and lower limit energy of impact energy; E ,, is minimum
electrostatic spark energy of 100% exposing. 3 é:lgl: _L/I?
(= PAN . N >
FHERDX. g-RDX Al -RDX A H , MCS/RDX L & (1)l 6 th A AL AR AR Bk T % Db 41 2
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fig i #E . 54 RDX M H , MCS/RDX & & ¥ 1 43 i 1
I 245 CCREARE] 232 °C, it #1095 J-g7' 34T
F 1118 )-g™', #WLIE L iE A 234.87 k)-mol ™ FE A%
126.48 kJ-mol™'.
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Preparation and Thermal Decomposition Properties of Mesoporous Carbon Nanospheres /RDX Host-guest
Energetic Composites

JIN Wu-jing, YE Jin, ZENG Jian-you, AN Jing, MA Hai-xia
(School of Chemical Engineeering » Northwest University & Xi'an Key Laboratory of Specical Energetic Materials, Xi' an 710069, China)

Abstract: To investigate the effect of mesoporous carbon nanospheres (MCS) on the thermal decomposition properties of cy-
clotrimethylenetrinitramine (RDX) , MCS was prepared by double template method with the particle size of about 350 nm. RDX
crystals were introduced into the pore and surface of MCS by host-guest chemistry technology. The morphology and structure of
MCS and MCS/RDX composite were characterized by scanning electron microscopy (SEM) and X-ray powder diffraction (XRD).
The interface interaction between MCS and RDX was studied by Fourier transform infrared spectroscopy (FTIR) and differential
scanning calorimetry-thermogravimetry (DSC-TG). Compared with pure RDX, the decomposition temperature of MCS/RDX
composite decreased by 13 °C and the heat release increased. The apparent activation energy decreased from 234.87 kJ-mol™ to
126.48 kJ-mol™. The sensitivity tests were carried out by the drop hammer impact sensitivity instrument and the electrostatic
spark device. Compared with the pure RDX, the impact sensitivity and electrostatic spark sensitivity of the obtained MCS/RDX
composite are apparently reduced. Therefore, the obtained MCS has good catalytic performance for the thermal decomposition
of RDX and can reduce the sensitivity of RDX.

Key words: mesoporous carbon nanospheres; RDX;host-guest energetic complex;thermal decomposition;sensitivity
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