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Rz 200 AT A 6 ARGE . ARFR TR
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(TG) 58 HNF g #5 fig Re b MR 4 HINF 76 T+ i %
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Bk[11 ], HNF SR gtk Ak, 450 99.78%

HL3 A E PR (VST) 77 22 HNF A i 22 8 1
ik SSW1.4/0.71 152 5 i e i 75 3806 .

2.2 {US{BMIWEHG

VST: H 25 % MLk ® 710168, # M
GJB772A-1997 J5 1k 501.1 WK, F R & Jy 1k i
i

¥ 20g FEALTE 53 °CJ% 0.012MPa &/ F F .25
TR NI EZS 2 hy M4 R m#GEE 60 °C,
T[] 48 h,

DSC: DSC823e 227549 i i #AY , i +- METTLER
TOLED 23], #f 5 Fift 4 (0.5800+0.02) mg, FHii
X ] 2 30 ~ 200°C, F i % 43 5|k 5,10, 15,
20 °C - min™ S4B N, i3 R 30 mL - min™'

TG: TGA/SDTA851e #1437 {X , B -1 METTLER
TOLED 23], #f 5 Fi it 4 (0.6000+0.02) mg, FHii
X[a] 2y 30 ~ 200 °C, Ft it @ % 43 5 & 5,10, 15,
20 °C - min™ S4B N, i3 30 mL - min™'

3 HR5WiE

3.1 HNF B 5 R 1E
3.1.1 EZZREMRHKE(VST)ER

HINF {19 5873 fifk 3 2 B AR, AR B SCHIR [ 2 ] Foas e
VRS 0B $F 09 25 1F D BERL B2 5 g, i Al B
60 °C,infAmE] 48 ho 3 RFATSRIARILE 1.

My

&1 VST 2R HNF BB 45 R
Table 1 Test results of HNF obtained by vacnum stability test(VST)

number mass/g Vo /mL = (5g) 7" Vias /ML = g~
1 5.0028 2.083 0.42
2 5.0109 1.945 0.39
3 5.0014 2.059 0.41

HHE G)B772A=1997 J53: 501.1 [krdE, VST &
TR AR B AR 2 mL - g7 i WA K %
PEA %, SCHR[T12 125 T E NI RER , A1
HNF (S 2 ~10 mL - g™ 1 7 5 4% SCH [
FRL B R P (B B 451 R, SCHR (2 1 48 s AN A
2 {7 AR E ) HNF B 25/ F 0.5 mL - g7,
AHE 5 HNF By VST = RS2 56 45 RS- ¥ N
0.41 mL - g™ KW HNF HA7 RAT 12
3.1.2 EFRPAEEHRSM(DSC)ER

M T HNF R FHE R T (5,10,15,20 °C « min™)
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() DSC 2k, WI 1o mr & 1 A% HNF B i i
MESHILFE 2,

g
® 504 ——5 Kemin'
T { —— 10K:min?
40 15K-min’!
{ —— 20K:min't
= 301
E .
& 201
g 4
= 104
= |\ —
-10 T
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T/C
B1 AFEFABREERT HNF 5 DSC gk

Fig.1 DSC curves of HNF at different heating rates

®2 AFRJTHEHEART HNF ) DSC &5

Table 2 DSC results of HNF at different heating rates

B T Te Tp] sz AH,

/°C - min™'  /°C /°C /°C /°C /g™
5 127.58 129.00 130.45 132.05 1409.97
10 131.17 133.00 135.17 137.67 1305.52
15 132.25 135.50 135.75 140.75 1699.48
20 133.00 137.20 137.67 143.23 1280.64

Note: B is heating rate; T, is melting point; T, is extrapolated onset tempera-
ture; Ty is the first temperature of exothermic peak; T, is the second

temperature of exothermic peak; AHis decomposition enthalpy.

T RTE Y BE A IR R A i, DSC il
Y TR A o v L 1) B8 B, HL IO Ak il e T A AL . AE
HNF g hm#tag #24(5,10,15,20 °C - min™') |25 —4
W P 2 B HNF 7E 127.58 ~133.00 CZ &% T
YAk . MTHEHEZH 5 °C « min™ 1) DSC i & & W
S B I 010 9 i 0 (R ARG ) L X R] RE S A D HNF
il 2 A I R A R 1) DR A R R P M G . 4k
SEmA HNF B0 5 P i 200 ik #404 , 3X R B HINF
BT Ry SN, 3K 5 SCHER LT3 ] S R A o
3.1.3 BRE(TG)THER

HNF 7E T} IR 3 = 4 %2 5,10,15,20 °C » min™'
BEE TG £k W1 2, R F o 5 °C - min™' fy
TG-DTGHi £k WLIE 3.

M 2 AT, AN (A R N HNF B TG i 46
AL, FHEHEZ R 5,10,15,20 °C - min~' ) HNF
A5 130.33,142.33,147.25,151.33 °CH} 43 i 58
B HUR T A BB R E A T TS T2 AR, SRR
AR BR . B PR R A e TR B R
524 99.33% ,97.66% ,99.99% ,97.23% , JLT- # 4%
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M, EIH, FHF

T 100% . L5 °C - min 'l % TG-DTG Hy 5], K
3 AR A I, HNF B o i i #2328 A B B
% — B Bl B I IE 30 ~ 110 °C, it & 5 2k
66.76% 5 55 i Brild B X [E] 25 110 ~200 °C, Jit i it
424 32.57% o

100 5 K-min'!
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Fig.2 TG curves of HNF at different heating rates
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Fig.3 TG-DTG curve of HNF at 5 °C + min~'

3.2 BHHAZESHUHE
3.2.1 Kissinger i%

KR4 HNF ZEFHE 3 2435124 5,10,15,20 °C - min™
if DSC i £ i W 3, ) Kissinger 23 24" 5 i 48 1k [al
SR AF #A3 iR 3l 1 280
Bi AkR Ek
T, E. RT,
2,8, KRR FHELE SR, °C - min™'; T,y DSC #ik 56
— MR LK B RFEMTRAERE,) - mol™ 5 A NFSETH s
R NHHREARHRL, ) - mol™ - K™ 1 Ing, /T, ~1/T 1%
R, EEEER E . T MRRTTEAR3] HNF 3
WEALAE E, =257.10 k) + mol ™ A, =1.74x10"s™" |
3.2.2 Ozawa %

AL AN [ THE R T TG il 2 AR 45 R ik #E 47

In =In

i=1,2,3,4 (1)
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IO i S 12 P FE I W Ozawa 22308 -

lgp=I AE, 2.315-0.4567 £, 2

Xp B M THEH R ,C - min™' 5 A AT T .75 a i
YEZG RN TRE s R ONVHRA S ARH L, ) - mol™ « K5 E,
NFEMTECRE,) - mol™ s T RIRE,K; F(a) AHLEE
PR AL A IE K
R EREAMHF N o, lg8 51/TRLEXLR, HE
L RPR I RIERE IR R SR R A0 ff i LB pR K
KA Doyle 1%, (2) Xl 2 e hy .
A

Ea] 2.315-0.4567 (3
Rg ) 72:315-0. )

lgF(a)=Ig[ RT

AT AT I3 R AL B pR B, 1gF () 5 1 /T 2R
Fo PR Y SR HLEE R L, Al 3 Doyle 3K
IS R IE ALBE S Ozawa 35K 45 1 i% fL BB 42 T,
LR AH G R BT, AT by e AR A5 e T LA i i i
HILH pR 4K
A S 1 FHIR R 4 5 5,10,15,20 °C - min™',
THR IR EE X [E] g 30 ~200 °C, A TG 6 %5 b 19 2K
GBI EE , HNF S50 32200 WA~ B B, 43 3 A
TRMIEE N 0.2 ~0.65 F10.65 ~0.8, Xf F#H 4
e — B B (a=0.2 ~0.65) , i 4E HNF 19 4 i
LSk R IR BE 4y B 0.2,0.25,0.3,0.35,0. 4,
0.45,0.5,0.55,0.6,0.65 I fif % 1 B9 4> i I BE T,
FRAE A2 (2) FHik 56 B4l X 1g8 5 1/ T k47 £k PE 4
G, HERRRERMIERE £, TR R 3,

&3 fh Ozawa IL4FE 19 HNF (9 4 7 f% R AL fE (o =
0.20~0.65)

Table 3  Activation energy of the thermal decomposition reac-
tion in the « range of 0.20 ~0.65 of HNF obtained by Oza-

wa's method

T/°C

@ B= B= = B= . :

5°C - min™ 10°C - min™ 15 °C - min™ 20 °C - min™ /i - mol”
0.2 101.55 105.65 108.45 108.6 202.65
0.25 102.05 106.2 109.1 110.4 184.41
0.3 102.45 106.75 109.6 111.15 179.34
0.35 102.95 107.4 110.4 112.05 172.18
0.4 103.57 108.25 111.4 113.3 162.59
0.45 104.4 109.3 112.5 114.9 153.23
0.5 105.4 110.25 113.6 116.4 147.75
0.55 106.1 111.3 114.8 17.7 140.86
0.6 107.17 112.9 116.38 119.66 132.64
0.65 109.07 115.167 119.05 122.9 121.49
average 159.71

Note: « is depth of reaction; E, is active energy.
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Xt B B Y KE 24 38 23 il B R HIL BE R B R AR
lgFCa) 5 1/T FE47 L1k |13 73 #r, 2k P40 & 25 R 5%
W36 F HNF R I 50 i, HNFAE 2B 2 50,2 ~0..65
B B 1) #1001 i T BE AL SORE ARG IS 2R 1, An L JMA(2)
HLEL s SR 75 10 I 1L B 5 (2) 2T 5 10 T 1L R
I N, HA SR R TR AR LR 4.

0.65 ~0.8) #EAT R MG L FE AT 5, AR Ps HNF 1934
0 A il 2SR R PR BE S O 0.65,0.7,0.75,
0. 8IRy BT XS R ) o3 i il HE T, 30 4 R LR 50 ZRE
FERFEW], XT HNF B0 i HNF A8 528 BE
0.65 ~0.8 [ir Br iy 473 it J B ML SURZ AR e 2
n=24LFE " R A Y 1 T AL RE 55 (2) 2X T AR 1

M FEEERYT7 3% (Ozawa %) X4 AN B Bt (a= ALREROV L, HAISC R4y TR 4 R iIE LK 6,

R4 IgF(a)-1/T LIRS HR («=0.20 ~0.65)
Table 4 Liner fitting result of Ig F(a)-1/T in the a range of 0.20 ~0.65
4 doyle method 4
B/K + min - = - E,/k) - mol
intercept slope r E,/k) - mol Als™!
5 28.66734 -10543.3565 0.98096 191.94 1.15x10*
10 23.01907 -8518.27495 0.98044 155.07 2.09x10%
15 21.00076 -7811.32667 0.98083 142.2 1.82x10%° 159.71
20 16.49473 -6107.57767 0.98939 111.19 9.55x10"
average 150.1 2.57x10%

Note: A is pre-exponential factor.

&5 ih Ozawa $kAGFIAY HNF 89 SR L RE (= 0.65 ~0.80)
Table 5 Activation energy of the thermal decomposition reaction in the a range of 0. 65 ~0.80 of HNF obtained by Ozawa’s
method
T/°C i
a E,/k) - mol™
B=5°C - min™' B=10 °C - min™ B=15°C - min™ B=20 °C - min™"
0.65 109.07 115.167 119.05 122.9 121.49
0.7 111.85 118.33 122.4 126.6 115.97
0.75 114.583 121.5 126 130 112.1
0.8 117.42 124.43 129.45 133.15 110.55
average 115.03
F6 IgF(a)-1/TLER AL (a=0.65~0.8)
Table 6 Liner fitting results of IgF(a)-1/T in the a range of 0.65 ~0.80
doyle method 4
B/K + min™' - = E,/kl + mol
intercept slope r E,/k) - mol Als™!
5 17.4113 -6639.97414 0.99977 120.88 1.82x10'°
10 15.89145 -6156.493 0.99902 112.08 1.2x10"
15 14.33468 -5606.24263 0.99968 102.06 5.5x10" 115.03
20 14.69942 -5808.18498 0.99803 105.74 1.62x10"
average 110.19 6.6x10"

Note: B is heating rate; A is pre-exponential factor; E, is activation energy.

etk o1 A 19 20 B 45 R B, HNF 78 ) b IR BE R
0.2 ~0.65 BB #4531 J& T Bl ML B 4% R Bl B A=
AnMA(2) HLE . AL 2 TE XN f(a) =
2(1=a) [ =In(1=a) 1" i sl 12 D7 # Ny
da/dt=kf(a)= Ae ¥ f(a)=5.14x10" x

(1=a) [-In(1-a)] Texp(- =200 (4)

HNF 1 S MR EZ O 0. 65 ~ 0.8 Bir BE Y #1Jn fift )&
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FREML A FBENL A K, n=2 HLIR, I W HLER 1 4 49
X R f(a)= 1/2(1-a)[=In(1-a) ], #5f#5h
VIE Y ¥k

da/dt=kf(a)= Ae ¥ f(a)=3.30x10"x
(T-a)[-In(1-a)] "exp(=1.33x10"/T) (5)
RAOZESHITE

PG SCHR[15 ], HNF (2 S50, e 5516 1L A

3.3
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HAE AG™, IH ALk AH™ FITE AL AS™ al 4% T =58 WAZ ARG A, n =2 FLBE, N HLER 9 3 40 T 20k
Akexp(—i):kBTpoexp(—AG#) (6) fla)=1/2(1-a)[-In(1-a) ],

RT h RT,, (3) HAESR DSC gh£kiE 3 Kissinger %41 Zhang-
AH™ =E -RT,, (7) Hu-Xie-Li 114153 1% 1L fE £, =257.10 k) - mol™' , 4§
AG™ =AH™ -T AS~ (8) HiF A =1.74x10" 5™, H & JGRE T, =400.28 K,

X AR F,s™ 5 E N RMIELEE,) - mol™;
T, N s 22 1 2 I i S #E 05 IR, K5 kg O Boltz-
man ¥, 1.3807x107%) - K™'; h K plank % %,
6.626x107") « s,

THE HNF AT 1555 i W A6 4k B i fig AG™ =
103.37 kJ - mol™ ,JE 448 AH* = 253.82 kJ - mol™
LK% A AS”=380.78 )+ K™
3.4 RAREMSHITE

R GJB772A-1997 J5 ik 505. 1, 3% T X £& 4 1]
VAT 0 RG4S A 04
T, =T,,+bB,+B; +dB; i=1,2,3,4 (9)
X8, AIBE TR R, °C - min™' 5 T, ik =R
BT DSC M4k by s e, K,

A UG IR B i A R A (9) S SR AR, T, =
395.10 K,

4% GJB772A-1997 J5 ¥ 505. 1 1 fy Zhang-
Hu-Xie-Li ¥ & SCER[10 ], 4% & 258 A A kR EE

_E—/E.—4ERT,,

bpo ™ 2R
b, E 0 FH UG IR TS 3 1 RIS AL RE L)
Run=(1); T, 0 (9); T, A M Zhang-Hu-Xie-Li
DAL FRE E R T (BT B B RAE Y B A JORBE K
E B T, A(10) X 3150 AI 3 T, = 400.28 K,

M4 SCERL 16 ], B n o0 i i B wT 4% T 2GR

Tsanr = Topo— R, (11)
po Ek

K, Toaor N BN AT AR K Ty, E AN (10)

B E ST, i A1) A 3B A A5 Toapr =395. 10K,

- mol™,

(10)

mol™" ;

4 £ ®

(1) ad i 128 2 PR 5 (VST) L 43 HNF 72
60°C,48h Z&F T W 0. 4TmL/g, fFa %
Ph B bR, FeW] HNF A7 By 9 32 e 1

(2) ARSI A F T TG-DTG i £ ] A1, HNF
IO EBA A B B o 5 — B BUE T RS
BB ANBE 5 A2 1, An JMA (2) FLEEL, FEHLBE bR 500
fla)= 2(T-a) [ =In(1-a) ]"7*; 5 “AKr B )& THEHL
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E i 4y fi e R Tsaor =395.10 K PILNIE AL B | RE
AG” =103.37 kJ - mol™ ,jH{b4s AH* = 253.82 kJ - mol™
FiEIL A AS =380.78 ) - K - mol™
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Thermal Decomposition Kinetics and Thermal Safety of HNF

SUN Xiao, WANG Juan, ZHOU Xin-li
(School of Chemical Engineering, Nanjing University of Science and Technology, Nanjing 210094, China)

Abstract: To understand the thermal decomposition kinetics and thermal safety of hydrazinium nitroformate ( HNF), thermal
decomposition characteristics of HNF were studied by vacuum stability test( VST) , differential scanning calorimetry ( DSC) and
thermogravimetry (TG). According to peak temperatures of DSC curves and conversion degrees («) of TG curves at 5, 10,
15 °C - min™" and 20 °C - min™", the apparent activation energy( £, and E,) and pre-exponential factor ( A, ) for thermal decompo-
sition reaction of HNF were calculated by Kissinger’'s method and Ozawa’s method, respectively. The kinetic equations describing
the exothermic decomposition process of HNF were presented. Thermodynamic parameters ( free energy of activation AG”, enthal-
py of activation AH” and entropy of activation AS*) for thermal decomposition reaction of HNF and thermal safety parameters
(critical temperature of thermal explosion T, and self-accelerating decomposition temperature T,,;) for HNF were calculated.
Results show that the volume of gas evolved for HNF is 0.41 mL - g™', which does not exceed the standard of 2 mL - g™, revealing
that HNF has good thermal stability. The exothermic decomposition process of HNF after melting can be divided into two stages.

E,=257.10 kJ - mol™ A, =1.74x10"s", AG"=103.37 kJ - mol™", AH*=253.82 k] - mol™, AS*=380.78 ) - K - mol™',

Typo =400.28 Kand T, =395.10 K. The kinetic equation of exothermic decomposition reaction may be described as: for the first
4
stage in the « range of 0.20 ~0.65, da/dt=kf(a)= AeTETf(a)= 5.14x10%" x(1-a) [ -In(1-a)] ;*exp( - %) , and for the
. _E 14 - 1.33x10"
second stage in the a range of 0.65 ~0.80, da/dt=kf(a)=Ae®f(a)=3.30x10"x(1-a) [ -In(1-a)] exp(—iT).
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