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JEE BRI, O R B L SR BRI, SR8 B 5

H i i 2 S 245 15 50 OO e a7 8 AF a2 R ep R
LA RE AT, PRI RIS TR R A R NC i
SEIEERE TR . IR TR R L@ 5 NC
B R TN N g AR Ok s H R AR B E R
Z L34 8 0GR 0k R T 280 R AS TS o 2 ik 4 oK A
REBE S, HE (AR A 25 0 5 NC AL L # A%
I B 1) £F 2 22 900 K 4 E i NC JEAT 35 5 35 4] . Akira
Isogai ™ % e H 2,2, 6, 6-DU H FE IR BE-1-42 % A
HJE(TEMPO)ZEIR FIH TEMPO/NaBr/NaClO & bk %
Tkl & T AOREFYE R A 4E(CNFs) , LB AR 3~5 nm,
B AT IR UK, 3X — 1l & O Tk B R RE AR 9T B R
ZHN R0, CNFs g R R 135 140 GPa, 31t
$r i BE W3k 1.7 GPa, [A) B H 4k 7R 1 2F 4k 2 6 kS5
Y AT RS 0 0 DR A SR — i 5 AR B P R
Hoaz3 T HETZRrE. AR Boaasin
T 3.5% B £F 4k R 40K d 20 i £ 1 NC &2 A RS hir
SREEER T 21.7%, Wi i m 1 32.7%, Wi K
R T 123.6%, I E IR B E . Kk n gD
B NC R 10 1% 240 CNFs, it 52 780 gk 1 X0 HiE
FIAE 20,50 CHI—40 CEAMEF |, PHi o BE 4 548 &
18% .34% F1 27 % , Wi 2414 285331 $2& %5 45% .35% FlI
18% , 3KA% TV A NE S iR ARG Hredem . B
5 SOV AE A ) 3R AR & G 25 PR i 0.5%NC it
) CNFs, f K AR % 5F 25 76 —40 °CHI 20 CHf (14 bt b
S B 0 5 30.4% F18.9% , N KM R G & 4k 5
AR B TR THE .

H T AR ) K S 24 S AR R R 1 N A AR
UEC PR AR AR AT 5, 0B SR i £ T 20 AH X T B ) A AR
AR BE 0D DRI A o B E— 25 R B AT SR A NC
FERT LI o T B, ZF 4k 98K R R 3 AE R B 2%
MR, Hom R A N AR RS ST
o H BRI IT &5

BT, AW 5T 35 FH AN A AT R 04 7 S A SRR R L 38
it TEMPO & 1k ¥ 1 45 CNFs, 1A% CNFs #1758 £
I Z% Ak B T B R ORE LN NC R ) 2 1 AR
E o MRS NCJE TR S R IR .CNFs & T 2320
K ME 20 0 Ak 2= A5 R R mL L BESE S5 4L T DMF/
H,O TR A 48 BRI R 2 0 418 He 1), DA 2% K 43 #8090 9
il 74 NC/CNFs 52 & i . [l ifF — 25 W58 T CNFs 78
NC B i e A 52 A vkl 2 R fh b B X e 48 T
CNFsRILTE & 22 5 RN 5 R ) X & & WL 71 2
PERE S MR, LA R (0 21 2 3 90 K 4 R 038 NC 3k ok
25 1) TR BB IR A%
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2 SIGER 4

2.1 RKFAISEH

BT (REE 780, F 4 2 & KT 85%) , At
T EFRERZHARTFRAERAF;2,2,6,6-P0H JE
Wk BE-1-50 4L 1 (TEMPO) |, 43 #7 46i, Bf 7 T3 550 5 3 4k
LR A AR R R A (115 mol-LTY) L Eh R
(36%~37%) N, N-— H 3L H i it (DMF) , 35k 43 Bt
af At T AL AEE MR (AR 13.32%, %
SE P 2.35 NO mL-g™), 10 )il db J5 #% 1k 4 11 03 45 B
YN8

LG10-2.4A AU FH B0 AL, dE s BEE B HLT 5
Scientz-11D RY 8 75 8 20 Ay w48, 72 I 8 2 A= W Bl B
e A FR 2> 5] 5 Instion 1185 J7 RE#4 BH X I8 L, 95 [H
Instion [# =75 PR 23 7] 5 Physica MCR301 JiE 5% I A8 1,
3 ] Anton Paar 23 ) 5 JEM 1200EX i &t 1, T & %
B, H A JEOL 22 & 5 Nicolet iS10 {8 HLIH- 21 4 63 4L,
F[E R KA T 5 STA 449F 3 [a] 4 0 B AL, 18 [ it 5
N s Brucker D8 B X B £ 4y R AT 914X, 15 [# Brucker
YN8
2.2 LEHE
2.2.1 CNFsk &8 &l &

B X CHR[27], F FH TEMPO & Ak 12 il %% £F 4k &
UK LF 4 . HERIFREL 0.5 g TEMPO L& 5 g NaBr, Jil
A 2000 mL %8 FK P EE R TR0 a5
] SN AR Z2 R I 42 g WA SR CH o 47 20 5 i 0 8K
4 20.53%) . FREFHER SFECA S L 0 4 WOR
1.15 mol-L™"# NaClO # ¥ 90 g, i i #% ifil NaClO #
VIR A B B AR FR ) pH (B AR AE 10~ 10.5,
F NaClO & Wk I 58 B ) , 4k 82 AW n 0.5 mol - L™
1) NaOH ¥ W LA AR+ 43 BOR 9 pH R , B 2 /0 il
W pH (B B RN R SR ak ok 8 A BIOR, AR
NEEY I 0 £ 8 1K ¥k 3~5 W, 15 2 TEMPO & 1L &7
Y . W TEMPO S Ak 2F 2 2 I il %5 &2 70 2020 1%
(9 7K 43 EBOR , A 68 7 A4 ifL Ry R4S R 7R AR B 15 min,
B B 15 21 Y 43 B 2832 20 min 10000 r-min™ i &5
Oy A B ERC L 2T U, B A B CNFs 7K 2 B0 -

2.2.2 CNFsE{L 4 E R HE DMF o8Ik H &

S CHR[37 ) PR A5 T L 1) i A3 CNFs K
Sy HUR 212 M 0.5 mol- L7 AR R L T pH & 2,
LB 12 h B2 pHERRE A 15 BB 2
k19 CNFs 7K 43 80 5 B BR 1t 5T 2t AH [ 19 12 1k 94 K
&g
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21 Yk 2R 1Y K 53 BB 0y, P AL AR 0.45 wm i o i
A3 A g, A i AR b RS B P, B 1% B b o )
A PI R  DMF 7553 & 46, 5 Jm K 73 R AL DME 9 453 43
AR 25 0 FH 40 B 43 R A AE 400 W IR R AR HE 10 min,
HI 15 CNFs i DMF 43 B -

2.2.3 NCCNFsE&EH &

NC 7] LL7E N Bl DMF 8835 551 Hh % f# , 1i CNFs &
2% 7K 5 L I A 1 R R, DR I T B SR R b B
A 5] 1 NC/CNFs IR G 40 8O, I i — 20 28 &k 4%
BORG RS E A . B B G Bl A R os B .
2.2.3.1 DMF % 8t %l iZ

COFREUH G i i1 g B9 T4 NCEE S, 20 31
JCAEPIAS T J5 B9 BE AR, B 43 3 A 20 mL DMF,
PiPE 24 h B -

(2) 75 BUWIAS AR 43 5 m A3 B CNFs 7K 43 #IOR
FERAK 1) CNFs K 43 BIOR , 4 — & i) CNFs % it —
B, HEA AN 25 ml 228K I 1R R RS A0 R A
T 400 W IR T AL B 5 min, £ B2 18 B3 B
Y1575 Ay B i 25 mL DMF.

(3)7E 70 CK M A T AT HEZE KK, 3R 15 73 1L
I 423 h DMF 5 CNFs 23 Bk

@ membrane formation using DMF

sonication

(4) W Fh CNFs i DMF 43 BRI N 28 35 ik 58 4
M NC U B 24 ho

(5)# NC/CNFs 43 B8 B A 55 % 1L 7K P il
16 80 CHAMFHET 24 h, 52 &2 LW F )5 3158 NC/
CNFs& A,
2.2.3.2 DMFMH,0 & 8 itk %l i&

(ORISR 1 g9 T NCH &, iImA 20 mL
DMF i $¥ 24 h 2 55 53 W i, B 5 6 353 LA /oy
DAAE 03

(2) % B8 — 5 1 B 7K Lo A1) 4 ) I i 2 Ak Fn o iz 1k
CNFs ) DMF 43 80k , Ho i CNFs 5 5345 0.01 g

(3) ¥ B AR LN 25 ml i CNFs 2 B 76 2h %
400 W I8 75 20 R i A AR 38 5 min

(4) %453 B 51 1) CNFs 43 B0 43 S 2 NC 1Y
DMF W, S JE A NCHT i .

(5) HUNC R M7t (9 55 K% 7K 1R A W AR 0 R
b F 2 2 1k CNFs 19 20 WO, K 5 10 8 4 1) NC Y
DMFBEWIRA  BiFE 24 h IR A5,

(6)F NC/CNFs 2 U 8] A K5 37 ML oK i &
FE 80 C4 M FHET 24 h, 58 @78 K % F 5 38145 NC/
CNFs & & .

| NCin DVF solution |

aqueous dispersion rotary
of CNFs or CNFs gel add DMF evaporation l evaporation
—" (water removal) ; of solvent NC/CNF:
NC/CNFs dispersed S
in DMF composite membrane
membrane formation using DMF/H,0
® 9 2 | NCin DMF solution |
- evaporation
mixed solvent despersion sonication ‘ - of solvent NC/CNF
of CNFs or CNFs gel NC/CNFs dispersed ; S
in mixed solvent composite membrane

1 PIRR A A R % R
Fig.1 Two preparation processes of composite membranes

2.2.4 HEHEENR

NC/CNFs & & B & & J1 % ¥ fig ff H Instion
1185 73 AE M BL 50 AL 5 F #0 NC/CNFs & 45 [
FES R8T 0 RS 30.0 mm*4.0 mmx0.02mm il kE
I3 IR 20 °C L 12 J% 50%, P EE R K 5 mm-min™',
3R 85 54 20 mm s [AA, ff B Physica MCR 301 4%
AE UL A2 A, XF NC/CNFs & & BEAE & 2 17 3l 48 07 22 4k
A, W E A B AY A% RE RT aE BE IR R B O kAR
B9 A8 Ak o K 25 1F R - IR E R S 5 °C -minT, [H] BB
20 mm, B R 1 Hz, AR B2 0~180 °C. B4 i
M 5 W HCE 116 .

CHINESE JOURNAL OF ENERGETIC MATERIALS

3 HR5WiE

3.1 CNFs&EH5EaERIE

K O % 5 4 (TEM) | B0t 21 4b % 3
(FT-IR) \#H (TG) KA & X 5F £k 47 5F (XRD) & 3% *f
CNFs (451 FERE HEAT 70 Fr , &l 2 s o i 18] 2a 7]
LRI TEMPO AL il 45 1 CNFs, B2 4 5~10 nm,
K i 2 500~3000 nm. MKl 2b A] LA i, CNFs 7E
3305(0O—H) .2875(—CH—) .1597 cm ' (C=0) 4t
A7 Y B AT AR W U, 1402~1313 em ™ &b (%) 1% i i
O Xt
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JEE BRI, O R B L SR BRI, SR8 B 5

mC—H 4R sh ™42, 1159~1018 cm™ 4k 19 W% Wit
1§k C—O B 46 IR s 5 F0 O—H 19 25 il 4R sh 1, 5
A7 3% JRORE Y 21 A0 35 1R 6 BE AT B 2 CNFs B 3 T R

a. TEM(scale:500 nm)

3
3
s 7/
E | 3305 2875 156;
£ | —Bamboo pulp
——CNFs
3500 3000 2500 2000 1500 1000 500
wavenumbers / cm’!
b. FT-IR
100 ! ! ——CNFs
—— Bamboo pulp
80+ |
= 60| o
g | |
g 40t | |
| 1
20}t | |
]

Qo050 200 B0 300 350 400 450 500
temperature / °C

c. TG

——CNFs
——Bamboo pulp

intensity / a.u.

10 15 20 25 30 35 40
2601 (°)
d. XRD
B2 4T3 CNFs Y TEM FT-IR TG LA K XRD 4 2% 5
Fig.2 Test results of TEM, FT-IR, TG, and XRD for bamboo
pulp and CNFs
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B WE 2c AT LLFE I, 553 ERHE 290 CH IR 43
fife AN ), CNFs R fige B2 B AR 3 225 °C, Jit A 2 2F 4
FJF R 40 TEMPO S Ak Ak #1545 5 X 52 2 B3R, 45
A JEE T R SO R R i AR e AR 2200 AIEL 2d W]
PLF H, CNFs 597 3 R XRD ¢ AiF 06 007 ' 3L AR —
o, HITE R 16°,23°H1 35° = 4b , 43 B % 1 T i 75
Y E T ML 10).(200)F1(0 0 4) 5 5F
T, H 2 G AR IS Segal &R Y 2 56 Oy vk
532 76.3% .62.1%.,
3.2 CNFsH B FIk1L

CNFs £ 74 il A1 DMF () 23 HOR & 4n 181 3 iR .
FH &1 3 W] AT, JE i CNFs R 16 55 75 76 4 i v 35 2 H 3 B
B AR DT X T AR e R AR B B R AR
[, £ 4 28 TR 43 1 2% T K ok % ik 22 (] i) S0 VR 0
LAY A A B T OB SRR [ R A5 A A
(DS E NN TR AR (U N S R S (RS T = S T ]
Sk DL i A6 KO 2 80 DL 70 v oF AT W 1 SR A
B, IX — S 56 2% S IE B D R R 2 CNFs 19 R 20 8071
M JC 1 CNFs iR 1k 5 75 7F DMF &R 1l 4 4] 43 5L, DMF

unacidified CNFs
dispersed in DMF

a. unacidified CNFs b.

dispersed in acetone

c. acidified CNFs d.

dispersed in acetone

acidified CNFs
dispersed in DMF

3 FRALFIOR AR b CNFs TE PN FT DMF H 11 23 B o0
Fig.3 Dispersion of acidified and unacidified CNFs in ace-

tone and DMF

Sttt
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4y Tfie 5 CNFs R 1 & A R0k 10 3R & W -3 770 A B4
HH L 92 N8O 22 1 BE 6% B0 I BT 48 3R 9 K bR 43
WO =z —"" . HE 1 18] DMF 3 5 b 88 i oE &k, L
PR e B i A DLV R = A w7

10 DMF 23 BRI R 7K 1 i A &5 CNFs 43 1L
FoEtEm B R . 2R a1, 2K A IR B2 B0k F
20% B, CNFs 2> B ik 224 1 B T CNFs A R B 4,
2K B AR LA BUIK T 20% B, I RE SR S fa g . X2
PR Sk 2T 4 25 9 K A4 BEAE X T DMF S5 K P 58, 76 2 &
IKAFAE I 23 5 7K 53 7 456 2R AR BE A4 1) K A B0RE IF:
P50 4y WO K ) 2 oK AR DA TR B K Ak B0k (H )
AN DR FL A BT, SRR AR i R Rt & kA R VL.
K I 7E NC/CNFs &2 4 R i il 2 20 72 v, 25 458 5 KRR
G380 15% (1) DMF/H,O TR A 43 H0R 0 Bl B8 5 %, BE
RESCHL T2 b f KA D i W S A WL R B, X
fiE B 1E 21 4t 25 9 oK M BHE 8K AR BU0RE , PR R7 AR E 20 1
F 1 AR CNFs 400 K H 4 8080R
Table 1
sion effect on CNFs

Different proportions of dispersants and their disper-

volume fraction of wa- mass of CNFs /g dispersion

© ter added to DMF / %  unacidified acidified  stability

a 5 0.01 0 clarification
b 5 0 0.01 clarification
c 10 0.01 0 clarification
d 10 0 0.01 clarification
e 15 0.01 0 clarification
f 15 0 0.01 clarification
g 20 0.01 0 precipitation
h 20 0 0.01 precipitation

3.3 NCCNFsE GRS F RN

Pl 4 Ay fift FH 2 6 R R R £k CNFs 76 A [R] 1 ] 45 3L
2R il £ 19 NC/CNFs & 4 B I I -0 A8 i 4. 3 2
R AT 2544 il £ 19 NC/CNFs &2 & Pt i i B o )
WK R e o

M 4fE 200, T ARG IR EY & T
2R FEM 5 IA T AR A I ) 2k Tk R R B A
FH s B P om B e 2R BRI R T A B R
FE D 2 4 A B A, PR 3 T A FRE W 2 i
KRAR T 25 FURE s BEOh 3 J IRGR B 0 o | Uiy 24 i
KI5 T 25 R AR R SR AR e

CNFs 1E Sy £F 4R 3 5 SFORE , AR NC iy 3 5 i
BT LT IR AN XK R R S SR AR . fE DMF
S3HOR b i 5 Y 52 A IR RIRE A 2 3 A X TS B RE LR
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——blank sample
—— unacidified CNFs dispersed in DMF
——acidified CNFs dispersed in DMF

—— unacidfied CNFs dispersed in DMF/H,0
_ ., ——acdified CNFs dispersed in DMF/H,0
01 2 3 4 5 6 7 8 9 10 11 12
strain / %

4 ATA A 2T NC/CNFs &4 B R 7 -3 725 fh 2%

Fig.4 Stress-strain curves of NC/CNFs composite mem -

stress / Pa

branes prepared under different conditions

F 2 AP ST NC/CNFs & 4 B T 7 o BF LA R b 444
(UIRNES
Table 2 Tensile strength and elongation at break of NC/CNFs

composite membranes prepared under different conditions

. ey o Smax

sample preparation condition
/MPa /%

1 blank sample 36.6 8.4
2 unacidified CNFs dispersed in DMF 47.5 5.2
3 acidified CNFs dispersed in DMF 52.0 10.4
4 unacidified CNFs dispersed in DMF/ H,O  61.8 6.2
5 acidified CNFs dispersed in DMF/ H,O 30.0 4.3

Note: o is the tensile strength, & is the elongation.

SR HE B TR R L A HR T, {H CNFs TR A R OR 2 1k 5 3
R 52 5 JE I I R BN [) RE i 2 0P S . Ak
AT 9 JCK 73 B AE R b 3 AR IR AL S 19 CNFs R i
L SERE AR B, 5 T 5 NC A R 701 L A0 il R AH
H AR SR , 18K o1 ) S A RS I s 5 T B
Az R I SR NC 5 CNFs 22 8] 1 26 8 1 38 K A
73 BORE i 3AR LE T RE S 2 R B S Ar i e o e
ZR S il A P AR AN W B 7 AR BB A LA A T
Y B A0 4 2, B R R IR JRE A R B 2 20 Db A
Bl /I B s o ) 2 PR RE TR B

TEIR A 73 B b o 2 1 525 T RIVRE i 4.5 BT 5
JE AN TR T A R LB AT . X T AR AL 4, 0K
KA 9 CNFs 3 5 F 70 BOfE & 7K 19 1R & 2 /R
CNFs [ B Y ey 9 J8 5 B0 53 5 19 52 5 BT 17 9 JiE
$& Th I 2L AT [ ] L DA O CNFs T 3 A7
SERBREE R B 5 NC 7 R A AT, 5 R dh 2 [ B
R PP AR ZE AR . KR AL 5 PR 1L )5 B9 CNFs 5
IO P ) | S T €0 N e DR S S (B
5 REE A5G I CNFs iU B2 45 BLA5 0 B b, S
BOZ BT RE TR
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JEE BRI, O R B L SR BRI, SR8 B 5

3.4 NCICNFsE SRS HFEMHEsENIK

P 5 S AN ) 25 00 il 4%t 9 NC/CNFs & 45 i i
REfi R (E ) MR Rt 2 . INIEI 5 AT LLE L 25 °C
B, 75 DMF rh 23 82 Ak AR 2 b CNFs il #5 1Y 52 46 B itk
AEBLE 358 15.2 GPa fil 18.9 GPa, 7 DMF/H,O
TR AL AR AL CNFs il 5 (19 52 £ 5 REASE 5 43 51 Ky
17.2 GPa#l115.5 GPa, ¥ & T NC = 1 #£(6.45 GPa).
Bt e B T b O A RE AT R R, X R
TR B A b T A et e 32 B AR 4 NC R o i Bt
G2 Bl T, A st gk R R A R RIS BT R AE
H O ~180 °C N, NC/CNFs JIf Y #5255 F 4l i NC
JEE BB 35 180 °C, 4= ¥ 5 A A5 i 2410 B B, 3X J2& NC
TR I i T 2

20.0G

—— blank sample
18.0G | —unacidiﬁedeNFs dispersed in DMF
16.0G } —— acidified CNFs dispersed in DMF
14.0G} —— unacidified CNFs dispersed in DMF/H,0
12.0G} acidified CNFs dispersed in DMF/H,0
& 10.0G}
=~ 8.0G}
Y 6.0GH
40Gt
2.0G}
0.0t
-2.0G

020 40 60 80 100 120 140 160 180 200
temperature / °C

5 AN[EHIS 45T NC/CNFs &4 51 figs BEAS i -1 il 2%

Fig.5 Storage modulus-temperature curves of NC/CNFs com-

posite membranes prepared under different conditions

T 55 UL B4R, CNFs BRI 8 45 A4 A 9 G 3 3
ZH AT A PR YA i RE AR A 4R T, H CNFs Y
FIAAR R NC (145 f PERE

4 £it

DL A M 00 A 3R O JRURL R 4% 19 TEMPO 41k
LT Y R YK LF 4E (CNFs) , 7E DMF 3 DMF/H,O iR & 4%
HA R P BT 5 NCIR A & 2 A I

(1) DMF/H,O 43 #05) H K AR FL 5 80/ F 20%
i AT A 5% 7K $E CNFs 5 30 3% P NC AR 19 A k.
DMF/H,O 43 #iU Hr i 7K 43 A Il F CNFs (193 5] 43 1,
It H {8l DMF/H,O 43 808 24 T il £ 9 NC/CNFs &
Fel SR AL b (BN TR R R oy

(2)7E DMF 43 8 CNFs, 7£ % CNFs 5 NC IR &
Z T s B X CNFs 7K 43 B 2E 47 43 BIOR) 40, 4% 43 1K
A FR 4 DMF. DL AR & il 25 1 NC/CNFs & 5 i
PUPLa A g TE AP CNFs 5 NC AR 5 72 &
BEVE R, & A R W R 22 S e DL EE A S TR I A
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W A R B
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Enhancement of Nitrocellulose Membrane by Bamboo Pulp Cellulose Nanofiber

ZHOU Yi', WEIl Jie', LU Yan-yan', FAN Hao-yu', WU Xue', ZHAO Li-bin?, ZHANG Ren-xu?, SHAO Zi-qgiang'
(1. Beijing Engineering Research Center of Cellulose and Its Derivatives , Beijing Institute of Technology, Beijing 100081, China; 2. Sichuan Nitrocell CO.,
LTD, Luzhou 646605, China)

Abstract: To obtain a nitrocellulose membrane with enhanced mechanical properties, cellulose nanofibrils(CNFs) with nanome-
ter-diameter and micron-length were obtained by 2,2, 6, 6-tetramethylpiperidine-1-oxyl(TEMPO) oxidation-sonication treatment
of bamboo pulp. The N, N-dimethylformamide(DMF) and DMF/H,O mixed solvent were used as dispersing agent. And the nitro-
cellulose was thoroughly mixed with the acidified or unacidified CNFs. CNFs-enhanced nitrocellulose membranes were prepared
under different dispersion conditions. In addition, the morphological dimensions of CNFs and the change rule of mechanical
properties of CNFs-enhanced nitrocellulose membranes were characterized by transmission electron microscope(TEM), thermo-
gravimetric Analysis(TG), mechanical tensile test and dynamic mechanical thermal analysis(DMTA). Results shows that the di-
ameter and length of CNFs are 5-10 nm and 500—-3000 nm, respectively. The acidified and unacidified CNFs have better disper-
sity in DMF than in acetone. The agglomeration of CNFs occurs when the volume fraction of water in DMF/H,O reaches 20%.
Using DMF as a dispersant, the tensile strength and tensile elongation of the composite membrane prepared by adding acidified
CNFs are 52.0 MPa and 10.4% respectively, significantly higher than those of the blank sample (36.6 MPa, 8.4%).

Key words: cellulose nanofiber(CNFs) ;nitrocellulose (NC) ;composite membrane reinforcement
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