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Preparation and mechanical properties of multi-walled carbon nanotubes-bacterial

cellulose composite films

TIAN Cuiyu, LU Zhaoqing’ , NING Doudou , ZHAO Ruixia , GENG Bo
(Key Laboratory of Paper Based Functional Materials of China National Light Industry, National Demonstration Center
for Experimental Light Chemistry Engineering Education, Shaanxi Province Key Laboratory of Paper-marking
Technology and Specialty Paper, College of Bioresources Chemical and Materials Engineering, Shaanxi University of
Science & Technology, Xi’an 710021, China)

Abstract: Exploiting and utilizing green biomass materials can reduce the consumption of petroleum-based poly-
mers. However, compared with the single bacterial cellulose (BC), BC film always exhibits the poor mechanical
properties, which limits its application. In this study, in order to improve the strength and toughness of BC
composite films synergistically, BC was treated by alkaline and 2, 2, 6, 6-tetramethyl-1-piperidinyloxy (TEMPO)
oxidation to obtain TEMPO-oxidized BC (TOBC), which was utilized as matrix to prepare the TOBC-based com-
posite films enhanced by carboxylic multi-walled carbon nanotubes (CNT) via vacuum filtrating technique. The
effect of CNT amounts on the mechanical properties and microstructure of TOBC-based composite films were
investigated emphatically and the strengthening and toughening mechanism was also discussed. The results show
that: When CNT content is 7.5wt%, CNT-TOBC composite films exhibit the best mechanical properties. The tensile
stress, elongation and toughness of CNT-TOBC-7.5wt% composite films are 174 MPa, 10.83% and 12.01 MJ-m™,
respectively, which are increased by 56.76%, 144.47% and 295.07% compared with the pure TOBC films,
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respectively. The improvement is attributed to the hydrogen bonding interaction between CNT and TOBC, the high

strength of CNT, as well as the external toughening mechanism. This study provides a feasible method to improve

the interface bonding and mechanical properties of composites, and further broadens the application of TOBC in

flexible electronic substrates, intelligent packaging and other fields.
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[i] 18 A 22 16V PR [R) 2 %5 T TOCN 2k &2 45 1k s
() 5 A )% . Wang 59 Z B ERZ MG &, @
HZERGEF HHARRARMIFN T BAERE . &
PEFN BT 9% 57 1 B 1Y 52 Bt + (MMT)/PVA/NFC & &
WM S HLIE B T MMT. PVA 5 NEC [ JE i
1) 22 B AR A U R G SIS B4R A
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R, A S e Xt BC #4758 4 B Al TEMPO
AL AL BEAS 21 ) TEMPO %A b 41 15 £F 4 & (TOBC),
SRIGHE I 5 &R BN . R CNT & A8 i 1
25 i B [ 2 % 2 45 CNT-BC &2 &I, 70
SR A FTIR, XED. XPS. £ ¥ fig & % i 45 il ik
B LR 37 K 5 v o B R A g X A L S5 R
SER L 12 RE ROMOWIE SRR AT R AE . EE ST
CNT /9 %3 il 4 %) TOBC # B J) 4 M Re s i, IF:
PRI T H S sm I PIALS . A SO & 2 A A R
FHHIZE A R AR R T — R USRI AT ik
FEiE— 3 96 T TOBC 76 2L 4TI . B AEf
e S A 1Y o

1 KB BRAE
1.1 FE##l

ME LT AR B H (BC): & &H 2.01wt%, I
SF R 2emx2 cmx2 em, KA R B A RA A
NaOH(AR)., X & M # (NaClo, AR A & &N
8wt%). VU H LR iE A A L ¥ (TEMPO, 98wt%).
NaBr(AR), i fr T A= b BF 4 B0 A BR A A 5
FETK, LEELiK /MK —EpL; BRI
e 20 K4 (CNT): ZBE, &k owt%, KEN
40~50 um, F 2K 5-40 nm, RIS E N 2.56wt%,
AR R B AR AR 4RI .
LR 0.1 pm, LiETHNE ST
1.2 XWHZE
1.2.1 BC &7 il &

40 g (1) NaOH ¥ fift T 1 000 mL i £ B Tk
4 %] 1mol L' ) NaOH % ¥ ; 1% 1g(4: 1) ) BC
BEBE BT /N, BT NaOH % i P& Wb AL 3 1 h,
bR )E, 3B 0 BCE K™, HHET
HHL (AKL-AJL-PB0830, 1 1L 715 F #5 A R A F)
s Y D)4 B 2 9k, ARAF 51 BC BRI,
SRIE M2 B /K BE ik 2 pH S i
1.2.2 BC A TEMPO % 1k kb B

TEZ A TR 1.2 A HL S B9 BC & 779 AR o
0.016 g TEMPO, 0.1g NaBr fl 5mmol NaClO"*,
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T pH A 10.5 (44 F i 3h J&, A&/ TG
K GTELAE OB, SR 5 3 H 28 Hl g bR 2 2 AR 1)
B, 28 F KR pH 2= R R, 15 3
TEMPO %A fL 1) BC 43 ## (TOBC).
1.2.3 CNT-TOBC & & i I i il %

CNT 9 78 i 43 50 0 owt% ., 2.5wt% ., 5wt% .
7.5Wt% Fl 10wt%(Z % Zhu %P0 [y 52586 5k, 3 H
fR1IE CNT-TOBC & 45 v JIiE &4 5t 2y 50 mg), 43
Wit 4 & TOBC., CNT-TOBC-2.5wt% . CNT-TOBC-
5wt%. CNT-TOBC-7.5wt% I CNT-TOBC-10wt%,
1758, L CNT-TOBC-2.5wt% K & Jg 1], 43
S FREL 48.75 mg A9 BC Al 1.25 mg ) CNT, Jili/K #
B2 WO FE A 1 mg-mL™", #7540 B 20 min /5 ,
BT RGPS (ZHCL-GS, _E AR 2% & a
FRA A FfidE 120, 15 33 5) B CNT-TOBC %
PR A e N N R W Sl i = R 1175
(RE L4 £ e, fL42 0.1 um), 74%] CNT-TOBC
HATREENE, K5 E Tl RN (TD11-H, J& fH M
B TR &ABRA A EAE 30 MPa | JE 4% 3min,
JFF 105°C F T4 15min, % 3k CNT-TOBC-
2.5wt% &2 G W, Hdl s AR K 1 s, A
CNT %% fin & £ CNT-TOBC & & # 5 i & & 24
4mg-cm™, HJEEMEE WL 25K,

#z 1 A[F CNT RIMERREN S ERMKE-TEMPO Sk
HMEF4E (CNT-TOBC) EAHBENE S
Table1 Formulations of carboxylic multi-walled carbon

nanotubes-TEMPO-oxidized bacterial cellulose (CNT-TOBC)
composite films with different CNT contents

%2 [ CNT HFiEH CNT-TOBC £ &N EREMEE
Table2 Thickness and tightness of CNT-TOBC composite
films with different CNT contents

Sample Thickness/um  Tightness/(g-cm™)
TOBC 28 1.43
CNT-TOBC-2.5wt% 30 1.33
CNT-TOBC-5wt% 31 1.29
CNT-TOBC-7.5wt% 32 1.25
CNT-TOBC-10wt% 34 1.18

Sample TOBC/wt% CNT/wt%
TOBC 100.0 0.0
CNT-TOBC-2.5wt% 97.5 2.5
CNT-TOBC-5wt% 95.0 5.0
CNT-TOBC-7.5wt% 92.5 7.5
CNT-TOBC-10wt% 90.0 10.0

Note: TEMPO—2, 2, 6, 6-tetramethyl-1-piperidinyloxy.

Vacuum
filtrating

CNT-TOBC
composite films

- TOBC CNT

1 CNT-TOBC & # iRy il & ]
Fig.1 Schematic diagram of CNT-TOBC composite films
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(1) X A B T RS R FH AR L I 21 A1 S 1A
(FTIR, VERTEX70, 7%[¥ Bruker /A ]) it ATR fif {4
R FEATINR, T R AERE S 1Al 454 TR fiE A
Ak, TGN 4 000~400 cm ™', A3EERN 4 cm,

(2) 4li TOBC 4 i #1 CNT-TOCN-7.5wt% 52 15 8
JIE 1) b2 S5 48 R F X 400 B T RE 1% (XPS, AXIS
SUPRA, 3% [# Kratos Analytical 2% 7] ) #f 17 Il i ,
M 55 1k B0, ALK, 5 (1 486.6 €V),

(3) JIr A A il O 245 it 45 ) 2 P X R AT L 4
Hri¥ (XRD, D8 Advance, 7% [ Bruker 2\ ) #F 1T
AR B . Cu K, (0.01541 nm) 58 5, 58 Bl A
5°~50°, 4 ¥ % 0.02°min', TOBC H& 14 ) 4%
w48 B0 8 07 15 2 % Segal 1%, CNT i i Y 45
BRI Jade B NAS .

(4) it A iR 19 g 2 M BB 14 7 4] e oo IR T R
KA (AI-700-NGD, P SRR A ) Eifr,
R RSN 5 mmx30 mm, & FE S 10 mm, N
N 0.5 mm-min™', Z 7k 500 N, 38 i3 X 1 -
AR 2 AT R ok SRAE T A 2 A B 1

(5) TOBC Fil CNT 7K 43 HiU Wk M il A 52 5 1
TP AR E S 2 38 5 3 R O T R B
(FESEM, S-4800, H 7K Hitachi 2\ ) Sk #E17 M%<,
% J1 Image J %k £ M. TOBC F1 CNT 7K 43 Hi W 1Y
SEM [&] % I B HL 6 B 100 AR £F 4 617 1 4% i 0
AT, 439145 1 TOBC F CNT Y B AR50 .

2 #RE5Te

TG, A BCHEATERE . B AL FEF TEMPO
fE Ak P 5 15 5] TOBC. K BC BE I B 5T fE & o0 T 1%
KH P AL, 38055 0 R 4 i A e A
BN T W LR 25 BC IR i AR TP Ak B 0 2% T
Z Ji X H 4T TEMPO %8 16 Ab B2l T % 41 48 K
43T C6 i | 0 ¥ B (—OH) 1 £ b 480 1k Ky ¥4 it
B F (—CO07), HMmIELHF AT, MK 4115
BARH /N KOO B U TOBC 90K 274k . 5] 2
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43 %1k TOBC #1 CNT 7K 40 U 9 6“4 B . SEM
P45 F1 B A2 43 A5 Bl . TOBC 7K 43 Bl 52 B 3% 1
R, HEAWRMTRREN, HFEHERAN
22nm, K&K 10~-20 pm, KA 24 500~1 000
CNT 7K 7 8O 52 90 s B e s IR, o 3 9 i A
M T IR KRB, HAPH AL 21nm, KN
40-50 um, H. A L TOBCHE KMy K&, 4N
2000~2 500, ZJ5, ¥ CNT 5] A%| TOBC i}, CNT

(a) TOBC water dispersion (b) SEM image of TOBC

(d) CNT water dispersion (e) SEM image of CNT

I ) —COOH Fl TOBC I #) —OH., —COO ¥ ik
TEEMEAER, JEd R E A ARk
4% T CNT-TOBC & & # i, AN [ CNT s Il it
i) CNT-TOBC & £ ¥ I (1) O 2 B R an &1 3 B 7
AILLVE Y, 4 TOBC WifE S 5] . & W] i b
M5 T CNT-TOBC & 4 i JEE R 3 P40 | Sy
SN, I HOHER b B CNT 38 I 4 3 £ 3% i
JI/IR3S

50

(c) TOBC

D-average=22 nm

Count

10 15 20 25 30 35 40
Diameter/nm

50

D-average=21 nm

Count

5 10 15 20 25 30 35 40
Diameter/nm

D—Diameter
&2 TOBC /KM A CNT /KR A4 IB A . SEM R RN B4R A

Fig.2 Optical photographs, SEM images and diameter distribution of TOBC water dispersion and CNT water dispersion

CNT-TOBC- CNT-TOBC- CNT-TOBC- CNT-TOBC-
2.5wt% Swt% 7.5Wt% 10wt%

TOBC

1 cm

K3 IR CNT %Nt CNT-TOBC & A MR Ity B A
Fig.3 Optical photograph of CNT-TOBC composite films with different
CNT content

2.1 A[E CNTHMEH CNT-TOBC E & HEER 1L
=3

J T 4% 7~ CNT 5 TOBC [H] (9 AH HAEFH, XA
[i] CNT ¥ /il & (% CNT-TOBC & & # Bt 17 T

FTIR H1 XPS 734, 14l 4 IR CNT % i) CNT-
TOBC & & M A9 FTIR €13 . 4l AY TOBC i i 7¢
3338 e Ab Wi 11T 9 1) Bk B W A R T —OH 1A 45
WRah, wmiHAE 2900 cm™ 4b Ay 4R Bh )T JE F C—H
B X BR A 46 Bk 3, HOAE 1649 emt Ab Y IR Bhig 15
J& T —OH K245 1 4 31 fil C—O0 Ay Mg R 3h ™, R
[i] CNT 7 /il ) CNT-TOBC 42 45 1 it [] B 5 20
W T AR WFREIE, JF FLREE CNT 78 i Ay 1%
%, CNT-TOBC & 5 ) FTIR &35 o 41 4 K 4
I U 11 5 B 52 B AR R R AR A, D T S ke
CNT 5 TOBC B 77 £ #H BAEH o 4l SCiik [7, 25] 4
i, —OH W7 32 &L ALY R AR K, IR
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] F KB B o . 54l TOBC # i A9 FTIR &
i M [t , CNT-TOBC-2.5wt%. CNT-TOBC-5wWt% .
CNT-TOBC-7.5wt% FI CNT-TOBC-10wt% & 2 3 i
i) —OH 1 4 ¥ 3l 1§ M\ 3338 cm™ 4 %Il 21 B |
3336cm™., 3334cm™ 1 3332cm™, FHILE TOBC
HCNT Z[HJE B T 43 F 8] S0 AH BLAE o

CNT-TOBC-10wt%

CNT-TOBC-7.5wt%

33
o CNT-TOBC-5wt%
2 33
s
E CNT-TOBC-2.5wt%
z 334
g
~

TOBC

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber/cm ™!
K4 AR CNT #3hidt i CNT-TOBC & 4 iR FTIR K%
Fig. 4 FTIR spectra of CNT-TOBC composite films with different CNT

content

Pl 5(a) A1 &l 5(b) 43 B R & i) TOBC # i 1
CNT-TOBC-7.5wt% %2 & i I 1) =1 43 B % Cls XPS
Kt , 3 MHX MM G6E. TUESL, 4
TOBC i [ 1Y) C1s XPS ¥ i 7F 284.6 eV, 286.4 eV,
287.8 eV fil 288.8 eV 4b (1) 4315 43 71| 1% 2 TOBC 1y
C—C. C—OH, C—O0—C#l 0—C=0, [{ i} ,

(a) TOBC Cls

Intensity

290 288 286 284
Binding energy/eV

CNT-TOBC-7.5wt% & 15 i L 7F 284.6 eV, 286.6 €V,
288.0 eV fil 289.2 eVAh Y 4+ 18 IH J& T C—C.
C—OH, C—0—C fll 0—C=0. 54}i{¥) TOBC #
JEAHEL, CNT-TOBC-7.5wt% 4 45 il | () C—OH
C—O—C Hil O—C=0 43 & X} [i 1) 45 & BE 1Y 16 15
AP, XAl LLH P F CNT 5 TOBC [A] 1 &4
ME AR, Bz 4, CNT-TOBC-7.5wt% & 45
W AE 285.1 eV AL 1Y 43 I J& CNT |k Ji - sp® 4%
TR i) C=C, Hift—HEW] CNT 5 TOBC ¥
IR G
2.2 A[E CNT R IE TH TOBC kML RN
€ 6(a). &l 6(b) 434l A CNT 3 5 A1 AS [7] CNT
VST CNT-TOBC & G5 XRD KL, MKl 6(a)
FR] DIE B, CNT 43 BIAE 25.7°F0 43.2°40 43 51 H BR
T — A — A5 A AT G g, XN (002)
(100) A AT, 2t LSS R 96.16%. MIX 6(b)
A DLE L, K [E A CNT-TOBC & 4 ¥ I 75 260
9 14.8°, 17.2°F1 22.8°FF ¥ BT 3 ANRRIEAT S 06
X F TOBC L % (110). (110) A1 (002) §4 1, J&@
TR LT R T F RS54, R0 CNT M3 i
ANZs 78 TOBC 1Y iR 4544 . 3% 4 A A CNT %
Jnit ™ TOBC S: A Y 45 fh 48 4 . 211 TOBC i i
B 45 A8 BUA 90.42% , 378 15 T DA 9 2T 4 v 4 B
H#) NFC, Ffi# CNT IR £, CNT-TOBC
24 B TOBC J& 1R 1 45 & 48 B 2 B % 0k 1
THEY#a S, B Al ik 94.02%. X Al figJ& i1 T CNT
s 4 i B SR R W AE L, 15 % TOBC
7 H e T W BE, R TOBC () it 72, #x

(b) CNT-TOBC-7.5wt% Cls
C—OH

=

g

E

c=C
O0—C=0 c—C
1 1 1 1

290 288 286 284

Binding energy/eV

5 4lift) TOBC il (a) Fl CNT-TOBC-7.5wt% & & il (b) I /MR C1s XPS (A3
Fig.5 High resolution C1s XPS spectra of pure TOBC film (a) and CNT-TOBC-7.5wt% composite film (b)
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%3 TOBC HHEFI CNT-TOBC-7.5wt% & & HE XPS 7 IEXT K H) 45 & Bk
Table 3 XPS peak binding energy assignments of TOBC film and CNT-TOBC-7.5wt% composite film

Functional group Binding energy/eV
Cc—C 284.6
TOBC C—OH 286.4
C—0—C 287.8
0—C— 288.8
C—C 284.6
Cc—C 285.1
CNT-TOBC-7.5wt% C—OH 286.6
C—0—C 288.0
0—C=0 289.2
(a) CNT (b) (002)
Y
(002) 110
. (110)
> >
& ] CNT-TOBC-2.5wt%
2 =
Q Q
= =
= = CNT-TOBC-5wt%
(100)
A CNT-TOBC-7.5wt%
CNT-TOBC-10wt%
L L L 1 1 1 1 1 1 1
10 20 30 40 50 10 12 14 16 18 20 22 24

20/(%)

20/(°)

€6 CNT M5t (a) M CNT Y9 CNT-TOBC &4 M5 (b) A9 XRD &%
Fig.6 XRD patterns of CNT film (a) and CNT-TOBC composite films with different CNT content (b)

&4 [ CNT #RNE TH TOBC Eikp%RisH
Table4 Crystalline indexes of TOBC matrix with different

CNT content
Sample Crystalline index/%
TOBC 90.42
CNT-TOBC-2.5wt% 89.74
CNT-TOBC-5wt% 91.71
CNT-TOBC-7.5wt% 93.35
CNT-TOBC-10wt% 94.02

ZAE CNT 5 TOBC [H] 1) 7 I Ab A= K H v 435 i B2 1)
TOBC, [t T TOBC JAK 25 35 5%, |8
fif, CNT 5 TOBC [H] % I & B /%) 2 &5 A7 A1 F
CNT-TOBC & & #ifs Iy 2= M e i 35 m .
2.3 CNTHIFNE X CNT-TOBC £ & E & hF i
A

7 43 5 i AN ] CNT % i & ) CNT-TOBC &
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