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Improved Vulcanization and Mechanical Properties of Chloroprene
Rubber Using Cellulose Nanocrystal Powder as Both
Reinforcing and Cross-linking Agents

SONG Xin-long, ZHU Ben-kang, HU Jie, JIANG Min, DUAN Yong-xin"

(School of Polymer Science and Engineering, Key Laboratory of Rubber-Plastics, Ministry of Education;
Qingdao University of Science and Technology, Qingdao 266042)

Abstract: Zinc oxide (ZnO) and ethylene thiourea (ETU) are the key components of the vulcanization
system of chloroprene rubber (CR), which endows CR with excellent properties. ZnO acts as both a
vulcanizing agent and an activator, whereas ETU serves as an accelerator; they work synergistically to
achieve efficient vulcanization of CR. However, the carcinogenicity of ETU and the aquatic toxicity of
ZnO have made the development of environment-friendly vulcanizing agents for CR a highly concerning
topic. Herein, cellulose nanocrystal powder with alkaline amino groups (CCP) was prepared by spray
drying the aqueous suspension of CCP. CCP powder was then employed as a multifunctional green
auxiliary to replace ZnO and ETU for CR vulcanization and to reinforce CR. A detailed study of CR/CCP
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vulcanization indicated that the amino groups of CCP hardly reacted with the tertiary allyl 1,2 units of
CR at 150 °C, while they had a certain cross-linking effect on CR at 180 °C. Under the activation of
magnesium oxide (MgO), CCP powder showed significant cross-linking effects on CR at 150 and 180 °C,
suggesting that the presence of MgO promotes the reaction between the amino groups of CCP and the
tertiary allyl 1,2 units of CR. The optimal vulcanization temperature for the CR composites was 180 °C. In
addition to the main reaction of CCP cross-linking CR, the self-crosslinking of CR and the cross-linking
of MgO on CR were also involved during the vulcanization of CR composites. Owing to the multiple
effects of CCP on CR, the physical and mechanical properties of CR composites gradually increased with
increasing CCP content. The mechanical properties of the CR composite with 7.5 phr CCP (C/M/7.5P)
exhibited significant improvements compared to the C/M control, with increases in tensile strength,
300% modulus, elongation at break, hardness, and tear strength by factors of 1.60, 1.33, 1.34, 1.11, and
1.61, respectively. The oleophobic CCP significantly improved the oil resistance of the CR composites.
This study thoroughly explored the vulcanization of CR with CCP powder and may provide a theoretical
reference for the development of new CR vulcanization systems.
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Reinforcement; Rubber composite
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1.1 EEE#HR

ST (CR) L 75 7 BB A4 R R 52 1 1y
AR F R A5 A2 H (CLP) | 1l 2R 4R 8 1
AR A F L. BRER (H,SOy, 98 wit%) FI TS /KT
B2 (CA, 99.5%), W H [ 24 5 A4k 2l A TR &
Al AL (NaOH, 96%), W [ KT b & 7 1F
WA SR 40 W% (PEL M,=1800). N- F2 2
BEFME TV i (NHS, 98%) & 1-(3- — HI & HE P 3% )-3-
CHETRE W R R R 2k (EDC, 98%), W [ b i 4
TARHE R AR AR . B MgO) HXUR
RIEA WA R Fra R vt at.

1.2 FEERIZEMBEE K CNCs/KEF &R (CCA)
B &

Z AR R ZH AT A A, 8 I B IR 7K AR V2 A
CLP H H2 HURE R A4 2T 4 35 94K /K 877 1L (CCS)
Al & CCAl P,

1.3 PEI3E# CCA ¥ & (CCP) HI#I&

CCP (il %% J7 ki an T U 5 CCA B
(%52 @) [ pHE 4 7 (A 0.1 mol-L™" NaOH),
b J5 I\ PEI (2 g)« NHS (1.6 g) F1EDC (0.8 g), 7E
75 °C NiHAT 3 hBE R B e RS G, 79
SHT IR E WG TS CCP Al T A8 T
IKH 5 LB, #3232 20 mg/mL 1) CCP
BT g, B WS TR CCP &I i
17T )8, 2% CCP ¥y R AMLANZE 35~40 Hz, i3
FEH A 30 r/min, EEFERE 2 s, ATEE 180 °C).
1.4 CREA&EMRAFHE

7 B F1TR & ML A CR 5 CCP Ry K & MgO
B4 10 min (¥ 1 %% 3 60 r/min, I & 60 °C), #i|

#3 CR/MgO/CCP B} Fi, [ J5 £ BUHE T bl £ F
Fo B Ja, ¥ MHAEAS [FE BE (150, 160, 170 1
180 °C) N #E 4k 1 h, 75 CR/MgO/CCP fiii 1k
fii. 4l CR. CR/MgO J CR/CCP Ff: & 2 kH [ J5 ¥2:
il % . CREAMENELT WK 1. WRIEAECTT, 26
CR. CR/CCP. CR/MgO }; CR/MgO/CCP & & K}
4% 5145 9 CR. C/mP, C/M K C/M/mP, H: m 4
F CCP oK B4 4 (phr)..

1.5 FRIEMK 3%

e BRLIH- AR 21 #1618 (FTIR) 303584 i Bruker
Tensor 70 Yt % {3 17 32 5 #5000 15, ¥ 3
4000~400 cm™', 42 em™!, HF32 K. Xt
ZAT5 (XRD) i ] Rigaku mart Lab fi7 44X, Cu Ka
R (2= 0.154 nm), 55 ] 20 = 5°~40°, $34 1K
5 (°)/min. HESH (TGA) 18 I NETZSCH TG
209F1 Libra # & 7 #11%, & A ¥t iE 40 mL/min,
T 2% 10 °C/min, I FE 5 Fl 30~600 °C. 1% 4t
1 5 #BE (TEM) i i JEOL JEM-2100 Hi, 1~ i
s, niE B 300 kV. B 6 EU (DLS) 1
Malvern Nano ZS90 Y HURAX , ALK 43 B0
CCP ] Zeta Hifi7. (pH=7, ¢(CCP)=1 mg/mL). 14 F
GOTECH M2000 i {3 it 5% CR & &4 BHEA [F]
5 FE (150, 160, 170 % 180 °C) T Hifk. 1 h ¥ i 4L,
2. JE T H 2R IE IK 24, ) H Flory-Rehner 77
RSB T, k4% ASTM-D412 4R, fi
FHWE 85 BB HEAT B AR K. K 4 ASTM-D624
PR e, A8 F TE U 1 90° A 1R 147 40 2R 5 252 00 4K
K H ZwickRoell J5 fig i 5 #1 (Z005) i2E 47 ¥ & $iz
i 5 4 280, 77 2k E O 500 mm/min. K
5 ASTM-D2240 #5 1 2% 4 I & HS R ABE B fif
FH TA Q800 5y 25 AN 73 BT 3G AT B A MU 73 B
(DMA), ZH B A =, IR % M2 1.0 Hz,
F i 3 % 3 °C/min, i B Ja FE —80~80 °C. f# H
FEI Quanta FEG 250 7 $# Hi %% it 5% CCP ¥ K K&
CRE MBI IE S VL5210 ik 47 %
KOs

*F1 CREAMHEE T

Table 1 Formulas of CR composites

£ % (phr)
Aoy
CR C/2.5P M C/M/2.5P C/M/5P C/M/7.5P C/M/10P
CR 100 100 100 100 100 100 100
CCP — 2.5 — 2.5 5 7.5 10
MgO — — 4 4 4 4 4

phr: Part per hundred of rubber (weight in gram unit)
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B B A il 28 b e K LR S /N LR 1 Z2 8

(200)

(b)

Intensity

(d)
0.0 -
04+
—0.8+
N356°C
— 1 1 1 1 1 1
100 200 300 400 500 600

Temperature (°C)
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Figure 1 FTIR spectra (a), XRD patterns (b), TGA thermograms (c), and derivative thermogravimetry (DTG) curves (d) of CCP
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180 °C
CCP dispersion Spray dryer CCP powder
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Figure 2 Preparation process (a) and chemical structure of (b) CCP powder

(2)

(b)

500 nm 5 um

&3 (a) CCPIUTEMM; (b) CCPH K FSEMK
Figure 3 (a) TEM image of CCP; (b) SEM image of CCP powder
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Figure 4 General chemical structure of CR
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AW AE H, CRAE BT 15 min P 1 R 46 26 P T
C/2.5P; 15 min J5, C/2.5P [AIBR Ak 33 3R K F i 3 25
T CR. & 6(c) i 7, 180 °C T C/2.5P 5 CR )
My—M; ZEH N 1.14, 76 KT 150 °C B (/) 254 (0.17)
PL & 170 °C K #7042, Fid 45 R % 81, CCP1E
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Figure 5 The vulcanization curves (a), toluene uptake ratios and crosslinking densities (b) of CR and C/2.5P composite

6 CRANC/2.5PHIERALHIZE: (a) 170 °C, (b) 180 °C; (c) CRFIC/2.5P#£ 150170 180 °CINf [ My—M;.
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Figure 6 Vulcanization curves of CR and C/2.5P: (a) 170 °C, (b) 180 °C; (¢) My—M; of CR and C/2.5P at 150, 170, 180 °C,
respectively
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FE . 1F & 7(b) F L T S RR 1 B AR S3 TR,
C/M/2.5P 5 C/M K My—M; # 1 5 0.31, it K F
150 °C T C/2.5P 5 CR ) Z1H (0.17), K H MgO 1]
TEAEANGE T 150 °C K CCP %} CR HIAZ RN -

FRAT B AR IR K C/MY2.5P BEfiR 73 il
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7E 160, 170 & 180 °C FHft 1 h, T3 ik ih 2k
Kl 8(a) Fr . Bl & B Ak BE 1) vy, C/M/2.5P [
B Ab S R B N S5 1 3 e v TR B A R P
A R T MgO i 4k CCP 5 CR 1] [ 28 Bk e Mo 1t
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Fio [AIF, 40 &l 8(b) Al HL - SCH7(E B R S4 s,
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FEW Je 3 FhAZBR S B CRASUG TR 28 1,2- 2544 7t
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PIAZ . C/M/2.5P i 4k I B AR AL 2 J B 4n 61 9 B
N TR, CRIIBUSA L 1,2- 45K BT TE
T A e O A 0 TR S EE T I L P B
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FWEE A (N—HZ ) ) 1573 om ' IETECBE G 7
%2@ 1521 em™" L% W] 08 85, ELEEIE ] CCP (1)

REEREZE 75 CRVEII RN, IR
E.C%?E;% [F3GAE T 3FPAC IR B A A - CR F A8 Hk
MgO {2 IAZ ., PLK CCP A S - WU A I .

CCP K [ 2 ZE 5L 41 5 CR 4> 185 B (1) ety
1 1,2- G5 K4 B 0 R AR AT IR IR B, AN PR i) T
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Figure 7 Vulcanization curves (a) and My—M; (b) of CR, C/2.5P, C/M and C /M/2.5P at 150 °C
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Figure 8 Vulcanization curves (a) and My—M; (b) of C/M/2.5P and C/M at different vulcanization temperatures
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CR Self-crosslinking

Step 1 %HQ ﬁHZCl
?H Isomerizing (|:H
—CH2—$=CH—CH2— CH2—CI— —CHZ—(IZ=CH—CH2—CH2—C—
Cl Cl Cl
Step2
ﬁHzCl (|3H2Cl
(IjH Crosslinking C|l (|fH
2—CH,—C=CH—CH,~CH,~C—~ — > —CH=C—CH—CH,—CH,—C— + HCI
& i,
Cn
—CH2—$=CH—CH2—CH2—g—
Cl
MgO crosslinked CR
ﬁHZCI EHZOMgCl
—CH2—$=CH—CH2—CH2—(II— + Mg0 —— —CHZ—(IZ=CH—CH2—CH2—C— _—
Cl Cl
CH,—0—CH,
éIIH CH
—CH2—$=CH—CH2—CH2—(II— _d_ CHy—CH,—CH=C—CH,— +MgCly
Cl Cl
CCP crosslinked CR —CH,— ? =CH—CH,—CH,— ﬁ_
CH
CH,CI (IjH2
(I%H NH, NH, NH, TI\IH
2—CH,—C=CH—CH,—CH,—C— + — +2HCI
4 NH, NH
o
CH
—(I%—CHZ—CHZ—CH=(IZ—CH2—

Cl

9 C/M/2.5PHi b i fE A (P 28 Bk s B2

Figure 9 Crosslinking reactions involved in vulcanization process of C/M/2.5P
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