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Abstract: Formation of a strong 3-dimensional interfacial network structure via chemical reaction between hydroxyl
group on silica surface and NR chain by the addition of bis(triethoxysilylpropyl)tetrasulfide (TESPT) into silica-filled NR
compound was observed by using Py-GC/MS and SEM. Addition of TESPT into silica-filled NR compound decreased
scorch time (#,,) due to increased sulfur content, and reduced cure rate index (CRI) via continuous reaction between sulfur
atoms in TESPT, which acted as a sulfur donor, and activators and/or accelerators. Addition of TESPT in the compound
improved processability and mechanical properties of the compound. Overall, we observed that the addition of TESPT
into the silica-filled NR compound formed a silica-TESPT-NR network, and thus the degree of crosslinking was increased
resulting in improved mechanical properties.

Keywords: interfacial adhesion observation, silica-silane-NR network, mechanical properties, Py-GC/MS.
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Figure 1. Schematic presentation of (a) hydrolysis of silane; (b)
condensation between hydrolyzed silane and silica surface; (c)
chemical reaction between sulfur and rubber chain.
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Table 1. Formulations and Materials Used in This Study

(unit: phr)

Materials T1 T2 Product name

NR¢ 100 100 CV 50

Silica 40 40 Ultrasil 7000GR
Silane” - 4.8 Si-69

Zn0O 5 5 ZnO#S

Stearic acid 2 2 -

PEG¢ 2 2 KONION

Sulfur 1 1 MIDAS SP 325

CBS& 1.5 1.5 CZ
MBTS® 1 1 DM

“Natural rubber. "TESPT(bis(triethoxysilylpropyl)tetrasulfide). “Poly-
ethylene glycol. “N-Cyclohexyl-2-benzothiazolesulfenamide. ‘Diben-
zothiazyl disulfide.

ML 1+4(100 °ClIA] 50+521 STR5 CV 502 ARSIt B
7}11]’“ Evonik(Germany)l|4] #1238k BET %] 170 mY
AF 42 =717 14 nmQl A27kE ARSIl AET
7<ﬂ — Dbis(triethoxysilylpropyl)tetrasulfide(TESPT, Evonik,
Germany)E AME-3FSITE 1 Hholl H7HAIZ= 712 A
zinc oxide(ZnO, IA|o] FEF), S. Korea)2} stearic acid(S/A,
SURIACHEM, Malaysia) ZZ2]3Z polyethylene glycol(KONION
PEG-4000, A" 2, S. Koreays AHE-8I%13L, 7HHE-S
A8 LA, S. Korea)st 718HE71A 2] p-cyclo-
hexyl-2-benzothiazolesulfenamide(CBS, QINGDAO DUOTE,
China), dibenzothiazyl disulfide(MBTS, QINGDAO DUOTE,
China)E AF&-3I3ATE 2 AJolA 285 I1FARE
H7HA2) oiR &2 Table 19 JERAATE
HiEF & AIRE N=E 2 d3 ARE £7e EH ¥
7} el (tangential) BFY o] LH2] EF7124, 2E 9] 3]
A7t 44 pm?l 1.62]E]1¢] ¥4 (Banbury Mixer, BS-
B16S, Bongshin Casting & Machinery Co., Ltd., S. Korea)
£ o]8315 e}t 2 (two roll mill, Eﬁ%ﬂﬁﬂj—%ﬂ/\} S. Korea)
Z} Zo] &£xH|7} 1:1.20]13 o £9] 3HFE 19 pm8!
HHE ARESHITE v 2d Aol A K19 oP‘Ei‘:‘r. WA 1
WA= AAgel A7t ASPAE ¥ 5857 JAg o
<, B431A zinc oxide®} stearic acid, PEG-40002 %3 T}
Al 727F 917J 3] master batch 1(MB1)S A =3}t 2
A EYLE o]&sle] MBId 3 ¥ 71824 (CBS, MBTS)
£ ug5ke] master batch 2(MB2)E A|Z3I5 ) &2 &
o gk A5A] WA WAsl] flaliA Si ol &9k ¢
S3l9h Alx2E MB2e= 4 H71HE $18k] 2229157] (hot
press, DTR Co., Ltd., S. Korea)Z ©]&3}¢] 160 °CNA z+
High] o) wWe A 71 AlERE TIskele] A 1S
Azt
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A2t HEZ9o| py-GC/MS 24, gitsl] 71~ A= wfE 1
v A 2R 7](pyrolysis-gas chromatography/mass spectro-
metry(Py-GC/MS), PY-3030D, Frontier Lab, Japan)s A8-3}
of IF 2 U AZSHA Ao v EE FA 5T
Py-GC/MSE A z2lgle] B3tse] izl 9 7o &
A de] ARSEH AR ARE S T e i
Al ol th 0 AE-S Th$-0] Avho] ghgEo] A &
< Ti3}h Agke] 3hiEo] e T2E ARSI sl
590 °CollA] 5% B3t Pl 0B 2= 28 F<t 50°C
2 520 A% F 5°C/minSE 60 °C7HA] 52, 10°C/
min® 2 120 °C7HA] S, 30 °C/min® 2 180 °C7HA] &4
Zth. Table 201 A3 213 Aelekith

A2|7}-nF ZAg SEM BE. 7t 77 4A) U] At
Tt AEet APIEHIE BEs] flete] VeSS dAEA
of B T, olst2 F¥AIRl &, petsie] AJA-S AH 5
t}. o] MZe] JhHS- ion sputter(E-1010, Hitachi, Japan)ys
ol-g&ste] ZekF(Pd)/=E(Au) = FHYAIZ F, FARdARA"]
7 (scanning electron microscope(SEM), S-3400N, Hitachi,
Japan)yS ARg-ste] Az A7 JARIS BolF7] 9
sto] XA H-35-4 7] (energy dispersive spectroscopy(EDS),
E-Max, Horiba, Japan)S A8}t

7te S4ut (AN 24 "L e T T2 786
(S. Korea)®] |2 7 E(oscillating disk Rheometer(ODR),
DRM-100)E A}&-3te] 718} 548 S 3ttt ASTM D
20845 FHarsted 160 °CollAl 60 &<t biconical ZE (X
F3=: 1008] /min(1.66 Hz))E 18319 110, fo0, Tins Tnaes 7T
2L &% A4 (cure rate index(CRI)E H718IATE CRI 32>
2 (D& Tl

Table 2. Pyrolysis-GC/MS Conditions

Pyrolyzer conditions

About 0.5 mg
590°C
Pyrolysis time 5s

Sample loading
Pyrolysis temp.

Gas chromatograph conditions

Column Rtx-5MS, 30 m=0.25 mmx0.25 um
Inlet temp. 280°C

Carrier gas Helium

Injection mode Split 50:1

Oven 50 °C(hold 2 min), 60 °C at 5 °C/min, 120 °C
at 10 °C/min, 180 °C at 30 °C/min

Mass spectrometer conditions

Mass temp. 230 °C (Source), 150 °C (Quad)
Transfer line 250 °C
MS Electron ionization, SIM and Scan mode
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Figure 2. Pyrolysis-GC/MS chromatogram and mass spectrum of
TESPT.
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Figure 4. Pyrolysis-GC/MS pyrograms of the silica-filled NR com-
pound: (a) uncured T1 (without TESPT); (b)uncured T2 (with
TESPT); (c) cured T1; (d) cured T2.
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Figure 6. SEM photographs of silica agglomerate dispersed in the
silica-filled natural rubber compounds (x1000): (a) T1 (without
TESPT); (b) T2 (with TESPT).
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Figure 7. SEM photographs of (a) size and state of ‘as is’ silica (x30000); (b) silica-filled NR compound without TESPT (T1, x40000); (c)
with TESPT (network formation of the silica-silane-NR (T2, x20000)).
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Figure 8. Network structure of (a) CB; (b) TESP (silane without
sulfur); (¢) TESPD; (d) TESPT in rubber matrix. [redrawn from
ref.14]
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Figure 9. Cure characteristics of the silica-filled natural rubber vul-
canizates measured at 160 °C without silane (T1) and with silane
(T2).

Table 3. Vulcanization Properties of Silica-filled Natural
Rubber Compounds

Tl T2
Tin (ANM) 10.1 4.1
Tnax (ANm) 47.8 43.2

T naxmin (ANM) 37.7 39.2

fo (sec) 321 271

toy (sec) 440 1102
fop.10 (sec) 119 831
CRI (sec™) 0.84 0.12

S VWS EE, T2(4(271 sec), fo(1102 sec))’F T1(#,,(321 sec),
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Figure 10. Stress-strain curves of the silica-filled natural rubber
compound without silane (T1) and with silane (T2).

Table 4. Mechanical Properties of Silica-filled Natural Rubber
Compounds

T1 T2
Hardness (Shore A) 60(x0.43) 62(+0.54)
100% Modulus (MPa) 1.1(0.01) 1.5(x0.02)
300% Modulus (MPa) 2.7(+0.08) 5.8(x0.08)
Tensile strength (MPa) 27.7(x0.61) 28.0(x£0.45)
Elongation at break (%) 891(%9.1) 748(+4.3)
Reinforce index (M300/M100)  2.45(+0.08) 3.86(%0.05)
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