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AT R, —HEAEEMRBHARA A ;
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Manufacturing & Trading Co. Ltd.; TAFR. JTFEH .
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B J5 M2 N 1.5 mL AR+ Zhe, IR S S
TI%280 °CHraifE 4 h. R N45 R 5, F 2.5 mol/L
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TS 1E X(S)M-1.5%(10-100) 74 2 fit 52 56 25 5
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(30+2) °C), B4R AL CBS Mt TR
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F GH-50T B4~ B A A4 A (3R M <2 8 LA PR 2
F))TE 143 °Cy 16 MPa NHiAk, BRALGHES AN IE AR
IR (t90), 13BN RIMMGIRE B KL

Table 1 Compounding recipe of filled NR compounds.

Sample DL (phr) CB (phr)
NR-50CB 0 50
NR-10DL/40CB 10 40
NR-20DL/30CB 20 30
NR-30DL/20CB 30 20
NR-40DL/10CB 40 10
NR-50DL 50 0

Mixing formulation: natural rubber 100 phr; Zinc oxide 5 phr;
Stearic acid 3 phr; Sulfur 2 phr; Accelerator CBS 1 phr.

1.4 WX 5RE
1.4.1 SRR PSR

K 1 3% & Nicolet 2+ 7] AVAT-AR360 %! FTIR
FeIEAL (P BTG ] 525~4000 cm )R AR TR R4 145
4 B B RE AR AT RAE .

K % 1 Bruker 2 7] AVANCEIII500 % 4% f
FLPRPE G SOF AT R AT E K5 30 mg A
I T 1 mL ¥ DMSO-dg il 77, Aoty 1Y H
Ferbbe.
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% FH 25 [E 28 2R K Talos L120C %457 5t B 1 2
BT M A MBI B, BEREAEHE
TR LI E %20 80 nm R F, B THIM G
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1.43  FAENR
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Fig. 1 FTIR spectra of AL and DL.
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Fig. 2 'H-NMR spectra of AL and DL.
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Fig. 3 TEM images of NR-DL/CB compounds: (a) NR-50DL; (b) NR-40DL/10CB; (c) NR-30DL/20CB; (d) NR-20DL/30CB;

(e) NR-10DL/40CB; (f) NR-50CB.
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Fig. 4 TG curves of NR-DL/CB compounds.

Table 2 TG analysis data of DL/CB rubber composites.

Sample Ts, (°C) Ts0, (°C)  Residue (%)
NR-50CB 306.60 417.44 32.84
NR-10DL/40CB  303.21 414.83 29.52
NR-20DL/30CB  281.43 407.41 23.48
NR-30DL/20CB  263.97 404.53 18.57
NR-40DL/10CB  268.67 398.96 11.75
NR-50DL 231.4 399.48 14.48
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Table 3 Curing parameters for NR-DL/CB compounds.

Sample M; (dN-m) My; (AN-m) My — My (dN-m) t,, (min) t.10 (min) t.90 (Min)
NR-50CB 1.93 16.83 14.90 4.28 4.08 11.10
NR-10DL/40CB 2.40 12.95 10.55 3.33 2.62 7.85
NR-20DL/30CB 2.12 9.99 7.87 3.67 2.98 8.17
NR-30DL/20CB 1.82 7.80 5.98 3.97 2.92 8.35
NR-40DL/10CB 1.61 6.61 5.00 4.37 2.88 8.37
NR-50DL 1.60 5.17 3.57 4.92 2.80 8.55
20 T NR-30DL ~~ - NR-10DL/40CB 80
---- NR-40DL/10CB —— NR-50CB
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Fig. 5 Curing curves for NR-DL/CB compounds. Y ® ® ® ® ®
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MR T e B Bk 2B R B, Ui DL &R
TR ()T B K B 5 A R S A ) LA 55 13
WA E T, ATV 58I %S .
AMLHIGG TR 28 2588, SERRAS 7RG IR 7+
BEIZ AN PR S, MIMEETE T s . 4 DL A&
910 phritf, [TJRREE RN 722 MU, X545 %
TR R (74.3 MUY LUAY B 1K 2.83%, RIATENG
DLINE N, % BIHRHX 4 (1 1 SAF AR
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Fig. 6 Mooney viscosity for NR-DL/CB compounds.
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Fig. 7 Crosslink density of NR-DL/CB compounds.
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Fig. 8 Strain sweep curves of NR-DL/CB compounds:
(a) compounds; (b) vulcanizates.
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Table 4 Mechanical properties of NR-DL/CB compounds.

Sample M100 M300 Tensile strength Elongation at break  Tear strength Hardness
(MPa) (MPa) (MPa) (%) (kKN/m) (shore A)
NR-50CB 3.61+0.05 16.52+0.24 23.14+0.51 416.65+12.40 67.82+1.39  71.00+0.82
NR-10DL/40CB  2.41+0.02 10.42+0.31 23.03+0.43 504.28+10.44 57.21£0.94  65.00+0.47
NR-20DL/30CB  1.96+0.03 6.7840.19 24.63+0.47 581.56+7.06 51.91£1.07  63.00+0.82
NR-30DL/20CB  1.39+0.01 3.73+0.07 19.38+0.34 616.36+3.95 40.23+0.61 58.00+1.24
NR-40DL/10CB  1.10+0.01 2.52+0.02 19.21+0.77 733.4245.15 36.59+£1.50  54.00+0.47
NR-50DL 0.97+0.02 1.82+0.17 14.72+1.05 751.46+10.81 27.74+0.85  53.00+0.47
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Fig. 9 Stress-strain curves of NR-DL/CB compounds.
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Fig. 10 Dynamic mechanical analysis of NR-DL/CB

compounds.

Table 5 tano (0 °C/60 °C) of NR-DL/CB compounds.

Sample tand at 0 °C tand at 60 °C
NR-50CB 0.101 0.054
NR-10DL/40CB 0.099 0.045
NR-20DL/30CB 0.094 0.052
NR-30DL/20CB 0.085 0.044
NR-40DL/10CB 0.077 0.036
NR-50DL 0.100 0.058
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before and after aging: (a) tensile strength; (b) elongation
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B RHZHRBLG ARG EEMEHN
MU PERE AL ZE, RS, MEHPUE et Re
BERT. HE 1)/ LB H, %A DLIEAM
Bl % AL R $HE T NR-50CB,  H: 1 NR-10DL/

40CB H% T NR-50CB #2& &1 1 31.1%, 1A H
f60.73, iBH DL MR T2l ok Ak R B 2
Pem T NRESMEHPTZ MRS, ATREZ BT
A A HKIRAREA RS d, DL 4 T 2
FRSETE M I A Re 0 A U ARG IR B A R e AR
P E A, bzl R E bR U R,
NI R AE R IRE FIRIE R .

zi E Rk, NR-10DL/40CB i #4224k
Reft s, I HRE4ERrar v, Rpd
g DL A N, wT ORI 5 B B
77, TRIE R FARR e 14 T B 1 5 T e 22 e K
2.10 i fE $5 . M V)& A0 [ 548 1 AR

RGN WU TS AR AR R
AL T BN AS IR EE T T ARRSL AR B A
e, TRAEHALSN I EIAME R Ve R B R
W—RFIERE, CIETIRIERE . i E e AR LA
K lelg e ge s Fodr, SERMEARR AR T 1 43 i
RSN SIERL 518 2 R AR, ZRmig
B A TERE I SRR =

W 12 frox, BE%E DL IR MG, NR
A PPRI — 2 8 (0 58 JE B0 2 I S T i s PR
&% . 5 NR-50CB A Lt, DL FIIn A &3 27+
TEEMEI EREERE . FoH, NR-10DL/40CB
HAEMEH— e P fa 2R BUL 27958 Ik, HHER
T NR-50CB (19766 {X)#& 1 | 41.4%; *4DL/CB
BCEE A 40/10 1, — 2% Ji 48 f 28 R ok 21 e KA
RT72276 IR, AHEGAE R AR R EC T HE T 265.7%.
FZO R EERR TR 2 5 mEyLE . — 5,
CBE NN R, LIRS 5] 82 R38R )46
W 1 DL ARAE T b K BE 5 R ARG e 3 Ak ]

80 180 176
2 70t 175 - 174
el <
g 170 2 17
6ot 21" 2
S 2170
:,;;50. 16.5_5-6832
= 2 5
2 16.0 & =
& 40r = 1663
& 155 2 | o =
E) 30r o Flex fatigue life 3
= —— Cutting mass loss rate 150~ 462

20} —o- Resilience s o

Fig. 12 Flexural, cutting and resilience of NR-DL/CB

compounds.



434 BET 5755 BEROR BUR R S AR Fo0 KRG S & AR BE RS2 995

(A ER 95 45 Je 25 TR AL BN, AT A R4 CB
AR, SEEN S nAARRsE. 5—J7H,
Peta 2L PR R I SZ A UACNE 57 5 #a 2 S [RME
H, DLA{EAN—FRARB LR, HBERE A
MEHE EF R P RGP

TR BT ) B R PP A SR TR B 1412
AN KANHI RS e S gk e br, 2R T
PRBEA L 25 %7 %) T 0L AR i) i 25 4 se B 1 5
i 5y HL A BB . P se It g SR,
NR-10DL/40CB & &M B #I R H AR &AL, N
14.9%, 3 WI3E & DL [0\ ] A 20 S EHE
PRI I A3 BOIR A, AT B vy 2k b A% 338 A 4y
ERDIEIR g, 0 RO B S BURARHR A

M 1275, B4 DLAINE RN, 84
PR 150 28 B 050 v Ja BRI ia 3s . Hod,
NR-50DL [ [5] 3 % 7 F NR-50CB, # W] DL £k
SRR R B S PR e 7 T SE LR A X A A
T DLEE S ME BT B st i CB
VERRIMESER, EE@ETYEWN N 5% S
TR AR AZBE 55, E— B LRI T 2
THEERZS), M-S sPE T . 4 DL/CB &
B LE 1] 29 40/10, - [B] 58 220K B % = {E 72.2%,  H
f DL 3@+ e KR R AR 0 2 T8 B sh
PE, 5 CBRRAMNIEEZE M A, =&
HAEMEHER AR SRR T 1 B BB R S AR T Ja
(PRS2, PRI 2R T L i 1 [ P

3 %&it

IR e B R R B AT A
K H W BGUR G T 2% & 7 A [F DL/CBIE K &

B L5 () R ARG IR A MR B L % B, % DL
#5r B AR CB T ¥ R A R ARSI 52 &4 K
THERE S BN BE . 22N TVERE 7T, DL 1)
I PR SR T e B B R4 5 T IR
PRRFTR],  ATTSETE 70 TR0 . AV BRI At
JiTH, M DL AR 20 phrif, JAESE
CB 7 B R, b KB 5 R 43
TEEM PGSR, DA E S0 =42 R E
BRI SRAE T, JRFEERT T S AR 121k
RE. Ib4h, DL SIS T Payne 58, FRAK T,
[FII 427 T tand V& 1E, B6W] DL A3 B T TH R R
1 el B 132 B) R 77 9 3 58 FHL e 14 e . 24 DL A
410 phritf, EEMEHELRFES NR-50CB 14
PO PEREIFRIRT, R B g, HAE
LA R BT NR-50CB #2757 31.1%, &5
FEE(0.73). DB SRR HTIE SR TIEEGIA
DL 7] A2 = 2 A MR DI i e e 57
PER IS Re, A RCFETAR ) ShAS T AT RE .

FE T 5816 6 T g SIZ B TRE 5 SRR B P12
K, A TAERA L LAERr 5 Al AR A 24 B
P NPT RIS, [FED AR W 2R 2R
PR RE. WESMERE. R 524 H
FREJPEAN AR & . HEREX LR B, 4 DL/CB &ALk
%125 10/40 B, RIMG I H G M EHA B 2R G VERE
) AR 4

A TAEAS H DL &6 4 24K CB 1E MR I 0k
AMUTERAR EATAT, NG Tl At 7 —Fp e
BT Rp S RE R, A AR PR AR A4
THll Sh & A YERE T T R FE AR, A RAT
NARE SENEZ N Ty Y-

REFERENCES

Tang, S. F.; Li, Z. X.; Sun, W. C.; Liu, Y. L.; Wang, J.; Wang, X.; Lin, J. Natural rubber/styrene-butadiene rubber blend
composites potentially applied in damping bearings. Polymers, 2024, 16(13), 1945.

Le, H. H.; Abhijeet, S.; Ilisch, S.; Klehm, J.; Henning, S.; Beiner, M.; Sarkawi, S. S.; Dierkes, W.; Das, A.; Fischer, D.;
Stockelhuber, K. W.; Wiessner, S.; Khatiwada, S. P.; Adhikari, R.; Pham, T.; Heinrich, G.; Radusch, H. J. The role of
linked phospholipids in the rubber-filler interaction in carbon nanotube (CNT) filled natural rubber (NR) composites.
Polymer, 2014, 55(18), 4738-4747.

Zhao, S.; Jie, X.; Ma, Z.; Wang, Z.; Zhang, J. C.; Li, Y. S.; Nie, Q. H.; Ma, Y. Preparation of taraxacum kok-saghyz
rubber and biofuel ethanol simultaneously by the yeast fermentation process. ACS Omega, 2023, 8(27), 24185-24197.
Tang, Z. H.; Huang, J.; Wu, X. H.; Guo, B. C.; Zhang, L. Q.; Liu, F. Interface engineering toward promoting silanization
by ionic liquid for high-performance rubber/silica composites. /nd. Eng. Chem. Res., 2015, 54(43), 10747-10756.
VAR, Sk E 5, 15800, A0 . BRAF 4 R E A MBI VERETTFT . A5k T2k, 2018, 65(11), 1243-1247.

Atif, M.; Bongiovanni, R.; Giorcelli, M.; Celasco, E.; Tagliaferro, A. Modification and characterization of carbon black
with mercaptopropyltrimethoxysilane. Appl. Surf. Sci., 2013, 286, 142-148.



996

[T M S 4 2026 4F

10

11

12

13

14

15

16

17
18

19

20

21

22

23

24

25
26

27

28

29

30

31

Fan, Y. R.; Fowler, G. D.; Zhao, M. The past, present and future of carbon black as a rubber reinforcing filler-a review. J.
Clean. Prod., 2020, 247, 119115.

Wang, Z. P.; Wang, S. J.; Yu, X. Y.; Zhang, H.; Yan, S. K. Study on the use of CTAB-treated illite as an alternative filler
for natural rubber. ACS Omega, 2021, 6(29), 19017-19025.

Wang, Y. Y.; Meng, X. Z.; Pu, Y. Q.; Ragauskas, A. J. Recent advances in the application of functionalized lignin in
value-added polymeric materials. Polymers, 2020, 12(10), 2277.

Collins, M. N.; Nechifor, M.; Tanasa, F.; Zanoaga, M.; McLoughlin, A.; Strézyk, M. A.; Culebras, M.; Teaca, C. A.
Valorization of lignin in polymer and composite systems for advanced engineering applications-a review. Int. J. Biol.
Macromol., 2019, 131, 828—849.

Zheng, Y.; Moreno, A.; Zhang, Y. Q.; Sipponen, M. H.; Dai, L. Harnessing chemical functionality of lignin towards
stimuli-responsive materials. Trends Chem., 2024, 6(2), 62-78.

Gordobil, O.; Moriana, R.; Zhang, L. M.; Labidi, J.; Sevastyanova, O. Assesment of technical lignins for uses in biofuels and
biomaterials: structure-related properties, proximate analysis and chemical modification. /nd. Crops Prod., 2016, 83, 155-165.
Spiridon, L.; Leluk, K.; Resmerita, A. M.; Darie, R. N. Evaluation of PLA-lignin bioplastics properties before and after
accelerated weathering. Compos. Part B Eng., 2015, 69, 342-349.

Setua, D. K.; Shukla, M. K.; Nigam, V.; Singh, H.; Mathur, G. N. Lignin reinforced rubber composites. Polym. Compos.,
2000, 21(6), 988-995.

Frigerio, P.; Zoia, L.; Orlandi, M.; Hanel, T.; Castellani, L. Application of sulphur-free lignins as a filler for elastomers:
effect of hexamethylenetetramine treatment. BioResources, 2014, 9(1), 1387-1400.

B, AR, £ R R, sk 11, K] . R RIS AR BT R AN IR A AR AL T AR K IR, 2025,
47(3), 162-170.

Mark, J. E. Experimental determinations of crosslink densities. Rubber Chem. Technol., 1982, 55(3), 762-768.

Xie, L. L.; Zhang, T.; Karrar, E.; Xie, D.; Zheng, L. Y.; Jin, J.; Wang, X. G.; Jin, Q. Z. Highly efficient synthesis of
4,4-dimethylsterol oleates using acyl chloride method through esterification. Food Chem., 2021, 364, 130140.

RAR, EAWE, FAREE, LM R EE A AR 0T 3/ P VA BB 4T A T IR A4 ) 46 S Gt e . R Tk K5 5748, 2025, 44(1),
8-13.

Singh, G.; Kumar, P. Extraction, gas chromatography-mass spectrometry analysis and screening of fruits of Terminalia
chebula Retz. for its antimicrobial potential. Pharmacognosy Res., 2013, 5(3), 162-168.

Lv, X. Y.; Li, Q. X.; Jiang, Z. C.; Wang, Y.; Li, J. D.; Hu, C. W. Structure characterization and pyrolysis behavior of
organosolv lignin isolated from corncob residue. J. Anal. Appl. Pyrolysis, 2018, 136, 115-124.

Poyraz, B.; Giiner, Y.; Tozluoglu, A.; Aslan, R. Cellulose and lignin in place of EPDM and carbon black for automotive
sealing profiles. Int. J. Biol. Macromol., 2023, 236, 123964.

Han, J.; Li, W.; Liu, D. Y.; Qin, L. B.; Chen, W. S.; Xing, F. T. Pyrolysis characteristic and mechanism of waste tyre: a
thermogravimetry-mass spectrometry analysis. J. Anal. Appl. Pyrolysis, 2018, 129, 1-5.

Mohamad Aini, N. A.; Othman, N.; Hussin, M. H.; Sahakaro, K.; Hayeemasae, N. Lignin as alternative reinforcing filler
in the rubber industry: a review. Front. Mater., 2020, 6, 329.

IMEIE, SREH, A MR BTN RGO IR R REBT 7E . AR AL Tk, 2025, 72(8), 563-571.

Xu, H. S.; Fan, T.; Ye, N.; Wu, W. D.; Huang, D. Y.; Wang, D. L.; Wang, Z.; Zhang, L. Q. Plasticization effect of
bio-based plasticizers from soybean oil for tire tread rubber. Polymers, 2020, 12(3), 623.

Banda-Villanueva, A.; Gonzéalez-Zapata, J. L.; Martinez-Cartagena, M. E.; Magafia, 1.; Cordova, T.; Lopez, R.; Valencia,
L.; Medina, S. G.; Rodriguez, A. M.; Soriano, F.; Diaz de Leon, R. Synthesis and vulcanization of polymyrcene and
polyfarnesene bio-based rubbers: influence of the chemical structure over the vulcanization process and mechanical
properties. Polymers, 2022, 14(7), 1406.

Pérez-Aguilar, H.; Serrano-Martinez, V. M.; Carbonell-Blasco, M. P.; Garcia-Garcia, A.; Orgilés-Calpena, E. Sustainable
extraction of lignin from rice straw: utilizing fractionated lignin for antimicrobial functionalization of polymeric materials.
Biofuels Bioprod. Biorefin., 2025, 19(5), 1378-1399.

Liu, R. Y;; Li, J. X; Lu, T. Y.; Han, X. K.; Yan, Z. P.; Zhao, S. G.; Wang, H. Comparative study on the synergistic
reinforcement of lignin between carbon black/lignin and silica/lignin hybrid filled natural rubber composites. Ind. Crops
Prod., 2022, 187, 115378.

Payne, A. R. The dynamic properties of carbon black-loaded natural rubber vulcanizates. Part 1. J. Appl. Polym. Sci.,
1962, 6(19), 57-63.

MRIEAE, i, 223 RBTRFERYE SR S 20 T3k 560 . & o F A 45 5 142, 2025, 41(7), 181-190.



434 BET 5755 BEROR BUR R S AR Fo0 KRG S & AR BE RS2 997

32 Zhong, B. C.; Jia, Z. X.; Luo, Y. F;; Jia, D. M.; Liu, F. Understanding the effect of filler shape induced immobilized
rubber on the interfacial and mechanical strength of rubber composites. Polym. Test., 2017, 58, 31-39.

33 KPR, ARNH, BUER . SIS A T E R SR AR IR . £ 4 2 &M, 2004, 21(1), 46-49.

34 BREEY, TR, JEOGAE, SRARSE, AR, Adn, B, 0. TR R sl T ARG B E AR BT FUE R . & AR
R Tk, 2021, 44(2), 145-149.

35 Naebpetch, W.; Thumrat, S.; Indriasari, Nakaramontri, Y.; Sattayanurak, S. Effect of glycerol as processing oil in natural
rubber/carbon black composites: processing, mechanical, and thermal aging properties. Polymers, 2023, 15(17), 3599.

36 Wang, X. L.; Yang, K.; Zhang, P. Evaluation of the aging coefficient and the aging lifetime of carbon black-filled
styrene-isoprene-butadiene rubber after thermal-oxidative aging. Compos. Sci. Technol., 2022, 220, 109258.

37 Hu, Q. C.; Chen, Q.; Song, P. R.; Gong, X. Y.; Chen, J. Y.; Zhao, Y. X. Performance of thermal-oxidative aging on the
structure and properties of ethylene propylene diene monomer (EPDM) vulcanizates. Polymers, 2023, 15(10), 2329.

38 Maciejewska, M.; Sowinska, A.; Kucharska, J. Organic zinc salts as pro-ecological activators for sulfur vulcanization of
styrene-butadiene rubber. Polymers, 2019, 11(10), 1723.

Research Article

Influence of Dodecylated Lignin/Carbon Black Hybrid Filler System on the
Performance of Natural Rubber

Shu-fen Zeng!, Shu-ting Chen!, Qi-bin Zeng!, Xiao-xia Ye!, Yi-fan Liu!, Ming-hua Liu!-"
(!College of Environment & Safety Engineering, Fuzhou University, Fuzhou 350108)
(?College of Environmental and Biological Engineering, Putian University, Putian 351100)

Abstract To enhance the interfacial compatibility and dispersion of lignin within the natural rubber (NR) matrix,
thereby enhancing the mechanical properties of the rubber composite, dodecylated lignin (DL) was synthesized
through alkylation modification, and a hybrid filler system was constructed by incorporating it with carbon black
(CB). The influence of the DL/CB ratio on the properties of NR composites was systematically investigated. The
results indicated that the incorporation of DL reduced the optimum curing time and Mooney viscosity of the
composites, effectively improved the dispersion of the fillers in the rubber matrix, and significantly enhanced the
mechanical properties, thermo-oxidative aging resistance, and flex resistance of the composites. Among the tested
formulations, the NR-10DL/40CB composite exhibited the best performance. While maintaining thermal stability,
tensile strength, and wet skid resistance comparable to those of the NR-50CB benchmark, the NR-10DL/40CB
composite achieved a remarkable 21.1% increase in elongation at break. Furthermore, the thermal oxidative aging
coefficient and the number of flex cracking cycles were improved by 31.1% and 41.4%, respectively, while the
rolling resistance and cut resistance were optimized. These findings demonstrate the promising potential of the
composite for application in rubber products such as tires and conveyor belts.
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