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Abstract: Styrene-butadiene rubber(SBR) is a copolymer of styrene and butadiene. It is composed of 1,2-unit, 1,4-unit, and
styrene, and its properties are dependent on its microstructure. In general, rubber composites contain a single rubber or a
blended rubber. Similarly, SBR is used by mixing with natural rubber(NR) and butadiene rubber(BR). The composition of
a rubber article affects its physical and chemical properties. Herein, an analytical method for determining the microstructure
of SBR using via pyrolysis is introduced. Pyrolysis-gas chromatography/mass spectrometry is widely used to analyze the
microstructure of polymeric materials. The microstructure of SBR can be determined by analyzing the principal pyrolysis
products formed from SBR, such as 4-vinylcyclohexene, styrene, 2-phenylpropene, 3-phenylcyclopentene, and 4-phenyl-
cyclohexene. An analytical method for determining the composition of SBR/NR, SBR/BR, and SBR/NR/BR blends via
pyrolysis is introduced. The composition of blended rubber can be determined by analyzing the principal pyrolysis products

formed from each rubber component.

Keywords: pyrolysis-gas chromatography/mass spectrometry, styrene-butadiene rubber, microstructural analysis, natural

rubber, butadiene rubber

Introduction

Styrene-butadiene rubber(SBR)E 713 da] AFR3t= A
T8 Z S} E styrened} butadiene®] FE3A| 0|t BRa}
SBRoJ| 4] butadiene sequence= 1,2-uniti} 1,4-unit® =2 1} o]
AW, 1,4-unit2 oA| cis-1,4-unit? trans-1,4-unitQ 2 LESH
t}? SBRE] EA2 o] & 471R] vN 7R H9] v &l up=t
2Etzit}t. SBRE el met /353 SBR(emulsion
SBR, ESBR)} 8983} SBR(solution SBR, SSBR)Z JLE.%
o} &AFHLE mAlF2E 23 0] 755l SSBRE ESBRE
ot o B33 vjAl 2 E 7RI o gntA o= SSBRE
1,2-unit greFo] =& AFko] 9ltt. SSBRE B E ESBRYE T &
L BAgF BxE Zher)’

SBRY mA|lt2E= RAEAIEY E814 EAo 9= X
T} SBRO mlA|Ftzof whet 1ot FXIA| Abo] o e Ak-g
o] gatHIch® 1R TR Q] Bl A AL gz o3
M= g2k >0 3 7k SBRo||A 7t = o] HIk= 1,2-
unit®] gegFo] F71gol| whah rashe g Bk SBR
2 32, A 50 Ot 22 o] & EH F-8AHE Etolo]
EE AR Wol AHgHE? YREH 02 SBRE RO R
ANt ZAE T NR 52 BRI} £ sto] ANt 7497t
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w}.

SBRO] n| A2 = & €] 4 23 (infrared spectroscopy, IR)
3} A7) FH-EDH (nuclear magnetic resonance spectroscopy,
NMR)} Zh2 2335H4] b ot 28 43S 0|85t &
A8k 4= Itk SBR2 IR 418 53 styrene, 1,2-unit, cis-1,4-
unit, trans-1,4-unit®] T=FL AT 4= Yh'77 NMR £4
S &4 styrene, 1,2-unit, 1,4-unit®] =S AA3 4= gt
53], IR 232 cis-1,4-unit®] FS 24T 4 dok= &
ol et A F e BAS flof 2 RERkE S0k
T2 B ZAE 4g 5 A

2 =0l A= SBRE| m| A2} SBRo| X3t EWE 11
o] 24S GEE-7 1A A=utE L 9 A FEA ¥ (pyrolysis-
gas chromatography/mass spectrometry, Py-GC/MS)Z AH8-3}
o] B3k e Belstel ArNelkgich. EE, B B
o) %7} S40] A E £7451 k. Py-GOMSE 22s)
AR oA AEE ERAMYLES GColl vtz FUste] 77
o] JEer s, Hed Z s AFEA7IE B4
A AF E45hH= URlolth Py-GC/MSE A A& Iz
4] 7Hs5t7] woll 33 Whgol vl Al: HA e 2
o] gitke o] 9lct.*
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Pyrolysis Methods
1. Furnace type pyrolyzer

3]3}= (furnace) B2l 7<= &3H(flash) F&E8)<F HH 3| 2
=5 g7 RV BF sbestth? <1 dRae) ¥
€ J3EE dote 28 =2 FASHL ARE I3t=
o Y& Aot GRtA o= GCY o2 2 AHgsh= dF
I 2 v@AY7IA Y] B52 7HERE S5t EEsAA
=2 oleAt 33te 87l 83 APl A
2y ARl ANae 8 227t v AFE 3
RO FFoEZ ARIHE AR HE ¥ & E287H A
FEoh AT 4 32 FEE AR HEY 52
LTI 2 =8A % (dead volume) @ 2 Q13 7 of ARE-E|A|
Heth A28 e A W2 E8AHE A= &
2 3gtE7t ARgET? 2 ARE AL 7oA 7}
g YL R o=z £AF ulo| A2 3327} Fol A
EE T QJohF ¥ ate]az g2 7Hd A el Fol ¥l
Ageol AL, Al=7FE7 H2 T A3f At ke o]
$3 glgtz o] Fofoz oAk P Alg 3 ooz
Al FA7IU A S8 A (plunger) FA1E ARESH A RS
FAT 5 JobY S5k PAL thekgt 2=ollA dE3)
Al 4= o] °C ZHF 22 800 °C7HA| Z2 O Y= 715
318 $2 T 1-100 °C/min7hA] 28 7hs8he 33
2o A|R7} @ojA|AL 0.1% ool d&3f =0 =TTt

i

o

2. Filament pyrolyzer

il E (filament) B&-37]= Yot &8 220 =
st7] 98l Y &2 i Y EY AFE S8 AR &
o] 7}l A= Whajo|th.? uigy)l e A3 F&o] il
EZ ARGEY FYolu 2|2 FE) Q] 22 H (probe)E AHE-EH
oY 3ol = A8t 23 22 A gye] AYdEch P
A&7} 50 e A 948 A AL Sle geE
&3 A2 8F9-A (housing)ol] ¥R =1L 35S 97] 9
7FEE L ek gufo] SeEE AR g Z2e
AREEE 4 Qi HatdE JES)7])E 20 °C/mse] 7+E
22 2] 1100 °Co] £&71x] =238 4= 9Jom, 1 °C 7+
Ao 2 1400 °C7HA] =2 a9 78t 328 QA3 2
7HA] 15-50 ms Wo] =E3tct? 3Y T2 HojA AR 42
o 2= AR F4, FH, 27], A9 HollAe flxet
22 89l FFE W=t} AE7F et EL A HEs)
A 7] &l Aget e 2= 9 A7 25 o
Hot. Bt 7Hg ol o3 Ao HIE Qs 2= Fg
ot AFAo] "ol 5= Qo

i 2 e

3. Curie point pyrolyzer

AW GRS (Curie point pyrolyzens F4] ZAHA
(ferromagnetic) A& o] 83 71 WAlo 2 15T} MR
ko] A5Gl o) 54 LER W2 g BeY
A A @A L2y A Bl AL P eI A
AHo] 943t LEolth S F2)d Lwo] EPEhE B4 =
o] ALekA H 0|4 FhAEA] gFeth Fl2lH dua7]olA
NRE G AR B (pyrofoil)ell #pe] A Bls}zzol
EQHGH00 9w shde] 93] pyrofoild] L=t FAS
A2 A7) e do] Almo] HEE o] ARa|7} Lol
o} A28 ARe71014 Que| LEE pyrofoile] F5o] o]
o ARG F2)d Q)] A AHslE pyrofoil
Z2 YAz} Fo| gholrt ) 1 oo A mE S0z A
28 §ES o837 E Bk AR e Yo 10-
100 ms Afol2] wj$- BH& A7ko] Aojubel, pyrofoile] &5
ol Wk 160-1040 °C7HA] F 207 olFe] ARe) L A
o] FHITEAS Fely ARV WE 7t S=, Hoet
S5 QAL AT Yotk AHEHE pyrofoile] F5el o
o Qi) Lxvt FoA o e LE gAE Za g
e 4 ok wgo] g8

4. Double-shot pyrolyzer

o] B4 &3] 7](double-shot pyrolyzery= F|dA] L H]
g sHE] st ARE BF A S e Pl ?
A2e 2RI A 28 AR o /X5 S8 93 A
7 3jo] ulo]AZ 3R FAIOR o]FHCLM iR &
e g AAE Joem AEe Y SA &7 1
Aot oA 28 &AL sl @ g3 ¢ &8 ut
Heoh AR A e A0A E 22 gAE

AR EHELS o)F BA QHAVS o 8T BAL T &
AR ol2oATh. 3 HA BAA L LA BBl A >
2 3 GOMSE BAH 1, 5 iR SAcIAE e e

A f718 &AL 59 A27F GRE Hol GOMSE £4
ok 2= 40-800 °C Mol A 1 'CHAH o2 24 7Hs3}
o, 2 &5 1-60 °C/min7tx] 28T 2= 9)r}.

o>

Microstructural Analysis of SBR Using
Pyrolytic Technique

SBRY| AR AU EE 71 HH 02 BRY BEA AL
Z3stch BRY 8 GE3 WA ELS butadiene, 4-vinyl-
cyclohexene(4-VCH)7} Qith.!>1833 o] 9]o] SBR HE 3|34
=2 styrene, 2-phenylpropene(2-PP), 3-phenylcyclopentene
(3-PCP), 4-phenylcyclohexene(4-PCH) 50| gt} 25183 2+ g
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Scheme 1. Pyrolysis mechanism for formation of 4-vinylcyclo-
hexene (4-VCH) from butadiene sequence.

Scheme 2. Pyrolysis mechanism for formation of 2-phenylpro-
pene (2-PP) from butadiene-styrene heterosequence of SBR.

wolgEe) B4 AUSE Schemes 140 Lk 4-
VCHE] 7% 1,4-unito] 1,2-unit®] butadiene sequenceo]] 2]

Scheme 3. Pyrolysis mechanism for formation of 3-phenylcyclo-
pentene (3-PCP) from butadiene-styrene heterosequence of SBR.
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Scheme 4. Pyrolysis mechanism for formation of 4-phenylcyclo-
hexene (4-PCH) from butadiene-styrene heterosequence of SBR.

3 A=Y, 2-PP2] ZHLo]&= butadiene-styrene hetero-
sequence?] 1,4-unit-styrene®} 1,2-unit-styrene Z§Ho| A AA]
=}, 3-PCPH} 4-PCHE= 1,2-unit-styrene heterosequence©]| A]
HAE Tt 4-PCHx= 1,4-unit-styrene heterosequenced]| A= &
49 4 sl

Table 10 SBRS] m]§|7-2 o] Z7bekel wet 24 @
2= W3t A3 25T 1,4-Unit2 1,2-unito]]
H|3}o] butadiened AAste Zo] Aoz &istA] ¢
o} o]of) Wkall 1,2-unit 1 EAof we} R E] F
Foll ¥ vjHch P4 1,2-Unito] Al 4-VCH o] €]e] 4-
vinylcyclopentene} 1,4-cycloheptadiene®@} ZH2 C7 £0] A
H & ofA, La-unit thB] AHiH o2 4-VCH7} A A4
Hrh 343 Scheme 5049} Zro] C7 &L 23} ght]ZolA &
AEtt. sHA T cis-1,4-unit@} rrans-1,4-unitof| A= 12} 2k Zt
Tt YA E 22 1,2-unit homosequenced| ATt C7 £o] FA=E
4= Qle}. oo whe} styrene FHgo] A f, 1,2-unito] F7t
gto] et C7 9 QRN EC] BHE = ULER 4-

Table 1. Variation in Abundances of Pyrolysis Products with Microstructure of SBR

Microstructure of SBR Increase Decrease Reference
Styrene Styrene - 3
1,4-Unit 4-Vinylcyclohexene - 34
1,2-Unit - 4-Vinylcyclohexene 34

1,4-Unit-Styrene - 2-Phenylpropene 5,18
1,2-Unit-Styrene 2-Phenylpropene - 4,5,18
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Scheme 5. Principal pyrolysis products formed from (a) cis-1,4-unit, (b) trans-1,4-unit, and (c) 1,2-unit butadiene sequences.

VCHE] A& 743ttt SBROJA] styrene EHFo] S71= & sequencel2 T} B-cleavage’} AE + A= 7FsA 0] &7]
B WAER styrene?] YAIL ghitslA gt 33436 1 2-Unit- o] 1,2-unit-styrene heterosequence”} &7}gtHo] wel 2-PP=
styrene heterosequencer= 2-PP9] S ZAA|7|= HiH, Z7)stct.

1,4-unit-styrene heterosequenceol| A= 2-PP7} AYAJ E|R] Q= Figure 13} Table 2¢f+= ESBR} SSBR2] A& &<l Py-GC/
oh 518 ol FE HHA FAHEE AR O ez 9 MS 2 2rtE IS AU o714 2o AE FL 1,2-unit9
3t Zlo]th.!? Scheme 6049} 2] a-cleavageo] &A= Fo] B & SSBROJA styrene HjH| 4-VCHE] H]&o| ¢
styreneo] BAE|] Pecleavaged] S| 2PP7} AAECE 2 Uehdehs Rolth. ol ol Rzl 12-unito]
1,2-Unit-styrene heterosequence”} 1,4-unit-styrene hetero- g £& =Y gojl= 4-VCH o]9)of C7 £9] G&3) A

(a) _ (b)

o CICH\HV N\clea\age o g[c‘,\ﬂy N\C]ca\agc

P

Scheme 6. Primary radical formation from (a) 1,2-unit-styrene and (b) 1,4-unit-styrene heterosequences by heating.
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Figure 1. Py-GC/MS chromatograms of (a) ESBR and (b) SSBR
(styrene: 40.1 wt%, 1,2-unit: 46.6 mol%, 1,4-unit: 53.6 mol%).
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Table 2. Principal Pyrolysis Product Formed from ESBR and
SSBR (Figure 1)

Retention time

Peak No. Pyrolysis products

(min)
1 1.18 Butadiene
2 5.63 4-Vinylcyclohexene
3 7.01 Styrene
4 9.12 2-Phenylpropene
5 13.32 3-Phenylcyclopentene
6 15.89 4-Phenylcyclohexene

Eo] 49 4 7] gEoltt.

SBRO] w2 AEAYLEDS WP BA7L k"
SBRO] GEFAWAE % 2-PP2] Atju]i= 1,2-unit FFo] =
7V 2 Zrbete AT Hgon, 1, 4-unit o] F7)st

i

pa¥ s

O

dashs S B B3 o E G4 E) Hist
3 A0l B ACR Uehgeh. olot 2 AuBAS
g35hd 7FaE u])x] 2] SBR A ZoA] 1,2-unitd} 1,4-unit]
AFe BAY 4= Q). v]R] YA = SBR A| 2|4 butadiene
1} styrene®] &HEFo] EA-S ¢15t9] styreneo]| Tl butadiene
o] Aiu|}t A butadiene®] TS Bl st 2, A
7} 066302 A8 WA ekt 4B 017] 9190
1,2-unit FeF Fote] BAFSHH AdAs= 094302 7|4
Eo] v Al &9 w2 g o]-§& = AUt 7HF SBR
AL GEFYAEZ butadieneo] 1,2-unit =Tt AH)
butadiene ol w2t S7toh= BEFS Holm w2 A8
+E Uel 22, 713 SBRY] 1,2-unit 2-& A A butadiene T+
= AT & US Yuigth
HA R} 71EE A7z w2t GERSBEE] tHE
7ol U ot >"® 1,2-Unito] Z-7Ftel] whet 2-PPo] Ay
{17} S7Fohs AL AARAH F oL A
L A A7 okl 1 0)8-= 7L, cis/trans conversion S
o o3t Aoz Holth ZAA 9 AAZIA = SBR-J |
E|YAEQ] FAlo 93-S u|Fth? Butadiene/styrene H]-&
o AAZAA Feknt BAGlel A S e ATt
31R|9t 1,4-cycloheptadiene/VCHE] H]&= Aleh#A| Z3 A geF
o] Z7Fetel wet F7tstg o, viEol A Bt 7t of Al
o A vebgth 7k o 4% C-S 2fE 1R F
o] C-CEYET ofefjA B} ¢A FolAuzE GEBEE
o H4ol A Eo

o 8 =

Quantification of SBR in SBR-Blended Rub-
ber Composites Using Pyrolytic Technique

1. Analysis of SBR/NR binary blend

Figure 2= 972 ESBRZ NRE ESBR/NR = 90/10, 80/
20, 60/402] FAH| 2 E%}ste] 4-& Py-GC/MS A ZutET
Fo|tt. Table 39 HEH =8 dREWPI=S B2 sttt
Isoprene®} limonene(dipentene)}> NRQ] 98 R3] A&
o|t}. SBRY| H|&o| S713to| wet SBRY FEs|AH =S
7kl o, NR| FE34 22 745k3ich. SBRI}F NR
O EAAQ GH YHEZH FZ styrened} limonene Al
et ESBRI} NRO] H]|gof wE styrene/limonene?] 29
2] WAHE v 2 FP-E uf ESBRY &Fo] 10, 20, 40%E 5
7}gho]| whe} styrene/limonene?] £-9-2] HAH|= 0.80, 2.27,
5012 =743kt

URtA o= SBRI} NRo| 3 oA F &9 24
H| S 2X8 0 9 GEJYAPER styrene} limoneneS A}
g8t = gEFAYES] Bog W 3o EX o)L

o $97 AL ol WT 2YL ST 5 YUtk
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Figure 2. Py-GC/MS chromatograms of (a) 90/10, (b) 80/20, and
(c) 60/40 of ESBR/NR blends.

Table 3. Principal Pyrolysis Product Formed from ESBR/NR Blend
(Figure 2)

Retention time

Peak No. (min) Products
1 1.14 Butadiene
2 1.30 Isoprene
3 5.41 4-Vinylcyclohexene
4 7.07 Styrene
5 10.27 2-Phenylpropene
6 11.51 Limonene
7 14.58 3-Phenylcyclopentene
8 16.80 4-Phenylcyclohexene

Styrene®] 592 WA 4y, limonene®] 5-¢-2] WAL 4,
ol2til FE uf, tha A& o]§3}o] SBR/NR Z3tofA] SBR
O & (For)= AL

A,y

FSBR +A1 )

“

sty

SBRI} NRO| &3} H]&o] ThE AR E FH|sto] Q&) 2
Mg AIHE A3 SBRY H|&of| ME Foprd T43}3]
o] AL A5, u|R] A5 AE sty 18 =%

Yang §-& 7HEgelo] ZFHA ghe 1R EXBYR 3}

AFAL AAFYOR, o} F THEBUOR ST 1L
Z3519th® Yang 5] A A3} ohea} ¢
Z3}A] &2 SBR/NR 179 S = H|E-S 0-90% Af
oA 10% A2 WBkAA RS Eulstact. A%A
Age EF NTE G902 Axstdct. Fud APny
£ 0.02 g& olg3te] ZtLTEE B7] 10 10 mL HHits}

o

oo Y FA = 4A]7}E°} A7|2oA 7tE5t4Th 1 &
10 mLe] Afo] 22 TULE o] g3te] nRE 23T o] &
NS 50 °CoflA 7243t F4F RISk A o 50 g
Ao ol gt e, FulE SEAA J——r”}—g dE3fsA
GE= GC/MSO| A H2ke 422 nfo]a 2 AV|Z &4
—r-?SH7] (vertical microfurnace pyrolyzer)S AHE-3te] =33+
E3l= 550 °Cofl A Y= . SBRIF NRE| 742 <)

—tr'-OH HAER styrened} limoneneS AHESFATH AL

48 A AT R? = 0.999) YT SBRNR =
SOS0%) AHEE ATl AFHE B 15 122 A
AF5l9S w] SBRY| H|&0] 48.5%F Ao GAKSH S 9&
% slgiek

2. Analysis of SBR/BR binary blend

Ol

Figure 33} Table 49 ESBRZ} BRO| E3}HH|S th2 4 5lo]
2 Py-GC/MS AZ2ute 07} 39 EFBAHAES AA
o}iit}. SBR¥} BRZ 8 RSP E & dF7F FLsHA
LUERd ). BROj|A] A E = B34 &2 SBRY butadiene
sequenceol| | 5A3HA R Th SBR| Fhgo] Zhaghel| wh

Intensity

Jumwﬁw ,,;..JL;H.,,JMJ&JL_,L-A_‘LA,, U Y PO R VU fE)_ -
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Figure 3. Py-GC/MS chromatograms of (a) 90/10, (b) 80/20, and
(c) 60/40 of ESBR/BR blends.

Table 4. Principal Pyrolysis Product Formed from ESBR/BR Blend
(Figure 3)

Retention time

Peak No. (min) Products
1 1.18 Butadiene
2 5.63 4-Vinylcyclohexene
3 7.01 Styrene
4 9.12 2-Phenylpropene
5 13.32 3-Phenylcyclopentene
6 15.89 4-Phenylcyclohexene
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2} butadiene™}+ 4-VCHE dH =7}3}H, 2-PP, 3-PCP, 4-PCH
L 4st= 73‘ ¥FS H it Butadiened} 4-VCH:= SBRi}
2RSSl BRo] F7HE0] Wt 5
E et wh2ba] SBRI}F BRO] ERFarof A =
e —E-/S]’fﬂ—ﬂ 8l A+= butadiene-styrene?] heterosequence
oM BB QRe) ARl elg mao] Waslt
SBR=} BRo| Z3H8l nRol A 24E B4 o) A% A8
YA EE styrenedt 4-VCHE Yutd o8 Apg3r} 373840
SBR/NRS] B3HTR8 HA45H W4T oh/bA 2 A% o
BEHAAHEQ B2 ]_g_—;;].oq TR 2L AASH

e |
t}. Styrene®] B3 W » 4-VCHO| 297 W3S

mlo mlo

Z_'
B

AyerPl2HAL & W, o *-1% l%o}o:l SBR/NR Z§to]lA]
SBRE| Z-&(Fssr)e Attt

A

Fogr = ——
(Asty+A VCH)

SBR¥} BRE| &3t vl&o] ThE AIRE FHlst &3 &
A3t AIE Ag3to], SBRY| Bl &ol| T2 Fype EAISIS}
of ARG AL, v1A) A2 kg ei7]ef st

= .
Yang 52 S 5% ¢S SBR/BR EFEE AFAS &

AetT stREdo] FE TRE AL BrpstAcS 1
A3, Aol AuASG7E R = 09872 $551goH, 7HE
Bdoa 2215 SBR/BR = 50/50 A|2S 2435 A1} SBR
o] H]go] 51.6%<] AL2 Ueldth Lee 5= AR A3
< AYE A}, AEAER? = 0.980)7F £5=3 AFAS A
Ak Buspdct”

Chae9} Choix= SBR/BR &3} 112 AHEB|E BA3517] ¢
o QAR T Golg o gale] AFAS 24
o 189 ApH|E BA5] stel 719E
sfo] REARE ALgalE o] shalAek, Ak} u]go]
2750 oA 2] AR o 4 Yok oj Lol uf
27] g 2o dARE o83 HFA £4E Tl HES
AE = Qe ARE Aekstich SBR/BR &9 17 A=
£ 95t 2714 S ARSI she £ 15 89
= AlzstRon tE stus 2 §HS A& FH] oA
Egsto] ARSI ZF AR EEtolE Skl JfAT
sto] S & A=A F, F FH 2 Alzsh] 2451
ot QA RE o]&sto] AT AFAS 718 ANEE AN
shof 295k g v wgt Aat, Az} e HYF
Ao] AR 71 &7 & Zb= A E+= butadiene/styrened} 2-PP/
butadiene®]| $J T}

3. Analysis of SBR/NR/BR ternary blend

Figure 4%} Table 5¢]] ESBR/NR/BRQ] 3AE A &3} 11 F-9]

Intensity

: 7

/

8
L ILLMM dujhmWMJJMJMWJMMWMUMW
é 1|0 1|5 20

Retention time (min)

Figure 4. Py-GC/MS chromatogram of ESBR/NR/BR (70/10/20)
blend.

Table 5. Principal Pyrolysis Product Formed from ESBR/NR/BR
Blend (Figure 4)

Retention time

Peak No. (min) Products
1 1.19 Butadiene
2 1.35 Isoprene
3 5.63 4-Vinylcyclohexene
4 7.01 Styrene
5 9.12 2-Phenylpropene
6 10.17 Limonene
7 13.32 3-Phenylcyclopentene
8 15.89 4-Phenylcyclohexene

Py-GOMS Z2ulEI87} 2a JRHHAEL A5+
t}. SBR¥} BRE| 98 G EFAAIE2 butadiener} 4-VCH7}+
AEE e, SBRO E4 22l &34 4E<1 2-PP, 3-PCP,
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