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T #. Roll & A23 mastication o) &3+ polystyrene(FE A9} SBR 79} blend A AAIH
gof Astd AR A G5 22 FEE AT

1. Polystyrene-SBR blend Aol #] polystyrene 49| MWD 3=, original polystyrene 4ol &43&
ZERaEe) polymer BA47F ZIAA o2 Awtslo] £d3te] wrh whe EAa9] polymer ¥-AE 4
3he, BEFAS FHL $do) AP B} AFAFRLz ol Fshx AR & AHE Me
o] F& BAHoE o] AEHoz vlayd FUH polymer 2 FZ AEHAT

2. Polystyrene chain 2] A< rollo] 2§ mastication time o] ool wtef Frsksz, 140,
150 2 160°C el A 7t 100 &7 mastication A]7) AT EFNAE 2.36x 1007, 1.76x100°7) B
1.52x10° 9] ¥4 polymer 7} 335 ct,

3. Polystyrene &) mechanical degradation 8] FE 52+ 571 45§ ot Zad9dz, —87
keal/mole o] & E(8)9] A JeiAE el 3l ard, wdebd o] -9 mechanical degradation 2
FAZN A S AAA g FFde A process € & AFIR

ABSTRAT. Polystyrene and polystyrene blended with SBR were subjected to the mechanical
degradation by roll mastication. The results obtained are as follows.

1. For the polystyrene which is blended with SBR, the overall shape of the molecular weight
distribution curve moves from the higher molecular weight portion to the lower molecular weight
portion, becomes narrower in breadth, and its peak becomes higher as the degradation proceeds. The
final molecular weight distribution exhibits a relative uniformity. This is due to the fact that only
the polymer molecules with the high molecular weight consisted in original polystyrene are degraded
mechanically and produced the polymer molecules with the low molecular weight.

2. The scission number of polystyrene chains increases with mastication time, and the number of
degraded polymer chains produced when the polymer is masticated for 100 minutes at 140, 150 and
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160°C are 2.36x10%, 1.76x10?° and 1.52x 10%°, respectively.
3. The rate of the degradation of polystyrene decreases with the mastication temperature. The

.activation energy is found to have the negative value, —8. 7 kcal/mole.

Therefore it is indicated

that the mechanical degradation is a chemical process of which the activation energy is supplied

mechanically.

1LF
ARV AL roll mastication o} &% polysty-
rene (554 2} rubber 942) blend A1) J|AHE
g A A&zt FPE(P,—P.)o] Pl 2
Al vhg- Aol H ¢S ek
—dP/dt=k,(Pi—Py)*

Roll masticatione] $}3F polystyrene(e] s} PS
2 9F3) 9] mechanical degradation o] 23 B3
E Goto?o] 2% wE/ g ¥ A9 A &
g o] o},

o] mechanical degradation 2] %3 & PSS 7
Aol G (B E) e 4o AE 2R
EEA F2% 99F ot

E ol A= PS-SBR blend Aol 5] PS A £-2)
¥ %o AR e, PSPHAY 4
PTEHES} dhry W3 P £ELxS £
ot Al 5o ek Zab FER A
2R AAE QL v o o RaPel

2R B
21 & H

Table 1a. Polystyrene.

2 AQe| 4443 PS9 SBR & Toble 14 &

)& wpel et
2.2, Mastication

PS-SBR blend A 2] mastication & 6/ X109}
2open roll 2 9z &g A 0wt A9 10~
15ge AR}A olxg Ayl AFIAT
roll & 744 0.5mm, 34H¥E 1:1.4, roll ]
EooE: 1504£3°C 2 438A $AA

PS ©EA) 9] mastication & 8 %122 2open
roll & 2183t m(roll 2t 0.5mm, A 1:
1.3), roll el Fwl-LxE 140,150 2 160°Cell A
A7 +3°Cz YAsA FAsded AFE
300g o2 shsict,

PS-SBR A 2] blend &= 94 SBR & mastication
o 258 AR ¥, PSE awvetd
BAAS 7 2y ¢ #AE Avte A% 150
g o2 gk

Blend time & PS§ A 71 AFE V€L
2 8,

2.3. Polystyrene of 13 X H&

pSel AAe A ¢43 A1 F &
AARAZ B4EE A4UT F OB AwE
J AAAH wAstz AAY e AY A=A
e}, thA] o] PS & EF4ld Ho 1.2x millipore
& AHgetel A oS QA AATHA AR

Degree of
Trade name ; Producers Polymerization e
Lustrex : ! Blend 28 XE2] PS9) B W AYE
Hi-Flow 77 : Monsanto Co. 2,413 i
| | Sodd Su@ £ AxY 2395 pe Y
Styron 678 ’ Dow Chemical Co.‘ 1,729 oz weolshach
L2 .
Table 16. SBR.
Trade name Mooney cis Content | Bound styrene Monomer Prod
viscostty (%) | (%) bonding system roducer
i .
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2.4 BaENH
FH=S AEE AES AFPE & ol g3t
o o5t zol st
Viscometry. H5&3& ETFA& Lotz 3
o] Ubbelohde 3 4 24§ Ab&3to] 30£0.02°C
AN &Zedx gAFE FA2z 7 H
¥ FE=E Az

(5] =1.10 X 107% Ag0-733,

Osmometry. 45-<te] 5§72 Hewlett Packard
AtAl High~Speed Standard Membrane 561 & 4}
£3te] SR GFe A FAFE
Titd FUEE A&

M,,=RT/<7”>PO
2.5. Gel permeation chromatography AI%E

GPC 33 = 9 £ Toyo Soda ¥ AHA &) HLC-
801 ¥ & AH-oiglon g Table2st Z2 =
vt A A3 ok,

Calibration curve &= o] 29 2] F-=}gko)
2,00090 4 2x10° 779} oo FFel EF PSA
BE 58 th¥ Fig 13 32o] 4givt,

3 EBHRE U R

3.1. PS-SBR blend FR0j|A{2] Polystyrene
o AEES| FFEHFH. Y428 polymer
blend?] mechanical degradation o] $lofA], &3
roll o] 2|8} mastication oj A = polymer g-E-4 o]
€ S48 A4 4 polymer 7, blend o 2
A fEate] A8 4oz AGHE A ¢, % poly-
mer 7F AL A%, 5 FEro g1 o
A B EAFE A, 259 Ay e A
£2 9 polymer 7} Z5bs] = 347 Qo) PS
90%-¢) SBR 10 %-Z 150°Cell A blend ¥ A=t
blend Zo 4 E& 3 PS & 2549 vy A
o Ego] ¢odE %o, F o APz
At A PS T4 (£ e A H5siAe
€ Yol %59 %4 SBR 9 blend Ao
= AY ¥l&dtA "ol FEdie R 4
FQrE) Tt A
£ A3 A= PS(Lustrex Hi-Flow 77) 90%
of SBR 10 %% 150°Cell4] 30 ¥, 60 ¥ ¥ 100

+7} mastication § blend Fol.4 223t PS 9}
MWD & GPC & 2439 REssict
GPC chromatogram € Fig. 20 B A sl
o, o]A L calibration curve(Fig. 1)& A3
o MWD curve 2 81 33l710] Fig. 30]t}, =
g Fig. 4 & original PS 2} MWD ¢} 100 &7+
mastication  F9 PS2] MWD wslske ¥
A Aoz o] 2y & FAut3o] A3l PS Y
MWD ¢} 4] PSS9 MWD & AT Aol
PS A 5.8 GPC distribution curve(Fig. 3)o] Al
FTHEE() ERAFM) S bS] d et
o FE M9 M, 7
M= N, M,

Tabie 2. Experimental conditions.

Coluamn i GMoOx2fx2
Solvent Tetrahydrofurane (THF)
Temperature 25°C
Flow rate 1. 5 ml/min
Sample concentration | 0.29%
Injection volume | 3004
T i T { L T
105k 7
Y o\ B
E 10 I \ -
g
c
=
104k 7]
Lt 1 1 i ! 1 1
20 24 28 32

Elution volume(count)

Fig. 1. Calibration curve for polystyrene in THF
at 25°C.
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Fig. 3% 3718 »hahz
=, 60 % 100 7} mastication ¥ blend 2}
A 22 & PSA R MWD curves & A& A
o] ¢}, mastication time ©) ZolFo} wra} Lok
o] 3x10°¢) 48] sBAgE PS chaino] AerH
of Abarol 4x10° F29 fraction & FH 3
A2 g}, 30 571 mastication 7 F = 5x10° %
ol BEFA9) 34 L A £23 polymer
7b AAddsi e, 60 %71 mastication 17 & -
Akl 4x10° -T2 2 peak 7} ol g3ty e,
100 27k mastication 3 71 & B Rako] 2x10°
ol A4 sharp @ £ 2 & FAstn v FIG
TAFE £LE 7 E polymer 7t 4512 o
T Aot

ol&tZL A3tz ¥ PS 2 MWD = polymer
chain 2} mechanical degradation ¥h-&¢] &% ¢
F99 fractionel] A Bel, 22x Wwaog g
el FEHA YL Fdo] AYje w1t
# AxAFdRon ol Fsn A ¥ AHE
T o] F2 FHoz FHo HFHoz v
aA FYE polymer 2 H-& e eb(Table
3 3=z),

=3¢ ARAZAS (M,=10'0]3) e PSRzt

original PS 2} 30 \

€ 2AZRANA AY A wme JAH
7 %EFE A, olgpe PSS Axe
Plattb o} 2]} vibrating ball milling ¢} £} 3F =
B8k (M, =49,000)2) PS 2] mechanical degra-
dation 4] 8} A A=} o A Po] YA 3R o]
thermal degradation & Euksla] Q= £423
mechanical shear degradation 9 & ¢ &3k}
3.2. Polystyrene 2| BEXHE SRS} I

ol @it VIeE $RFFYEE 4
% 2ol ZAQE
" mydP
pdem_ e

f , dapP J; nydP
I:m »3P: PS8 weight distribution
function

[npdP: PS S| number distribution

function

Osmometry & 7% P, & A48l | ndP &
A& st w chg4® o2 PS chain &) A G4(8)=-

Table4. Number average degree of polymerization and scission number after degradation in roll mastication.

Temp. (°C) | Time(min) P, {7 ny dpxaot Sclstion, namber
Original | Lom | 9.61 | 0

| 20 896 11. 16 0. 84

140 : 30 837 11.95 1.41
60 782 12.79 1.92

100 739 13.54 2.36

10 976 10. 25 0.39

_ 30 906 1104 0.86

150 50 863 11.39 1.19
60 824 12, 14 1.52

100 798 12.54 1.76

20 931 10.75 0.68

4 908 11.02 0.85

160 60 888 , 127 1.00
80 843 ; 1187 1.36

100 824 ' 12. 14 1.52
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Fig. 2. Gel permeation chromatography of polystyrene
components {at 150 °C).

w,; the weight-fraction of molecules
whose weight is M,

N;: the mole-fraction of molecules of size
M

£ Table3o] ZAFGAcH ofd
£ mastication time o] whe} AR e B
< Ve gl

PS o} HI-PS o

1 [+] -1 O
ZNANBE T

A &7 FSo A radiation &
Z radiation Oﬂ
tion o) A} & FS 2} PS 389 M. e F
& 4E8A e 33t 9

;
B Aol 2AE vez d&E ¢ 5 Atk
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& degrada-
pavh M,

\.[

204

10}

Weight fraction

157 10¢ 10 10 10?
Molecular weight

Fig. 3. Changes of MWD of polystyrene components

(at 156 °C).

— ¢ original,

-- 1 after 30 min mastication, —-

min. mastication.

: after 30min mastication,
.—: after 100

10

Distribution
lost

Distribution
gained
o

\

o1

Weight fraction

1
104 10° 10°¢ 107
Molecular weight

Fig. 4. Difference in MWD between original and
degraded polystyrene after 100 min mastication.

Table 3. MWD values calculated from GPC distribu-

tion curves for polystyrene samples‘

Heligation, o | ¥ M. /M,
0 " 218,700 \ 82, 100 ‘ 3.88
) | 953,500 | 73,500 |  3.45
60 234,900 | 99,300 | 2.37
100 \zoo, 500 ‘ 80,000 | 251
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A QY A3 Tabled ol BA 39l

S=[(_[: nde)‘—(I:nde) N

Nyt Avogadro’s number

(2}

S : Scission number

Original PS(Styron 678)9) P, 1041 ¢]#,
140°Coll A 100 £7} mastication 71 9] zte-
73943, 150°Cel A 100 27 mastication A 31
2] g2 798, 160°Coll A 100 ¥-7} mastication
A7l T g 84 24, ¢HFEYES; 140,
150 3 160°CY=] 27t 302, 243 =8l = 2177
F AstE R

Fig. 5 2= Ae Azte) o g Fdast
o A FA0e, 140°C YW Aot A3
Frkstz, 1503 160°CLoollE Ad49 %
o7t ¥lmAq A& Aoz vebycth
£ AP e PSE 140, 150 2 160°C
o] A 100%3} mastication 3} 2 2. 36 x 102,
1.76x10% 2 1.52x10%72) PS7 Ay #
o] sAr},

3.3. AAKS| SHEFEAS| BME 2 &
E A PSAEE mastication 3} S w]o] &3
22 728}, mechanical degradation 8 2 3<%
EA(4d ez R P oo} k9 S HaAs

39

HE MA two parameter fitting method 2 7}t
TE he2 AT ALAE Table5o TAINR
T}, Table56] BA% AHALE viscometry 2 T
B FgEolnh

225 ¥E F3 PSY mechanical degr-
adation ] 2 ZE5 44%  Arrhenius plot 8 A

120°C

20—

1:(.%*/'

o o
16070

1()r °

Seission number{ S > 1071

“

t I ! 1
0 20 4 B K

l(l)()
Time min)

Fig. 5. Scission number vs. mastication time for

degradation of polystyrene in roll mastication.

Table5. Degree of polymerization of polystyrene (P=1,727) before and after in roll mastication.

Temp. (°C)
140 150 160
Time
{mi:'l. ) l Calculated Calculated Calculated
Experimental value Experimental value Experimental value
value (k,:ﬁ. 22><10'a) value (k,=4. 65Xx10-° ) value (k,=3‘ 86X 10°¢
‘ I/mole/sec {/mole/sec E {/mole/sec
0 1,727 1,727 1,727 1,727 1,727 1,727
10 1,623 1,636 1,663 1,679 1,706 1,703
20 1,573 1,594 1, 657 1,652 1,679 1,685
30 1,538 1,557 1,636 1,627 1, 660 1,668
40 1,528 1,523 1,593 1,603 1,662 1, 652
50 1,504 1,492 1,572 1,581 1,617 1,637
60 1,457 1,463 1,557 1, 560 — —
80 1,413 1,413 1,515 1,522 1,589 1,595
100 — — 1,498 1,488 1,569 1,570
» 800 900 1, 000
Vol. 19, No. 5, 1975
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v=—8.7Keal/mole

Fig. 6. Activation energy of mechanical degradation
of polystyrene by roll mastication.

2343 —dP/dt=k,(P,—P.)? 3
H 3 1 =1
HEH P—P, - -PG_POO Hh @

Py 22 t AT FH=E
Poi 22 3F F¥=
ki §% 45

of Fig. 6ol=, of 23 7|72 3§ B
oA & 7§ A3} -8 Tkeal/mole o] 3 3
£+ 29+

=g 2AFEAAF b BAANAE 7R
3 o}l Ao} 2] A3te] 92 entropy of activation
& Table6 5 vk

b= g_%?_ o155/ RgEsiRT (5)

k. 2nd rate constant

K Boltzmann constant
k; Plank constant

ool #AlZlef1] = thermal degradation!?
(E,=55 kcal;/mol}, oxidative degradation!! (E,
=22. 4 kecal/mol), extrusion o] €]3} mechanical
degradation®® (E,=20. 2 keal/mole), ball milling
o £1%F mechanical degradation!® (E,=() 5=
28 9 & tield o] mechanical degradation

Table¢ Entropy of activation,

Temp. k, | Frequency Entropy of
-1 factor activation

(°C) |(mole™ sec )I(l mole~! se¢~!)lcal-mole~? K-
Mo | 622x10- | Ls1x107 | ~106
150 | 4.65%107° | 1.48X10-° | —106
160 | 3.86X107¢ 1.53X107* | —106
Average | ! -~106

2] ubde] wel polymer chaino] ¥l shear

force 8] ko) ZErx & dFA =¥ R

of &jsl L& entropy of activation AST

Tableg o] M & o] =19 & B 7+& vellie]
243} AfeldA] 4Ft e & Fo gtez A
Aok, F o] ukgo] A o] Fe] AF ST
ZHA ez 2 APz A polymer chain
¢l] degradation ¢ 48717 9314 & C—C chain &)
A A nrd & work & AEA A F

o] ok 32 Kghrl,

Bestult & C—C & #-2 degradation A17]7] ¢
A dAst C—C A 3-& degradation?] 7t &
9 BohE o) BR PG R £ 857 o] A
o] 3t °F9) mechanical energy 7} R adlivtm M
2% af ek,

wteba] B 2dwtg-o] Arrehenivs 42 tH5F
2o WEs Frevta A4

k=A exp (_'"{"@zlg']%}__W} ) 6)
E,=(E,—Ep)—W )

Z polymer 7} A|AIA 2z AG2a= g3
2o ARAE AR deldotz B0

(1) Polymer chainc] Azt & 2z @&

random coil A-€]

(2) ALH L wol Aoz HA Fe

(3) At
oz FHF ¢ o, A4 EE (D=
A (7N 2 A iAol Egze
(@)ygAlA RAZ H2G] AA F 2
Ho) Aoy Wiz g¥olal 73t work o] vf,

alz}4] PS & degradationd]l ©)§F negative

¢
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energy of activation & EA¥H xwguldA
9] degradation ©] mechanical force o] W3 23
4& 530, oy L=} Agdd g A=
9 742 A polymer chaino] ¥ shear force
7 Zrasil W EolmR o|=) 8 degradation 2
FAZANNA & AAA 2 FEge A=
Aolek & 4 AU,
=3 AR A Z AgE vehde, ¢
ol Awg wpepzto] PS chaino) EIF3 A
249 Q1A random #HA] W B & 0] §17) = Fof
mechantcal force & 7}3tH 27 chain &) wjQ
ol Ajgke] JtHA FAASE At AR} ¥
< AW F A=A dobd AWz sle A
o2 AR, ol 2 rate determing step(#tig
Bi)& (2)9 @A F shear force & ol cha-
inol AHJer HAE Juetn Azhgcl
=g ol 93% S5 o] g EEsial me.-
chanical force 2t} ol =)o) 2]§) degradation
of deoig Al ul, o|We FAHIe A= +
&g YehilA 2 Aelm g degradation & me-
chanica] force o 2}t F-E3 GefrAe] 23
o FRAZ U] o] @ Aew
rE o,

e

N

2]
L2
X

4 %

Roll & A}84-%l mastication o] 23} polystyrene
(FE A9} SBR 9] blend A)2) 714 ¥

date] Aeg A% e 22 AES A0

(1) Polystyrene-SBR blend ] &l 4] polystyrene
Ayl MWD &, original polystyrene e Z#)
#t w2Aake] polymer £A7} 7AHE A
G50 awste] nrh v P2xiake] polymery
AE A4, EETAY AHL Fdo] A
o] wel ARAFGog o) Filw FA L
AR g AT ol F2 TALE FHo HFH
o2 vxd FIY polymer £ & AF3INY
o},

(2) Polystyrene chain 2] At roll ¢ 9|
%} mastication time o] Z ool nie} F} 39
=, 140, 150 2 160°CelA 77+ 100 £7F ma-
stication A1 A &) Zl A 2.36x10%, 1.76x
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10, @ L.52x10°708 #4 polymer 7t 44
e, '

(3) Polystyrene 8] mechanical degradation 2}
FREEE 22 Aol Wt Fasgla,
—8. 7 keal/mole o) & 9| A3 IAE et
Walen, wadA] o] A %2 mechanical degrada-
tion & VYA E JAAL 2 F3¢E 3
4 A3 AF3ch

B dFE 19749 5 ERBREN A A3
ol 2 ofFolA Q8o dR2A JAY
o) e =avk, wmd AR EEA LEE
WDrFBiol A GPC & Aol Fxito]F EfliE
A ZHARRT

3 A X R
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