2.1

(thermoset)

" (vulcanized rubber)

(Pyrolysis)
(sulfidic bond)
(-SH) (-<2)
(R-S03H)
“R-S(=0)2-0H" (acid strength)
Amberlyst®15
Nation®
(heterogeneous acid
catalyst)

(esterification reaction)
(biolube) (biofuel)

(homogeneous



catalyst)

(heterogeneous catalyst)

[10]



2.2 (Natural rubber)

JUN 2.1 dnvazludasudavndug s [11]

(latex)
Hevea Braziliensis [11]
2.1
700
CH’V ARG H  HC H
W Yo Ll e
"H2C" \C——C/ \C——C/
H, H, H, H, Cvn
Hy
2.2
-1,4- (cis-1,4-polyisorene) -CHz

2.2

(CsHY 1



-712 °c
200,000 400,000
[12]
2.3 (Vulcanization)
(Vulcanization)
( ) 2.3

(irreversible  process)

(curing agents) (sulfur) [13],
(peroxide) [14] ] (phenolic resin) [15]

. 1839 Charles Goodyear [16]

1839



10

Unvuicanized

NS,
s ?/? . Aubber Moiscules ="
o % o S
|

Suitur

\

- Crosalinks

Vuifcenized
Nalwork
2.3 [17]

23.1
2.3.1.1 (Curing agent)

crosslink

(tensile strength) (hardness) (modulus) (elongation
at break)

(sulfur donor)

di-morpholyl, benzothiazyl-2-N-dithiomorpholide thioplasts



24

2.3.1.2

2.1

21

(sulphenamide)

(Guanidines)

(Mercaptobenzothiazol.es)

(Thiurams)

(Dithiocarbamates)

24

(Accelerators)

Scorch safety

[17]

11

le iitaltEl «J

[17]

CBS,MBS

DPG

MBT, MBTS, ZMBT

TMTD, TMTM

ZDBC



12

(/V-cyclohexyl benzothiazole-2-sulfenamide, CisH)s 2: CBS)

25

N H l Initiator I N
OO 25, O

T O) e

MBT
JMBT

Sy
0 s

,S=S

S S

I 3 3

S—S \2

N N- i i
stas‘—-s_(/sj@ é—s\—s%sjg t MBT

c— ¢—
i I

C— Cc—
¢-sx ¢—H

2.5
(17]

2.3.1.3 (Activator)

(Zno) (Cdo) (McO)



2.6

Accelerators + Activators

11

Active Accelerator Complex

r

Active Sulfurating Agent

-
Rubber-bound Intermediate (RSyX)

T
Initial Polysulfide Crosslinks (RSXR)

T

Crosslink shortening with additional cross-linking
Crosslink destruction with main-chain modifcation
- bond interchange

\Y

Final Vulcanizate Network (RSXR)

2.6

R = rubber, H = allylic proton X = accelerator residue [18]

13
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2.3.2 (Cure system)

2.2

Crosslinks Other modification

e P _ P
1 A |

monosulfidic 1 pendant side group

I. H H

p j—
mulyifunctional vicinal L ‘]
i1
cyclic sufides
disulfidic p r
-c=¢C —- c=¢c¢-—
>}
————— c-—-C . .
conjugated unsaturation
Cr: : vicinal /
/ .:C\ PR —C
polysulfidic

cis/trans isomerization

2.7
[19]



2.2

-C-C-
CSC
CSSC

-C-Sx-C-

TMTD, TMTM, MBTS, MBT, CBS

2.3

2.4

15

[20]
(kj.mole ")
351
285
267

<267

3 [20]

(Conventional vulcanization system, CV)

(Efficiency vulcanized system, EV)

(sulfur donor)

(Semi-efficiency vulcanized system, semi-EV)



2.3 [21]
(phr)
(phr)
2.0-35 0.4-1.2
1.0-1.7 1.2-25
0.3-0.8 2.5-6.0
phr = (part per hundred of rubber)
2.4
(%)
Poly and Di-sulfidic 95 50
Mono-sulfidic 5 50
Cyclic sulfidic concentration high medium
Compression set, 22 h at 70 °c 30 20

(AS)
0.1-0.6
0.7-2.5

2.5-20

[21]

50
80
low

10

16



2.4

(Retreading)

recapping

(Pylolysis)

(thermoset)

400-700

17



2.8
500-900 °c
Py O Feme Secoadary,
Scrap tres m.o-'-'.";x' i Y profucss processng nln-l“.lw'i‘uh

s (3

U 2.8 windunnlaanmsintsladaveseslugaamingsy (22]

€a

(Devulcanization)

(devulcanization)

C- -

(thermal processes) (mechanical process)

(microwave process) ' , (ultrasound process)
(biotechnological process) (chemical process)

(mechano-chemical process)

18



19

(devulcanizing agent)

( )

2.5

25

The chemical probes Attacking position
Sodium di-n-butyl phosphite Di and polysulfide
Propane-thiol/piperidine Polysulfide
Hexane-I-thiol Di and polysulfide
Dithiothreitol Disulfide bonds into two thiol groups
Lithium aluminium hydride Di and polysutfide
Phenyl lithium in benzene Di and polysulfide

Methyl iodide Monosulfide



25 1 (Oxidation process)
(oxidation)
(reduction) (reducing
agent) (oxidizing agent)
2.9
(reducing agent) (oxidizing agent)
r
Oxidation
é Compound A
6 108e8 electrons
& Reductlon —l
. ™ garselecnons @G
Reduced
2.9 [23]
( 202 (HNO3

RS 1 R

(RS0:H
H20 2
] 2
2.10
[9, 24] 211

20




methyltrioxorhenium (CH3Re03, MTO)

Step 1

Step 2

RS+ 3 202

RSSR+5 2<2

RSSR + 2HNOs

MTO
GBON 20 C*
MTO
CHCN 20 °c *

RSGH + 3HD

2R-S0H + 4HD

------------ y  2R-S0H + 2N02

21



22

2.6 [25]
(-COOH) 1 (-0H) 1
“ Fisher
Esterification” 2.13
] @]
R-O-H + H-0-C-R ~ - RRO-C-R + H-0O-H
2.13 [25]
(polymer)
(polyester) -
(polyethylene terephthalate: PET)
Fischer Esterification ( )

(acid chloride)

(exothermic reaction)

2.14

(> ¢}
R-0-11 + (} - R  -eeee ) R — iR f HCl

2.14 [25]



2.6.1 [26]

(protonation)

(lone pair electron)

CH3- c U ______ )
\ O--H
v'o- H
>
\Y
=X

intermediate)

RO @]
v
how 0 Yo
1P °
ch3- C
\
0-H
(carbocation)
@]
/
CH3- c +
\
@]
(tetrahedral

(rate determining step)
O-H

ch3—c -0 -h
|
CH3—- CH2- O-H
+



O-H
[
ch3—c-0-H
CHS-CH2-C -H A3
+
4
o—H

CH3- C - O+H
I A
CH5- ch?- O H

i

ch3- c+

0 -CH2CHs

O-H
| +
CH3-c - 0-H
CHi— CH2 — A
_H 0-H
CH3- ¢ + H
- CH2-CHS3
H- O y0
V
O H-0
CH3- C
0-C H 2CH3

24



2.7
(catalyst)
2
(homogeneous catalysts)
organometallic ,
(unsaturated ligand)
(heterogeneous catalysts)
(nanoclay), (activated carbon), (molecular sieve)
(zeolite)
(Zeolite)
(Amberlyst®),
(SAC®) (Nation®)

( ontmorillonite)

25



2.7.1

2.7.2

SAC®-13

(20,),

(203
(HCOOH)

(HCI)

26



2.8 [27]

7 2.15
B l!, Tl & - p\ T
ulk pnase O Boundary
ver
- 2! Py
7 \ ./

// {)“(] ;/[f“" @ Peller

2.15 271

(bulk phase)



(rate determining step)

2.8.2.1

2.8.2.2

gegseelel

Ao o

—a( ) — () -—

desorption

obB

4 ( )

[28]

(Langmuir-Hinshelwood Model)

(Eley-Rideal Model)

A C
@ 2

I77777777777777777

surface

surface ‘\\\‘\~—~_‘_______ surface "
c iy

migration

2.16

reaction

) - ()28



2.9

base

Haas

29

[29, 30]

(polymer-
d catalyst) (ion exchange resin) Rohm and
DOW Chemicals

(polystyrene)

(divinylbenzene)

2.17
=~CH~CH3~CH ~CH3—~CH—CH3;~CH —CH;~CH —CH;—
S
~CH—CH;~CH-CH;~CH—CH;—~CH—CH;~CH —CH;—
e Ve
NS NS
\x N %
-CH-CHj-CH'CHj-CH-CH3-CH-CHi-CH - ch3-°°
: i‘:‘(
2.17 [27]
vJ vJ
Amberlyst®15, Amberlyst®35
Amberlyst@H10

(matrix)
(macroreticular)

Amberlyst®15 Amberlyst@s5



(gel)

Amberlyst®131 Amberlyst®33
60 - 150
Amberlyst®15
2.6
Amberlyst®15
2.6 Amberlyst®15 [28]
Amberlyst®15
(
4.7
16%
53
300

38%

2.6



2.7
[27]

Amberlyst*

Amberlyst”lo

Amberlystrl

Amberlyst@5s

Amberlyst®d

Amberlyst&39

Amberlyst@0

300

250

300

240

230

(m2/ 8)

53

30

50

33

32

36

(mmol/

4.70

4.80

4.80

5.0

54

5.0

2.65

120

130

130

150

150

130

190

Esterification
Phenol alkylation
Olefin hydration

Phenol
purification

Esterification
Condensation of

Bisphenol A

Dimerization
Phenol alkylation

Esterification
Phenol alkylation

Phenol

purification
Esterification

Esterification

Olefin hydration



Okwu [31]
(epoxidation)

thioglycollic acid (crosslinking)

Zhang [32]

(reactive site)

(-OH)
sodium tungstate (Na2WOa)
(c=0)
Rachel [33] (SBR)
(-03)
Oxidation
R-S-S-R------m - * R-SOjH
(o )
- Oxidation
R-SOjH HNo 3 )
Yehia [34]
1 ' (filler)
(-SH) (R-S(=0)0H) (R-S(=0)2
OH)
Monir [35] MCM-41

SO03H)
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