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Desulfurization Mechanism of Waste Tire Rubber by Acidithiobacillus Species
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Z8: dEelelo(WTR)= g3 7t 2L 3lal o A 4
2lE Acidithiobacillus F5 ©]&3le] HElo]oje] Eut i7]°ﬂ
TFolAE FTIR-ATRI} XPSE ARESle] &3 d39] delolo] ¥H
FTIR-ATR 4] A3}, C=C ZH(1540 cm™)ollA <] Fho] &3}
(DWTR)®] FHeA S-0, S-S, S-C Ajo] 74Fhe SRIsitt. &
ZMX WTRZ} DWTRS] €38 3l A2F 02 Acidithiobacillus =5

< 98t sulfoxide, sulfone, SO 0122 ez H3lA 7S B3

}Oj om, XPS &4
U]— DTNB & =H3} 3kt o]

TES WIR X4 7}

Abstract: Waste tire rubber (WTR) is hard to transform naturally because of the stable crosslinked structure of rubber
material, resulting in environmental problems. Here, we investigated the biological desulfurization mechanism of WTR
by Acidithiobacillus strains (Acidithiobacillus thioxidans and Acidithiobacillus ferrooxidans) by the size of crushed WTR.
The surface chemical groups of desulfurizated waste tire rubber (DWTR) were analyzed by FTIR-ATR and XPS. FTIR-
ATR data exhibited C=C bonds (1540 cm™) decreased after desulfurization. XPS data showed S-O, S-S and S-C bonds
were remarkably decreased on the surface of DWTR. Also, we confirmed desulfurization between WTR and DWTR by
DTNB assay and SO,” ion measurement. Taken together, Acidithiobacillus species break the crosslinked disulfide bond-

ing on the surface of WTR, resulting in sulfoxide, sulfone, and sulfate ions.

Keywords: desulfurization, waste tire rubber, Acidithiobacillus species, sulfide bond.
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2ol M AR A Acidithiobacillus £ 288 2 714
BlE|E|ol= sulfides(SY), sulfur(S)yS AFIAIA A, sulfur
= sulfate ion(SO )2 AHSA 7| 2 F O] sulfur 2
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ueb B AFNM = Acidithiobacillus 5& ©]83k] %1
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Sl Weke mIskEA) Stk Aol AT RS
Acidithiobacillus < %, Acidithiobacillus thioxidans(A.
thioxidans)}  Acidithiobacillus ferrooxidans(A. ferrooxidans)
ol F 57k Hglolo] Fde] o mE g@Ey} g%
HAYSE Bl 4813

Al
=

ot

Aok ! MZ. 2 Aol ARE-EF AR sulthydryl groups
HZE3I= 5,5-dithio-bis(2-nitrobenzoic acid)(Sigma-Aldrich,
USA), sulfate ion(SO) A¥ste] I HA7]= barium
chloride(Duksan, Korea), ] & 47l 23k vkl ==
of AF£-3} potassium dihydrogen phosphate(Junsei, Japan),
ammonium sulfate(Junsei, Japan), magnesium sulfate
heptahydrate(Junsei, Japan), ferrous sulfate heptahydrate
(Duksan, Korea), calcium chloride dehydrate powder(Daejung,
Korea), magnesium chloride hexahydrate(Junsei, Japan),
manganese chloride dihydrate(Junsei, Japan), cobalt chloride
hexahydrate(Duksan, Korea), zinc chloride(Junsei, Japan),
ammonium molybdate(Fisher Scientific, USA), copper chloride
dihydrate(Duksan, Korea)©|T}.

OME. & Aol ARSI W& Acidithiobacillus
thioxidans(KCTC 4515, Korea), Acidithiobacillus ferrooxidans
(KCTC 4516, Koreap ™, PIRIEAILATE (http:/kete kribb.re.kr)
oA Fgrtol ARg-EIAAT

HElo|o] 22| 7| &F. FEle]o] 29 /)& 2Kl
at7] flste] AAWEE FAA AR 7 (FE-SEM, JSM-
6500F, JEOL)S AF&-8I31Tt. o2 57| (lon sputter, E-1020,
HITACHDE ©]-§-3t o}232 7k A stollA] wig 318
slo] W FHG(ACC voltage) 15 kVollA 1008]&=2 #2519
o}

OMEe ME M £H. vte| 2 ol4. thioxidansS} A.
ferrooxidans)®] WIS 190 mLe] ¥iX]el 10 mLe] HAE F
Z3ted 30°CZ F-x1% ' v]¥7](Shaking incubator, SH-
802F, LABOTECH)o| A =8 31 th> ARS-gF nlj QFel o] =
238 Table 13} 7t} A. thioxidans®) 7%= pH7} 3.0, A.
ferrooxidans?] 73-%-= pHE 2.0°.2 93o] ul|Fslsitt. vl
L] A S 33 A(UV-visible spectrophotometer,
Agilent 8453, Agilent Technologies)& AM8-314 A. thioxidans
= 600 nmOIA.%7 4. ferrooxidans= 500 nmol| 4] €] 3=
£ 2439t} ol A thioxidanse A2 A7Zo] SFeEL,
A. ferrooxidans= ¥ ©] AW7Zo] F& Hg 07| wjEo|t.

HElo|o] 2| EE X2l 759 FEtolo] £T-S
500 mLe] WA= $H+3F 1 L shaking flaskell ¥ 7 QPE
7](Autoclave, AC-02, JEIOTECH)®| A A3l 2 &
850 mg/Le| + F=°] M} wigd 20 mLE FH7IsIST). 14
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Table 1. Nutrients of Acidithiobacillus Species

Concentration (g/L)

Component
A. thioxidans A. ferrooxidans
(NH,),S0, 0.2 0.132
KH,PO, 3.0 0.027
MgS0, 7H,0 0.5 -
FeSO,7H,0 0.01 20.0
CaCl,2H,0 0.25 0.147
MgCl,-6H,0 - 0.053
MnCl,-2H,0 - 0.062
ZnCl, - 0.068
CoCl,6H,0 - 0.064
H;BO; - 0.031
Na,MoO, - 0.010
CuCl,2H,0 - 0.067

A5 nYERZE FElo]o] B A|FES 7RIEl] 3]s
Ao, THTE 33] Al T 70°C LB A 24A17+ A

HEojo] Eo| B =M. FTIR-ATR: & A7ol-+= A
59 FHoA e EAAY B EES S5 flal 29
A B3 E2497](FTIR-ATR, Hyperion, Bruker Optics)E ©|-8
st TEE Zb HEfo]lo] B2 KBr 255 Al & st
300~3500 cm™ HL]ellA ZG 5T}

X-ray Photoelectron Spectroscopy: #HElo|o] £ Al&
Wl ¢, 0 A, 283 S-S AF FF ¢ =S s
7] 918 XA 3R} B39 (X-ray photoelectron spectroscopy,
K-Alpha, ThermoFisher)& ©]-83tith. >4 & A=
100~600 eV H ol X XPS AL 270& 33] =8 dto] 4.
thioxidansS} A. ferrooxidans®] |efolo] HEite] &3lg A
skt

Contact Angle: WJAE]2] = A|5°] W 54 W}, &
3] e e wiskE Ilsl] S8l JEA 547
(Contact angle, Phoenix 300, SEO Co. Ltd.)2 ©]-&-3}3t}. 121
2 A= G¥siA] &2 HEfo]o] F2H(80 mesh) ©
3% delo]o] E2(80 mesh)S polypropylene(PP)$} 7:3 H]
2 Wit & = 243 (compression molding, heating press
controller, KUKIJE scientific instrument)S ©]-8-5}4 sheet &
|2 A 23} sheet TH Ho SHRELSS Yoy 1%
F 53] S4o] HEE ZEad A T 1027 SYsIH

HEfo|o] B EMO| Sulfhydryl Group(R-SH) &Ql.
5,5'-dithio-bis(2-nitrobenzoic acid)(DTNB)= 3}3H&E2] sulthy-
dryl group?t %13} whgof] oJste] WA= AJofo 2 HE}o]
o] B2 %] sulfhydryl group®] FF5 E1s7] 9l5ke]
ARgsA T AE WES WTR3 DWTR 100 mge 1.5 mL



Felolo] Bwkol Acidithiobacillus 29 23 &3 WlAUZ 685

tubeol] ¥, 2mM2] DTNB2} 50 mM sodium acetateS =
Foll Ao A= DTNB Al¢F 1mLE 42 §, 37°C
heating block(HB-48P, Dachan Scientific)l|X] 2A17F ¥F3-AIF
o} A4132) 7] (Centrifugal separator, Combi-514R, Hanil
science industrial Co. Ltd.)S ©]-8-5}%4(10000 rpm, 5 min) 2]
S5l 200 uLE FFlell Y3l UV-visible spectrophotometer
(412nm)E o]-&-sto] SA s

Sulfate lon(SO,2) £&. FEfolo] But &r8} & o )

pu

SEI 15.0kV X100 WD 95mm  100um

15.0kV X100 WD 9.8mm  100um

15.0kV X100 WD 9.9mm  100um

Figure 1. SEM images of *WTRs used in this study: (A) 40 mesh;
(B) 80 mesh; (C) 140 mesh. *WTRs: waste tire rubbers.

N

19] SO,* ion®] ¥& F215}7] $Jll barium chloride(BaCl,)
£ ]85} sedimentation assays T33}3AT}E SO 5 A
’Jeld] BaSO,= 9& dEle o 2t

Ba? + 2CI" + SO, — BaSO,(s) + 2CI

A EAE 3 e 5mLet BaCl,(200 mg/mL) 2 mLE
o] 37°C incubatorol| A 1A]7F ¥HSAIZ] & A4 R 7|2
A 248 -3 THA000 rpm, 30 min). A58L #|A
31 QE(Oven, OF-21E, JEIOTECH)° 70 °C, 1077+ A=

Az ¥ A0gel A% 248

)
2

]

ot

ol
-

o

Zi ¥ EE

HEl0lo] 22| 3F7]. FEtolo] 2Ee] A7]E gRlsh]
918l FE-SEM2 AH&-8FA th(Figure 1). Aol AHE-3F #E}
olo] ¥ Z7]= 40 mesh7} 236~313 um, 80 mesh=
112~168 um, 140 mesh= 1829 umyS Felsi3it).

0| MA M. A. rthioxidans, A. ferrooxidans®] 287
=48 Figure 29 YERNRITE 850 mg/Le] o H=2] #A)
20mLE 500 mLe] ®iAel HESAT A thioxidans=
12.5~22.5X17}, A. ferrooxidansi= 15~22.5X7 ol A R 452
715 BRI Fo BAE FATE SRlsiart S & A
TFoMe PAEe] /7ol 7 Estal #AlTE B 175
AZF BN (A. thioxidans), 20%17F BRI (4. ferrooxidans)yS
ARE-8I3I T

HElojo] B2 EMo| SEt7x EH. nAE A A5l
&k Fglo]o] o] FTIR-ATRS] Z =S Figure 3(A)A.
thioxidans), Figure 3(B)A. ferrooxidans)®l YFER SITE. A.
thioxidans'= C-H 215 % %1-5(2846, 2918 cm™)3} -CH,

(A) —=— A. thioxidans
201(B) -+ A. ferrooxidans (A

Absorbance
° o
1 1

b
o
1

0.0

Incubation time (hr)

Figure 2. Growth curves of Acidithiobacillus species: (A) A. thiox-
idans; (B) A. ferrooxidans.
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Figure 3. (A) FTIR-ATR spectra of A. thioxidans desulfurization;
(B) FTIR-ATR spectra of A. ferrooxidans desulfurization: (a) con-
trol; (b) *DWTR 40 mesh; (¢c) DWTR 80 mesh; (d) DWTR 140
mesh. Control: WTR 80 mesh. *DWTR: desulfurizated waste tire
rubber.

band(1447, 1372 cm™)7} &2e] #23flof] wje} 7Aghs Sl
sk 4= A=), ole A. thioxidans®] PIAE thAle] Q&) &
2o ZAo] S E L AL E T} RN, A, ferrooxidans
9] 7%, C-H bond®] Wis}7} =7]el] we} vu|shs glst
St} Z28]3 C=C conjugated double bond(1540 cm™)ollX=
93 § F #77F e A0 R band7F TS BA
Th2E o]z, mAE thAt A F, ALEAAE o] FAL AUe
C=C bond’} 222 s drl= 21 o]}, wix|akoe
2, sulfone A (1075, 1375 cm™)=} sulfoxide A3H(1075 cm™)
oM A thioxidansSt A. ferrooxidans?} 5434 WTRe H]
3 sk As RISkt o], HEtejo] £ Y
S-S Agto] mAE thAtel eJaf AkskE]o] bzt sulfoxide(R-
SO-R’), sulfone(R-SO,-R’) A% o2 Ws}ehS ojw|gh},
HIEfo|o 2&te| ZE MEf FH. n¥EAE] A5 HElo]

o] ¥ Fwel C, 0, 89 A% AelE S457] $151e] XPS
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Figure 4. XPS spectra of Acidithiobacillus species desulfurization:
(A) DWTR 40 mesh; (B) DWTR 80 mesh; (C) DWTR 140 mesh.

£ AL, 7 A%E Figure 49 YERIIT. B8 34
S 73 sEjole] wel C 1s B Hefolo] Rue] =)
7} Zhagel W) Wakelx) e sejolo] Returh zhag
2 18 & T ol LA T8 2] Acidithio-
bacillus F) 18] sk = setolo] R =717} AL
we} vggo] 483 & Sl HAH0] Zle] WEow



Helolo] B2 Ycidithiobacillus 0 25+ &) wAUZ 687

Figure 5. Contact angle data of WTR and DWTR treated by Acidithiobacillus species: (A) control; (B) composite of *PP and DWTR of 4.
thioxidans; (C) composite of PP and DWTR of 4. ferrooxidans. *PP: polypropylene.

AlEE g8 3 0 1s ¥A9] W 53 C 1s 93] A
S} fAKERS: Fo1g 5= e, ol HElolo] B ¥y
o] S-S Aol 4ks}E]o] sulfoxide(R-SO-R), sulfone(R-SO,-
R))9] FeZ WSS Ve S 2p 30049 C-S, S-
S, S-O0 A% 7t} 162, 164, 165 eVolld Yty 21921 g
3 % defolo] BEe] 162, 164, 165 eVolr 2] ¥=17} &3}
314 k2 FEfolo] HHHTE A4S HAFAET), o)
A% Hlo] = S-S Ajfol 4kslEo] sulfoxide, sulfone
o] Y= Wslsh sulfate ion(SO,M)CE Aks), w3l=7] o
Fog AEHTE C 1s, O Is, S 2p 920 358 A
Efo]o] ko] F7|7t ool wle} A Ee] 25 3=
= S-S ZA3te] Bt vgF o g Frleths Holt). o=,
Hefolo] Fuke] o] FrIgte @M wEo| tAl 2HE-
S T F e B B3 Sk WEog AlgE)
O|MEX2| = HE0|0] BHe EM M3} X, s
g3 T dlejolo] ik wHe] EAS BRIsh] 2ldl contact
angleS A&t th WTRS] 739, 98°5 UERH REH ]

HS%/O 57 g ogN—Q—U—Qwoz
O
o / \ NO, 'ooc:
DI TtNB

412 nm emission

HS
Figure 6. Reaction mechanism between sulthydryl group of WTR
and *DTNB. *DTNB: 3,5"-Dithio-bis(2-nitrobenzoic acid), TNB: 2-
nitro-5-thiobenzoate.

DWTRS] 7%, A. thioxidans= 86°, A. ferrooxidans= 96°Z
YERATH(Figure 5). ©1=, Acidithiobacillus 2] VA& ©%
HFGoA AtaE e 4 A, 28 FEAHOEE
sulthydryl group®] @/d= o] XI2do] Pd=7] Wiz o= A}
2T} e

DIMEx{2| £ HIElojo] £ Sulfhydryl Group 4.
DTNB A]¢f3} HElo]o] B 9] sulthydryl group?t WF
& MIFAYSES Figure 60l YERHRITE. FEtolo] £ 79
sulfhydryl group®] DTNB &2ke} Z13IWh-E-S Qo 7] 0 24

0.04

Qe 140 mesh)
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® b
@
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o
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<
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0014
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0.00 T T T T —_— e T
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Figure 7. DTNB results of DWTR according to the DWTR’s size
by UV-visible spectrophotometer: (A) A. thioxidans; (B) A. ferroox-
idans.
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TNB #4171 A€}, o] of, TAE]= TNB 4}¢] 2wt
$-2 UV-visible spectrophotometer(412 nm)& =% 7153t}

Hefolo] £Ze] DTNB A|9F -3 A= FHEfe]o] &
717} Zollel| w2l DTNB A|oF7F w80 Z7Fehs gl
gt &= A TH(Figure 7). 28| 5 Acidithiobacillus Tl
w2} FUg HPE Bol=u, ol Acidithiobacillus <)
A& AL o] fAk ] o ® ddEnt”

Sulfate lon(SO»)2l & &M, nAYEA ] Fo] wjgls
BaCl, 83} 73171 2R A3, control(M] A= 1A

H1 1O

2] vix]) H)a Al FHEfo]o] (140 mesh)e] =0 o

0.07 —
(a) —m— A. thioxidans
(b) e A. ferrooxidans|
~ 0.06
[©)
5 0.051
cam /
3 $
2
o 0.04-
2
©
=
2 0.03
e =)
£ 0.02 -8
© . 1
o s
0.01 .
-
T T T T
Control 40 mesh 80 mesh 140 mesh
WTR sample

Figure 8. Sulfate ion (SO,*) measurement using excess barium
chloride (BaCl,) solution according to DWTR's size: (a) A. thioxi-
dans; (b) A. ferrooxidans.

(A) A. thioxidans

“"“’OOC?Q“w

—_—
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Jz—o
o =

S
=g |
5 A ferrooxiduns s—o

-Q000- Q090

~ QPP

=0

D—0
)ty ——|

- A8 oA -

—_—
A. thioxidans

A. ferraoxidans

o} - WY - A

oo o
wvHE =

£ delo]o] E1(40, 80 mesh)H.t} lsisitt. 140
mesh®] 7%, A. thioxidans A& A 3.190, A. ferrooxidanse
3.58) S71ge ERlslith(Figure 8). ©1= Acidithiobacillus
2] thAb 2Rgof oJs) FEfolo] EHe] S-S Aol 1
=o] SO ion®] HIA] W2 FYHEIASS oJnlstH, FEle]
o] o] =A7|7} Fopxlo| wet nAdE vhEehe
o] HoJABRE sulfate ion®] ¥ T3 FTlsIATHAL AFRFTH?

O|4E gE HZ{UE. detelo] 28 A9 S-S 2ol
Acidithiobacillus &\ ©3} 4F8}=|] sulfoxide, sulfone 2%
< P43, sulfate ion(SO)O-Z H3}HS- Figure 991 1}
A, A thioxidans®] 73%-, €% & 2 ZW
ethenylene chain(-CH=CH-)& F&x o2 133X 4k 4.
ferrooxidans= ethenylene chaing 3}3] 5% &< FTIR-
ATR spectra®] C-H A5 25 W= 1232 XPS9] C s
VA5 st FRlsinh

zd
=

rhu

HEfolo] o] g8 7] e
sith. & AFolMe mAESH] g9 7S o]&sto HE
olo] o] g5E B g9 wAYUSE s, ©]9] 9]
& 7FeAE AAlstaat el Hgtelo] TEEFE S &
IS A&sl7] 18k A. thioxidans, A. ferrooxidansS A}
231912 ™, FTIR-ATR, XPS, DTNB assay, BaCl, I A<
o] gsle] Fefolo] o] @9 WAUESS FHINL HE
7} 2785 Sste] HElolo] B W ¥ISkE SRl
ol Aol Thiobacillus perometabolis(T. perometabolis)

877 Yol ol

Tt =11

1l

0000~ 0090~

O 0=5=0
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Figure 9. Proposed desulfurization mechanism of Acidithiobacillus species: (A) A. thioxidans; (B) A. ferrooxidans.
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£ o3 HEfolo] o] @8] #Ag A il vt
NS, T perometabolis & A& 7%, 204 &%
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o] o FUG wkg A+l WIS A. thioxidansi= 81.1%,
A. ferrooxidans= 804%°] =& E9ES 7S ov|git).

5 A. thioxidansS} A. ferrooxidans®] 2] <, ¥iF A7k
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