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Abstract

The study has utilized SBA-15 to immobilize HRP for the enzymatic
polymerization of aniline. We have established a condition for the synthesis of
spherical SBA-15, which was used as a carrier for HRP immobilization By
controlling the pH of the solution, we found that the sodium phosphate-citrate buffer
with pH 4 provided a good environment for immobilization since SBA-15 and HRP
hed the opposite charges under that condition that might bring about ionic attraction
between them. It also ensured the better activity and stability of HRP. By employing
the established procedure, about 6.4 pg HRP can be immobilized by per mg of
SBA-15. BET analysis has shown that the pore diameter of SBA-15 was reduced by
HRP immobilization indicating the successfulness of HRP immobilization inside the
pores of SBA-15.

Preliminary results have indicated that HRP may be important for both the
formation of aniline cationand the polymerization of aniline. Meanwhile, the addition
of doping agent such as HCl or DBSA during polymerization is able to improve the
conductivity of synthesized polyaniline (PANI), whereas the optimum concentrations
of HCl and DBSA were 20 mM and 3 mM, respectively. The UV-visible spectrometer
exhibited a major peak near the wavelength of 750 nm for PANI after doping,
referring to the emeraldine base of polyaniline. Finally, we have demonstrated that the
synthesized PANI by the established procedure possessed good electrochemical

properties.

Keywords polyaniline (PANI) Horseradish peroxidase (HRP) SBA-15 (Santa

Barbara Amorphous) enzyme immobilization
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1.1 ? (HRP)

? (Horseradish peroxidase, HRP, EC 1.11.1.1.7)

(hemoprotein) ? (Horseradish)

44 KDa pH 3.0 90 403 mn

(Carlsson et a. 2005; Glazer 1996) HRP

HRP
111 HRP
HRP 308 ?
(heme group) ?
11-91 44-49 97-103 177-209 (Tsaprailis et a. 1998) 1-1
Heme group ? His N
1-2
(Tsaprailis et

al. 1998)



HRP

(CO) (cyanide) (azide) (fluoride) (formate)

(acetate) (Carlsson et a. 2005) HRP

HRP 4

(Glazer 1996)



1-1 HRP (Veitch 2004)

exposed
heme edge

OH HO

1-2HRP -heme group (Veitch 2004)
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112 HRP

HRP
(phenols) (aromatic) (thioanisoles)

(jodide) NADH NADPH (La and Lin 2002)

HRP (Everseet al. 1991)
HRP + H,O, - compound + H,O Eqg. (1-1)
compound +AH - compound + A Eq. (1-2)
compound +AH - HRP + A Eg. (1-3)
H.O, + 2AH %%5® 2H,0 + 2A Eq. (1-4)
compound compound HRP AH A
HRP

compound compound

(AH) compound (A)
compound compound  compound
compound (Yang et

al. 1996) HRP 1-3 HRP
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m cation radical
(A) (B) ()
1-3HRP (Carlsson et a. 2005)
(A)  compound (B) compound (C) HRP
1.1.3 HRP
HRP
(La and Lin 2002)
1 (ELISA)
ELISA (Enzyme- linked immunoabsorbent assay)
HRP
HRP

(Bhuniaet al. 2001)



(ethanol)

HRP

et al. 1998)

pH )

H

HRP

RP

HRP

HRP
HRP
(amperometric) (pontentiometric)
(glucose)
(tumour makers in vivo) (nitric oxide)
(Ryan et al. 2006; Casero et al. 2000)
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1.2

(1)
1 (adsorption method)
pH
2. (entrapment method)
(gelatin) (cellulose acetate)

(polyvinylchloride)

(2)

(polyvinylalcohol) Nafion



1-1

(chemical conjugation method)

0.02

(membrane confinement method)

1-1

(semipermeable)




1.3

131
( 102 Slcm)
T
1958 Natta Ziegler-Natta
(polyacetylene, PA) 1977 Alan Heeger
Alan MacDiarmid Hideki Shirakawa(2000 )
(doping)
(Heeger 2001; Shirakawa et a. 1977) P N
(polyaniline, PANI)
(polypyrrole, PPy) (polyacetylene) (polythiophene, PT)

(poly-para-phenylene, PPP) 1-4



Pokocetylene
(PA)

AN

Polythiophene
(PT)

Poly (3 oliryl)

thiophene

Polypyrrole
(PPy)

345

Palyiscthionophthene
[FTIN}

&
MI-:n:-!ﬂf-:u stitubed

pelypaor phenylene
{ MEH-PPV )

Palyethylene
dioxythiophene
(PEDOT )

Polyparapheny ‘(‘@N_L_
lene vinylene

(PPV)
OR,
Poly(2.5dialkaxy)
Paraphenyiene
vinylene
(e.g- MEH-PPV) -

Rz0

Poly poropheny-
lene (FPP)

“H

Ladder-type

Folypaoro-

Phenylene
(LPPP)

Pﬁ.::‘p ene

H.rE de
(FPS)

Poly hlﬁ-h‘ldlfﬂl {'@Q"‘-f”"

Paly (3- hexyl)
thiophene
(P3HT)

Polyaniline PANI -{—Q—E-@_ “’C}’"'@"Eﬁ_

1-4

10

(Saxena and Malhotra 2003)



10%-10° Scm

Slcm 10'%-10%
1-5
Log G
1
Cu, Ag
Conductor Pb,Pt |5
(SNBros)x, Fe
Hg, AsFs, Bi —_
¥ (SN)x Graphite
(TTF)TCNQ) d-poly(p-phenylene) N
(NMPYTCNQ) | d-poly(phenylene sulfide) 4-polyaniline
d-Zn0
d-polypyrrole _L
Semiconductor d-Si— Ge d-polythiophene
S i trans-(CN)x d-polyacetylene
—— Water

) -10 cis-(CN)x
Zn0O == " poly(phenylene vinylene)

polyaniline
Diamond
Insulator polythiophene, polypyrrole -
-15
T polyphenylene, poly(phenylene sulfide)
Quartz Teflon, polystyrene
1-5
d (Cao et a. 1992)
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D)

) (3)

132 (band theory)

(band theory)

(Kanatzidis et al. 1990)

(energy band)

(highest occupied molecular orbital  HOMO)

(lowest occupied molecular orbital LOMO)

(valence

band VB) (conduction band CB)

(band gap  EQ)



5 t Wide MNarrow
§' L
e
g
Insulator Semiconductor Metal
B = Energy lavels In conduction band
(] = Energy laveis In valence band
1-6 (Kanatzidis et al. 1990)
- (electronthole pair)
(radical cation) (polaron)

(bipolaron)

(bipolaron bands) 1-7
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Incraasng oo gy

Polaron Bipolaron Bipolaron ———
energy energy bands |
|-E'l"l245 I'&'I'l'l: e —— :
Undoped Shghtly doped L J
polymer polyme 4
Heawly dopd
polymat

B = Erergy levels In conduction band
[ = Ensrgy lwveis in valence band

1-7 (Kanatzidis et al. 1990)
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14 (Polyaniline, PANI)

141

1-8 (Macdiarmid et al.

1989) 1y (oxidation unit) (benzenoid)

?  (quinoid) vy (reduction unit)

y=0 1 05 pernigraniline leucoemeraldiner

emeraldine

(undoping)

Leucoemeradine

25% Protoemeradine

50% Emeraldine

75% Nigraniline

Pernigraniline

1-9



Negelsgolsgotegelia

Leucoemeraldine( % 438 & 5, 0% imine)

NeasVeasteastienste

Protoemeraldine(25% imine)

NegoleasSepotcpeN'e

Emeraldine Base(di& & ¥ i #.1L &, 50% imine)

NepoleasVenslqpots

Nigraniline(75% imine)
Ny Na Na Na
HaN N N N <N
i n
Pernigraniline( 5 4 .1k f&, 100% imine)

1-9 (Wu and Huang 2002)

1-10 (Emeradine base, EB)
(Emeraldine sat, ES) 1-11
(Pernigranline)

(Emeraldine sdlt, ES)
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ooty

Base form HER = 107°-107 S/em
HX NH,OH
(doping) (undoping)

= H
|l ol e ) |
X 5/
Salt form HER =1-100 S/em

1-10 (Zhan and Shu 2003)

H H H
N 1\ N :‘_\
H + H +
H3N N N N N
2l H H=

Emeraldine Salt( 8 & ¥ 4 $L1E &, 50% imine)

1-11
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14.2

(N H4)25208 K2S0s

HZOZ KQCI’207

(Galvanostatic) (Potentiostatic) (Cyclic voltammetry,

cv)

( H205)

(dimmers)

1-12
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In agueous phase

NH i r;

MH
. HRP+H.D, H*
--;l.....
i ik ., -2H-Ze ; G
Nz * Nig"  — E-@—MH*@WE
H'+e QU

1-12 HRP (Lim and Y 00 2000)
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143

1-2
330 nm 330 nm 500 nm
330 nm 640 nm
quinoid ring excition
750 420 330 nm 750 nm
ddlocalization
420 nm
1-2
(nm)
Leucoemeraldine 330
Emeraldine base 330 600
Pernigraniline 330 500
Emeraldine salt 330 420 750




1-3

N Q N N-BN

N Q N 1140 ¢t 1120 cmi?
1-3 (Arnao et al. 1996)
(cm™)
3376 NH dir.
3310 H-bonded NH str.
1589 str. of N=Q=N
1496 str. of N-B—-N
1378 C—N str. in QBQ
1306 C—N str. in QB.Q, QBB, BBQ
1238 C—N sr. in BBB
1165 amode of N=Q=N
(1131) amode of Q=NH -B or B-NH -B
830 C-Hoponl,4-ring

Assignment : sym. = symmetric, str. = stretching, op. = out-of-plane bending,
Q = quinoid unit, B = benzoid unit, B; = trans-benzoid unit, B. = cis-benzoid unit

21
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151
(porous material)
(molecular)
McBain 1932 chabazite
0.5nm
(Zeolite)
(IUPAC)
@ 2nm (microporous) (2) 2 nm
50 nm (mesoporous) (3) 50 nm (macroporous)
1-4
1-4
(nm)
d 2 ZSM-5
2 d 50 MCM-41 SBA-15
d 50




1992  Mohbil ail Nature
(S02)
MCM-41(Mobile Composite of Matter 41)(Kresge et a. 1992; Beck et a.
1992) ( 1000 nf/g)
(1.5 nm 10 nm)
MCM-41
1998  Stucky  Science
(Zhao et a. 1998) (triblock copolymer)
SBA-15(Santa Barbara
Amorphous) (4.6 nm 30 nm) (3.1 nm 6.4 nm)

( 0.85 cnt/g) 1992  Mobil oil M41S

(Aburto et a. 2005; Bai et a. 2007; Vamvakaki and Chaniotakis 2007)
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152

4 1 )
©) (4)
SBA-15
SBA-15 (PEO)n-(PPO)m-(PEO),
[(poly(ethylene oxide),- poly(propylene oxide)y- poly(ethylene oxide),] EO
PO
n/m
EO20PO70EOx (hexagonal) SBA-15 EO/PO
1-5 (Zhao et a. 1998)
1-5 EO/PO
EO/PO 0.07 (0.5 1wt%)
(hexagonal) 2 5
wit%) (lamellar)
EOsPO7EOs
EO/PO 007 15 (hexagonal)
EO20PO7EO20
EO/PO 15 (cubic)

EO100POx9EO100  EO106PO7%EO106

24



153

SBA-15 1992
SBA-15
(swelling agent)
0
42 nm
1-14

SBA-15

Stucky

(p6mn)

0.2 wt%

SBA-15

L ettow

0.3 0.6 wt%

0.3

(PH 1)

(ex: TEQS) -

(Lettow et al. 2000)

1-13

6 12nm

22 42 nm

0.6 wt% 22



Median Pore Diameter (A)

SBA-15 Transition Region Mesocaiiular Foam

350 1 : |
1 1
: : .
300 | !
| ; "
I i
250 ' -
1 n '
1] ]
1 }
200 4 ! '
i ]
] ]
150 ; :
1 I
; |
] . !
e ' : |
1 I
[ ] i 3
50 " |
] I
] |
] |
o - . / r . )
00 01 0z 03 0.4 0.5 06
Qil: Polymer Mass Ratio
1-13 (Lettow et al. 2000)

S O

Increasing oil '

-y .
11 )eeees
| eeeee

100 nm
i
* OO0
Enm
1-14 (Lettow et al. 2000)

26



1.6

D

SBA-15

pH

(FT-IR)

2

3

pH

HRP

(TGA)

27

H202

( HCl DBSA)

(UV-vis spectro.)

(SEM)



SBA-15

SBA-15

HRP

HRP

28



21

2-1

Electrochemical Analyzer CH Instruments CHI1621B

( ) (Austin, U.S.A)

FESEM JEOL JSM-7000F

( ) (Tokyo, Japan)

Thermogravimetric Analyer (TGA) Q50
(Delaware, U.S.A)

Fourier-Transform Bomem DAS8.3

Infrared Spectrometer (FTIR) (Canada)

( )

Hotplate Stirrer LabTECH LMS-1003

( ) (Beijing, China)

Micro-Electronic Balance OHAUS AR1530

( ) (New Jersey, U.S.A)

Micro-Pipette Eppendorf Research

( ) (Hamburg, Germany) 1000/200/100/20/2.5

Oven DENG YNG DOV30

(Taipei, Taiwan)
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pH meter Suntex SP-701

( ) (Taipei, Taiwan)

refrigerator(4°C -20 ) TECO RE7222

( ) (Taipei, Taiwan)

TEM JEOL JEM-2010

( ) (Tokyo, Japan)

Ultrapure Water system Barnstead NANO

( ) (Dubugque,lowa, pure Dlamond™
U.S.A)

UV /visible Spectrophotometer Spectronic instruments  Genesys2

( )

(New York, US.A)

Vortex-Mixer

( )

Scientific Industries

(New York, U.S.A)

VORTEX-2 GENIE

Thermostat Bath

( )

FIRSTEK

(Taipei, Taiwan)

B206




2.2

2-2
2-2

ABTSKit PIERCE 37615
Bio-Rad Protein Assay Kit Bio-Rad
Paraffin oil Fluka 76235
Ammoniasolution SHOWA 0128-3150 28% ~ 30%
Aniline MERCK 1.01261 99.5%
Citric acid SIGMA C0759 Reagent Grade
Dipotassium hydrogen

SHOWA 1645-8150 99.0%
phosphate
Disodium hydrogen

KANTO 37243-00 99.0%
phosphate
Horseradishperoxidase

SIGMA P8250 181 units/mg

HRP

Hydrogen chloride MERCK 1.00317 30% ~ 37%
Hydrogen peroxide MERCK 1.08600 35% ~ 36.5%
N-methyl pyrrolidinone

SIGMA M6762

NMP

Potassium dihydrogen

KANTO 32379-00 99.0%

phosphate

Tetraaethoxysilicate Aldrich $46886-158 98.0%

31



(TEOS)

1,3,5-Trimethylbenzene

Aldrich S29028 98.0%
(TMB)
poly(ethylene oxide)-block
poly(propylene
Aldrich 435465-250
oxide)-block-

poly(ethylene oxide)

32



2.3

SBA-15

NMP

(TGA)

/

SBA-15

SBA-15(HRP)

2-1

HRP

(SEM) SBA-15/PANI

(TEM)  SBA-15

(FTIR) SBA-15  SBA-15/PANI

(BET)  SBA-15

[ o 1 ]__[ HRP&E: % )
SBA-15 it | HOy

-[ 4 4-PANI ]

S 2] ]
% S-PANI

2-1



SBA-15 HRP

3.1
SBA-15 (pl) 4.0(Essa et
a.2007) HRP 7.2(Yang and Mu 1997) pH40 7.2
HRP
SBA-15  SBA-15 OH 31
SBA-15 HRP
SBA-15 HRP BET
HRP NMP HRP SBA-15
SBA-15
CiH A k "
| [
_ﬂ-? e e 51.—43—5'.—11—?.—
o IR
L s s B T 4-—:3—4.—
| | {I] I
& g &
i | | I
—D—?—G—?— |:|—5|-— l:'—*-:l.l—
3-1 SBA-15 (Hudson et al. 2005)



3.2

321
18.0MQ cm
A.
1. 19.212 g (CsHsO7) 1L 28.392 ¢
(N&HPO,) 0.1 M 05 M
2 pH
3-1
31 pH
pH Volumeof 0.1 M CgHgO7 Volume of 0.5 M Na;HPO,4
3.0 79.45 20.55
4.0 61.45 38.55
4.3 59.16 40.84
5.0 48.50 51.50
6.0 36.85 63.15
7.0 17.65 82.35
8.0 2.75 97.25
B. HRP
1. 22 ul HRP (111.6 mg/m) HRP pH6.0



2. 20 ul HRP 980ul 0.1MpH40

2232 Y gly |

322
A.
Bio-Rad Protein Assay
Coomassie Brilliant Blue G250
595 nm
B.
1 22 ul HRP
3906 334.8 279.0 2232 1674 1116 558 223 p gml
2. 100 ul 700 ul 1.5 ml  microtubes
3. microtubes 200 ul  Bio-Rad Protein Assay
25 5

4, (cuvette) -



595 nm

5.
C.
1 800 ul microtubes
2. microtubes 200 ul  Bio-Rad Protein Assay 25
5

3. - 595 nm
323 HRP
A.

HRP 2,2’ -azino-bis(3-ethylbenzothiazoline-6-sulfonate)
(ABTYS) ABTS (ABTS")

410nm 750 nm
- 410 nm (Kadnikova and K ostic 2002)

B.

1 22 ul HRP

37



1116 0893 0.67 0446 0.223 p g/ml

100 ul 825 ul 1.5 ml microtubes
microtubes 75 ul ABTS 25 5
(cuvette) -
410 nm
925 ul microtubes
microtubes 75ul  Bio-Rad Protein Assay 25

5

- 410 nm



3.24 SBA-15

1. 2gP123 149 gKCl 60m 2MHCI 35
2. 159 (1.77m)) TMB 35 2 hr
3. 4259 (465m) TEOS 35 10

35 24 hr
4. 100 24 hr
5.

60
6. 500 1 /min
6hr 2 /min
1. SBA-15
3.25 HRP SBA-15
1 0.15g SBA-15 5m  01M
lhr

2. (54321 G 5min 27 )
3. 2ml 0.05g SBA-15 1ml

01M

39

min

500



10.

600ul  2.232 ug/ul HRP

(5432.1G 1min 27 )

5 SBA-15 HRP

(5432.1 G 15 min 27 )

0.1M Buffer 3ml
7
01M 3ml
HRP SBA-15 0.05g/ml SBA-15(446.4 pu g/ml HRP)
SBA-15 HRP 8.928 Y gmg



3.3

331 SBA-15 HRP
3311
SBA-15
(Impregnation method) 3.25
pH HRP
SBA-15 pl 4.0 HRP  pl 7.2
pH 4.0 7.2
3-2 (pH 56) HRP
(Chen et al. 2009) pH 4.0 HRP
(Chou and Gu 2008) pH 4.0
pH 4.0 pH 7.2
SBA-15
(pK 7.2
HRP
(pK 4.0
3-2HRP SBA-15 pH

41




HRP 0.05 g SBA-15 0.8 ml
(pH 4.0) 1 hr
HRP SBA-15 4yl
(1116 pglu 1) 0.1M (pH 4.0)
50 2232 pgyl HRP 200 | HRP ( 4464 p
0 SBA-15 Voltex
(54321G 1min 4 ) 10 HRP  SBA-15
SBA-15 (54321 G
5min 4 ) ABTS  Bio-Rad Protein Assay
5 410nm 595 nm
3-3 34
HRP 446.4 p gml
119.06
ug 0.05g SBA-15 32734 u g 73.33%
SBA-15 HRP 6.49 y gmg
1143 p g 0.05g SBA-15
3321 pug 74.39 % SBA-15 6.46 [
gmg 32 HRP 1%

4?2



SBA-15 SBA-15
Bio-Rad Protein Assay HRP
3-2 HRP  SBA-15
ABTS Bio-Rad
SBA-15 9 0.05 0.05
(Te)! 446.4 446.4
1 9) 38.89 40.99
1 9) 29.94 21.08
1 9) 23.12 21.06
1 9) 16.67 17.60
1 9) 10.44 13.57
1 9) 327.4 332.1
(%) 3% 73.33 74.40
SBA-15 (v gmg) 6.49 6.46




0.9
Dy -
0.7 -
0o -
0.5
04 -

0D

¥y =0.078x+ 0.0984
0.3 R*= 094961

0.2
0.1

0 2 4 i 2 10 12
HRP concentration (uz/jl)=10°

3-3ABTS HRP

OD 555
=3
M

y = 002295+ 0.0291
Re=0005

0 = - - == . . = -
0.00 5.00 1000 1500 2000 2500 3000 3500 4000

HEP concention (pg il 107




3312 TEM SEM

HRP SBA-15 TEM  SEM
35 A B SBA-15 TEM SEM
18 nm
4 4y m
36 A B SBA-15 SBA-15(HRP) SEM
HRP  SBA-15



3-5 SBA-15 TEM SEM (1000 )

A TEM B SEM  [P123] 575mM [KCl] 0.333M
[HC] 2M [TMB] 02M [TEOS] 0.31M

Tpim WD 13, Tmm

3-6 SBA-15 SEM (20000 )

A HRP SBA-15 B HRP SBA-15
[P123] 575mM [KC] 0333M [HC] 2M [TMB] 02M [TEOS] 0.31
M 6.595 y g HRP/mg SBA-15



3313 BET

Micromeritics ASAP2020 / SBA-15
SBA-15(HRP) 3-7 3-8 SBA-15 SBA-15(HRP)
/ ( )
/ 3-7 3-8
SBA-15  SBA-15(HRP) 3-3
3-9 SBA-15(HRP)
SBA-15 SBA-15(HRP)
HRP 3-10 HRP
SBA-15(HRP) 15~18 mn
SBA-15(HRP) HRP
SBA-15(HRP) SBA-15 SBA-15
SBA-15(HRP) 22 nm SBA-15(HRP)
SBA-15 HRP SBA-15 BET

SBA-15 22 nm SEM 18 nm

a7



3-3 SBA-15

Ager(m?/g) Viota (€M*/Q) D(nm)
SBA-15 538.0 1.20 22.3
SBA-15(HRP) 350.5 0.96 22.2

Ager BET specific specific  Viga  tota pore volume D pore diameter



Amaount adsorbed {em”

Amaount adsorbed {em”

STPg)

STPg)

800

a0 <
= o
app | & 28 Jr |
Tl |\
12 481 |
700 | E ’ \
E 10 ¥
P 4
600 { £ 0% |\ \
o0 .
500 4 ] M 23 3} 40 50
Para sizs (Am)
200
300 -
200 A
100
0.0 0.2 04 06 0.8 1.0
Relative pressure (P/P,)
3-7 SBA-15 /
T00
35
R 1, ﬁ
5‘:":' J =T 25 P
E 20 f ﬁlﬂ,
5 16 ':l' '.I
5012 0 A 'n
£ oo e —
400 1 6 0 2 30 4 50
Porg sz {nm)
30 A
200 A
100 4
ﬂ 1 L] 1 ¥
0.0 0.2 04 06 0.8

3-8 SBA-15(HRP)

Relative pressure (P/P,)

/

10



800

—a— SBEA1S

700 4 | —A— SBA-15(HRP)

&0oa 4

500 -

400 -

300 -

200 +

Amount adsorbed {cm” STP g™}

100

0o 02 0.4 08 o8 140

Relative pressure (P/P,)

3-9SBA-15 SBA-15(HRP) /

35

—8— SBA-15
ag - —&— SBA-15(HRP)

25 4

2.0

15

1.0 1

Pore voluma {cm'g’')

0.5 1

0.0

0 10 20 30 40 50

Pore size (nm)

3-10 SBA-15  SBA-15(HRP)



332 HRP

4pul 1116 p g/u | HRP

1.116ng /p | HRP 100u | HRP
DBSA 30s 75 u | ABTS 5min
410 nm 311 HRP
DBSA HRP
DBSA 0~0.3mM HRP 86 %
PANI DBSA
DBSA
104
__ B0
£
L.
5
_m -
¢
E'ﬂ a
O T T T T i
0.0 o1 0z 03 04 0.5

DBESA concertration {ml)

3-11 HRP DBSA

[DBSA] 0 0.002 0.005 0.01 0.02 0.05 0.1 0.15 0.2 0.25 0.3
[HRP] 1.116x10! p g/ml

51

10°

DBSA

DBSA

HRP

0.5mM



3321 NMP HRP

4yl 1116 p gy | HRP 1ml  0.05g/ml SBA-15(329.75 u
g HRP/mI) 10° 400 1.116x10°3
Mg/l HRP 1.24x10* g/ml SBA-15(.824 p gHRP/mI) 100
bl HRP 200 SBA-15(HRP) NMP
30s 75 u |ABTS 5 min
410 nm
NMP SBA-15 PANI SBA-15(HRP)
HRP  SBA-15(HRP) NMP
3-12 SBA-15(HRP) HRP
SBA-15(HRP) HRP
: —8— HRP

—de— SBA-15HRPF)

0.0,,

oo T T T T
oo 0z 04 na 0.8 10

MMP concertration (M)
3-12HRP  SBA-15(HRP) NMP
[NMP] 0 02 04 06 08 1M [HRP] 1116x10t p g/ml  2.5x10° g/ml
SBA-15(1.649x10" p gHRP/mI)

52



SBA-15 HRP

4.1
SBA-15(HRP)
HRP
SBA-15(HRP)
DBSA
HCI
SBA-15(HRP) HRP
PANI
4.2
421
180M cm
C. (0.2 M aniline)
1. 50 ml 15 ml 11 M
129
2. 40 mi 032 M
pH4.3



4.2.2 SBA-15 HRP

1 135ml 0.32M Aniline 30ml 0.1 M (pH 4.0)

93.75ml 4
2. 12ml 0.05g/ml SBA-15(446.4 u g HRP) 4
3. 0.75m 1M HO2 4 24 hr
4, 50 % ( 1 1)
5. SBA-15 PANI
423 CPE
1 0.3cm (PE) 1.0cm
2. 0.5 cm PE
3. 029 0.0656 g 3 1(wiw)

2
CPE



4. CPE 4

424 (Cyclic voltammetry CV)

0.16 g

(graphite powder) 0.04 g

(paraffin oil) CPE

Ag/AgCl 3 M NaCl

20V/s 4-1
PC
7 ' S
[H] €H Instruments Fawer
Sedtrereiang Elestrocdmival Mioobeips O
= A
4-1 (Tsun and Gu 2008)



4.3

43.1 SBA-15 HRP

4311

PANI

HRP

mM (Ruan and Gu 2009)

0.05gm 5mM

HRP
10
SBA-15
330nm 420 nm 750 nm
0.25g SBA-15 4m  01M
(pH 4.0) 1m 2232 p g/m HRP
SBA-15
HRP 17 unit 70%
S5ul 1M
mi
4-2
0.03M

0.8 ml SBA-15(HRP)

0005M 0001M 003M 005M 01M

200 i | 2.8

750 nm



003M AN 01M

SBA-15(HRP) 5 mM

30mn 1hr 4hr 7hr

mil

SBA-15(HRP)  (C)

PANI

@ (o)

750 nm

SBA-15

SBA-15(HRP)

3mM

(pH 4.0)
4
24 hr 200 p |
4 hr
4hr
@ SBA-15 (b)
SBA-15
4-4
300~400 nm (b) PANI
SBA-15(HRP)

57
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—— D0005M
— — —  DO0IM
m sadwme DA
¢ sesEms D.05 M
‘3-5'1 —_———— DM
g |
5 |
= 1 RN
3 06 kM S
0 W
©

400 800 200 1000

wavelength (nm)

4-2
[AN] 0005 0001 003 005 01M 1m [H0;] 5mM
80 u | 0.05gm SBA-15(329.75 p gHRP/ml) 0.1 M

(pH 4.0)




absorbance

0.2

200 400 500 800 700 200 800 1000
wavelength (nm)

4-3
1ml [AN] 003M [H,O,] 5mM 80 p | 0.05gml SBA-15(329.75

M gHRP/ml) 0.1M (pH 4.0)
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absorbance

¥ ¥
200 400 800 200 1000

wavelength (nm)

4-4 PANI
€) SBA-15 (b) SBA-15(HRP) (c)
SBA-15 263.8 y gHRP 0.04 g SBA-15(263.8 y g HRP)
0.04 g SBA-15+263.8 p gHRP 10m [AN] 0.03M [H20;] 5mM
0.1M (pH 4.0)



432 HClI DBSA

DBSA
HCI
4-5 HCI 0mM
20 mM
0.2M
HRP
HCI
HCI
HCI 20 mM

HCI 20 mM

61

HCI

HCI

750 nm

HCI



absorbance

400 800 200 1000

waveleength (nm)

4-5 HCl
[HC] 0 01 05 1 3 10 20mM 1m [AN] 0.03M [H:0;]
5mM 80 p | 0.05g/ml SBA-15(329.75 p gHRP/ml) 0.1 M

(pH 4.0)
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Omm

0.7 4

absorbance

0.1 T T T
400 800 200 1000
wavelength (nm)
4-6 HCI
[HC] OmM 20mM 50mM 01M 02M 10ml [AN] 0.03M

[H.0;] 5mM 80 p | 0.05gml SBA-15(329.75 p g HRP/ml) 0.1 M

(pH 4.0)




A 1 7 0 01 051 3 10 20mM HCI

4-8 HCI

B 1 5 20mM 50mM 01M 02M HCI



DBSA 4-9

DBSA 0mM 0.05 mM 750 nm
DBSA 0.5 mM 420 nm
600 nm
3 mM DBSA 10 mM
DBSA HRP
4-10 DBSA
0~0.05 mM
0.5~3mM
05 mM 1mM 3mM
DBSA
10 mM
DBSA 3mM
DBSA 24 hr
DBSA 4 24 hr 4-11
DBSA 750 nm
24 hr DBSA
DBSA 3 mM



absorbance

400 800 200 1000

wavelength (nm)

4-9 DBSA
[DBSA] O 005 05 1 3 10 mM 1ml [AN] 0.03 M [H.0;]
5mM 80 p | 0.05g/ml SBA-15(329.75 p gHRP/ml) 0.1 M

(pH 4.0)



4-10 DBSA

1 6 0 005 05 1 3 10mM DBSA
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absorbance

0.3 T T T
400 800 200 1000
wavelength (nm)
4-11 24 hr DBSA
[DBSA] 05 1.0 1.5 3 15mM 1ml [AN] 0.03M [H.0;] 5mM

80 u | 0.05gm SBA-15(329.75 p gHRP/ml) 0.1 M

(pH 4.0)




433 HRP

HRP compound

compound
HRP
15 min 0 200 ul 1 28 ml
To 0
100 10 min 30u 032M
Aniline 5pul 1M HO, 4 3hr 2 200
ul 2 28 ml
T,_heat 30u  032M Aniline  5ul 1M HO, 4
3hr 1 200 pl 1 28ml

T1 1 100

10 min 200 pl 1 28ml
T1_heat 4-12
4-13 TO T1 HRP
Tl T1 heat T1_heat
T2 heat T1 heat T2 heat T2 heat

HRP
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4-12 HRP
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. TO
| e e T
] T1_heat

absorbance

0.0 T T T
400 800 200 1000

wavelength (nm)

4-13 HRP
1ml [AN] 003M [H,O;] 5mM 80 p | 0.05gml SBA-15(329.75

M gHRP/ml) 0.1M (pH 4.0)
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442 FTIR

FTIR PANI SBA-15 SBA-15(HRP)/PANI
SBA-15(HRP)/PANI/HCI SBA-15(HRP)/PANI/DBSA (005 mM)
SBA-15(HRP)/PANI/DBSA (3 mM) 4- 14
SBA-15 1077 cmit Si-O-Si
PANI 1506 cmit 1597 cmit C C CN
830 cmt PANI C H SBA-15(HRP) PANI
1077 cm* 1506 cmit SBA-15  Si-O-Si C C
HClI DBSA 3000~3500 cnit N H
1597cm® C N SBA-15(HRP)/PANI
SBA-15 PANI

HCI DBSA PANI N H C N
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4- 14
(@PANI  (0)SBA-15 (c)SBA-15(HRP)/PANI
(0)SBA-15(HRP)/PANI/HCI  (€)SBA-15(HRP)/PANI/DBSA  (0.05 mM)

()SBA-15(HRP)/PANI/DBSA (3 mM)

73



443 SEM

SEM PANI

4-15 HRP

416 (A) (B (© (D
SBA-15(HRP)/PANI  SBA-15/PANI

SBA-15(HRP)

SBA-15 SBA-15(HRP)

SBA-15(HRP)/PANI

200 nm

SBA-15 SBA-15(HRP)/PANI

SEM (A) (B)

SBA-15(HRP) (©) (D) SBA-15(HRP)
PANI
SBA-15(HRP) SBA-15(HRP) SBA-15(HRP)
4-17 (A) (B) (©) (D) SBA-15 NaOH
SBA-15(HRP)/PANI 24 hr ~ NaOH SBA-15(HRP)/PANI 4 hr NMP
SBA-15(HRP)/PANI SEM
NaOH SBA-15(HRP)/PANI  SBA-15 PANI
3 M NaOH SBA-15/PANI 24 by
NaOH SEM (A) SBA-15(HRP)
PANI SBA-15(HRP) PANI SBA-15

NaOH 24 hr (B)

SBA-15

74

© NaOH



4hr SBA-15(HRP) (D)

SBA-15(HRP) NMP(100 %) PANI

SBA-15(HRP)

150KV X30,000 100nm WD 13.4mm

4-15 SEM (30000 )

1m [AN] 0.03M [H,0,] 5mM 44.64 p gm 0.1M

(pH 4.0)
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4-16 SBA-15 SEM

(A)SBA-15 SEM (20000 )

(B)SBA-15(HRP)/PANI SEM (20000 )

(C)SBA-15(HRP)/PANI SEM (20000 )

(D)SBA-15/PANI SEM (20000 )

(B) (C) 1ml [AN] 003M [H0,] 5mM 80 u | 0.05gml

SBA-15(329.75 y gHRP/ml) pH4.0 0.1M

(D) 1ml [AN] 0.03M [H,0,] 5mM 0.04 g SBA-15 263.8 p gHRP

0.1M (pH 4.0)
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50KV X10000  Tgm WD 13.4mm

4-17 NaOH NMP SBA-15 SEM

(A)SBA-15(HRPYPANI  SEM (10000 )

(B) NaOH SBA-15(HRP)/PANI 24 hr SEM (10000 )

(C) NaOH SBA-15(HRP)/PANI 4 hr SEM (10000 )

(D) NMP  SBA-15(HRP)/PANI SEM (20000 )

[NaOH] 3mM [NMP] 3mM 1m [AN] 0.03M [H,0,] 5mM

80 p | 0.05g/ml SBA-15(329.75 yu g HRP/ml) 0.1 M

(pH 4.0)



444 BET

/ SBA-15 SBA-15(HRP)

4-18 SBA-15(HRP)/PANI

SBA-15(HRP)/PANI

419 420 4-1
4-19 SBA-15(HRP)/PANI SBA-15
SBA-15(HRP) SBA-15(HRP)/PANI
SBA-15(HRP)/PANI
4-20 SBA-15(HRP)/PANI
2.0 nm SBA-15 SBA-15(HRP) 22 nm
SBA-15(HRP)/PANI  3~32nm
4-1 SBA-15 PANI
Sample Ager(m?/g) Viota (cM*/g) D(nm)
SBA-15 538.0 1.20 22.3
SBA-15(HRP) 350.5 0.96 22.2
SBA-15(HRP)/PANI 328.8 0.19 2.0

Ager BET specific surface  Vioa total pore volume D pore diameter
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Amount adsorbed {cm’ STP g

130 4

120 -

110 -

100 4

80 -

80. 1

70 A

60

50

Pore valume [emg- 1)

2 B 8 10 12 14 16 18 20
Pore size (nm)
] T T T
0.0 0.2 0.4 0.6 0.8

Relative pressure (P/P,)

4-18 SBA-15(HRP)/PANI

79

1.0



—8— SBA-15
700 4 | —k— SBA-15(HRF)
—— SBA-1S5(HRPIPANI

Amount adsorbed (cm’ STP g}

100

0.0 0.2 0.4 0E 0.8 1.0

Relative pressure (P/P )

4-19 SBA-15 SBA-15(HRP) SBA-15(HRP)/PANI /



Pare volume {cm39'1]

3.5

3.0 -

—8— SBA-15
—&— SBA-15{HRP)
—&— SBA-15(HRP)/PANI

4-20 SBA-15

SBA-15(HRP)

20

Pore size (nm)

SBA-15(HRP)/PANI
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445 TGA

TGA PANI SBA-15 SBA-15(HRPYPANI SBA-15(HRP)/PANI/HCI
SBA-15(HRP)/PANI/DBSA 421 TGA
@ PANI 100 4%
110 230 7%
HRP 450 500 16%
PANI (b) SBA-15
100 100
©) SBA-15(HRP)/PANI 100 7%
120 230 1%
HRP 520 600 2%
PANI (d) SBA-15(HRP)/PANI/HCI
100 10% 130 250
1% HRP
550 650 2% PANI
© SBA-15(HRP)/PANI/DBSA 100
10% 380 590 12%
HCl DBSA PANI
550~650  380~590 HCl
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DBSA

TGA

7%

PANI

6%

PANI

SBA-15(HRP)

4-22

(b)

SBA-15(HRP)

SBA-15

PANI

SBA-15

SBA-15

SBA-15(HRP)/PANI 100

520

(©

600

550

SBA-15/PANI

620

PANI

HRP

2%

100

2%



100

20 +
R
~ 804
b =
2
=
70 -
{a) PANI
- — —  |b)SBA-15
— — — —  {c) SBA-15{HRP)PANI
N s id) SBA-13(HRPIPANIHCI
— —— — (&) SBA-15(HRPIPANIDBSA
100 200 300 400 s00 G600 700 800
Temperature (°C)
4-21 TGA
@ (b)SBA-15 (c)SBA-15(HRP)
(d) 20 mM HCI  SBA-15(HRP) © 3 mM DBSA
SBA-15(HRP) 1ml [AN] 003M [H,0;] 5mM 0.04g
SBA-15(263.8 p gHRP) 0.1 M (pH 4.0)



Weight (%)

01M

100

BE -

85 -

94 |

92 -

a0 -

838 -

86 -

84

(a)SBA-15
(b)) SBA-15(HRP)PANI
(c) SBA-1S/PANI

1ml

200 400 G600 800
Temperature (°C)
4-22 TGA
(8)SBA-15 (b) SBA-15(HRP) () SBA-15

[AN] 0.03M [H.0;] 5mM 004g

(pH 4.0)

SBA-15(263.8 1 g HRP)



4.4.6 (CV)

CPE 01 mM

PANI  SBA-15(HRP)/PANI

SBA-15(HRP)/PANI/DBSA

SBA-15(HRP)/PANI/DBSA

HClI DBSA HRP

20 mVv

SBA-15(HRP)/PANI/HCI

4-23

4-2

SBA-15(HRP)/PANI/HCI

SBA-15/PANI



400

— ) e (9 3
300 4 (b) , /
———— (o ger )
——————— ' i BN
200 (d) i P
———— s) . rs

¢ H

100

Current (vA)
]

_'iﬂﬂ .

=200 4

=300 4

-413'0 ] ] L} T T 1 ]
0.6 0.4 -0.2 0.0 o2 04 06 0B 1.0

Potential (V) vs. Ag/AgCl

4-23 10 mM K3Fe(CN)s  CV

@ (o) PANI 4 1 (0 SBA-15(HRP)/PANI 4 1
(d) SBA-15(HRP)/PANI/HCI 4 1 (e) SBA-15(HRP)/PANI/DBSA
4 1

4-2

Sample V) G A

@ 0.462 19.37
(b) PANI 4 1 0.280 79.32
©) SBA-15(HRP)/PANI 4 1 0.309 170.9
(d) SBA-15(HRP)/PANI/HCI 4 1 0.241 118.2

© SBA-15(HRP)/PANI/DBSA 4 1 0.305 117.4
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SBA-15 18 nm 4um

HRP pH SBA-15 HRP

SBA-15 HRP 73% SEM SBA-15(HRP)

SBA-15 NMP

SBA-15 TEM SEM

SBA-15(HRP)

SBA-15 SBA-15 SBA-15(HRP)

3mM 5mM

750 nm

HCI DBSA

750 nm

SBA-15(HRP)/PANI

SBA-15(HRP) PANI

HClI DBSA HRP

SBA-15(HRP)/PANI

SBA-15 TGA



SBA-15/PANI SBA-15(HRP)/PANI/HCI

SBA-15(HRP)/PANI/DBSA

SBA-15(HRP)/PANI

SBA-15

SBA-15(HRP)/PANI

SBA-15(HRP)/PANI

SBA-15(HRP)/PANI

SEM
SBA-15(HRP)/PANI 750 nm
SBA-15 HRP
SBA-15
NMP PANI NaOH
PANI PANI

89

BET

SBA-15(HRP)

SBA-15 SBA-15(HRP)

SBA-15/PANI

PANI

SBA-15(HRP)/PANI

SBA-15
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