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Summary

Development of the waste material treatment system

utilizing solar light
. Title
Development of solar reactor for detoxifying waste water
. Purpose and Importance

The final goal of this research is to develop the energy saving solar detoxification
reactor to solve the worldwide environmental problems by utilizing photochemical
reactions. The driving force for the photochemical reactions is the either the photon
energy or combination of photon energy and solar thermal energy with
semiconducting photocatalysts in the process. This new technolgy can be emphasized
the fact that it does not produce any secondary pollutants after treatment, so it
does not require the secondary treatment system as well. The design factors of the
solar reactor, such as configuration, operating temperature and pressure in the
reactor, are totally dependent on the phase of the wastes, 1.e, iquid or gas phase,

This project, as a phase I, has been concentrated on the design and development
of solar photoreactor for detoxifying wastewater from any industries. The adsorption
treatment by the granular activated carbon and the phase transfer method(from

liguid phase to solid or gas phase) such as air stripping have been applied to

_7_



decontaminate waste water or ground water containing TCE, phenol, benzene, PCE,
PCB and dioxin. However, the activated carbon method requires the secondary
process such as the desorption process to reuse carbon, or incineraticn to destroy
the activated carbon and pollutants after treatment. The air stripping method might
cause air pollution problem since it is a simple phase transfer process from the
contaminated liquid phase to gas phase. However, the photocatalytic destruction of
hazardous organics has an advantage that the complete detoxification is possible by
utilizing photocatalysts and photon energy at the temperature range of 20 - 30 ©.
This trial for the detoxification of hazardous wastes by using solar energy will

contribute to solve the problems of world encrgy crisis and contaminated globe.

li. Contents and scope

The main significant design factors of commercial photochemical reactor such as
photocatalytic reaction mechanism, choice of suitable supported photocatalysts,
detoxification time and capability have been investigated during the third period of
this project.

(1). Introduction of role of photocatalyst in photocatalysis of toxins in water
phase.

(2). Theoretical analysis on the design method of photoreactor and derivation of
governing equations.

(3). Establishment of mathematical modelling for thin film photorector and
simulation of numerical analysis based on the developed computer program.

(4).  Photocatalytic treatment for bleaching and reducing COD in wastewater

._—.8_



from textile industry.
_ Artificial wastewater @ methyl orange, naval blue
- Real wastewater from one industry : Untreated waster water, First treated
wasterwater
(5). Photocatalytic treatment for mineralization of wastewater from dry cleanning
factory.
- Single component . TCE, PCE
- Binary component . TCE + PCE
(6). Photocatalytic treatment for bleaching and reducing COD in wastewater
from fur industry.
- Real wastewater from the fur industry
(7). Photocatalytic decomposition of DCA with one sun flat plate photoreactor
(8). Construction of 1 ton of outdoor parabolic trough solar detoxification system

(9). Conclusion and Recommendations

V. Results and applications

(1) Theoretical analysis on the role of photocatalyst in photocatalytic reaction has
been studied briefly. Actinometry technique has been accomplished to measure the
light intensity and quantum yield of any type of photocatalyst with the autotitration
method.

(2) The effectiveness factor was studied as a function of geometry of
photocatalysts and reaction kinetics by deriving a mathematical modelling. The

relationship between decomposition rate and thickness and geometry of thin film has
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the thickness of the thin fiim.

(3) The annular type reactor, spiral wire type reactor and parabolic trough type
reactor and one sun flat plate photoreactor have been constructed. Photocatalytic
decomposition has been performed with UGV lamp and their technical feasibility has
been confirmed to be commercialized in the near future.

(4) Decolorization and reduction of COD in real wastewater from textile industry
have been achieved by photocatalytic treatment with annular reactor in the presence
of Hombikat TiQO2 and UV lamp irradiation.

(5) Decolorization and reduction of COD in real wastewater from the fur industry
have been achieved by photocatalytic treatment with annular reactor in the presence
of 1 wt % Pt-doped Hombikat Ti0z and UV lamp irradiation.

(6) TCE, PCE and binary component of TCE and PCE which is contained in
wastewater from many dry cleanning factories have been completely mineralized by
photocatalytic reaction in annular reactor. This photoreactor for dry cleaning factory
1s very close to the stage of commercialization.

(7) 1 ton of outdoor solar detoxification system has been constructed by
remodelling and renovating the exsiting 500 liter treatment system. This new
system will be utilized for detoxifying real wastewater such as the effluent from
textile industry or the fur industry, etc.

Consequently, it has been verified that photocatalytic treatment of wastewater is
promising and feasible for the real application. However, immobilization of
photocatalyst still needs to be studied to eliminate the necessity of separation of

photocatalyst from the treated effluent.
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BANDGAP POSITIONS OF SEMICONDUCTORS

(FROM H. GERISCHER, "TOPICS IN APPL. PHYSICS" VOL. 31,
p. 115-172,1979)
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Excitation
TiO2 — e + k" (by light)
Adsorption :
O L + TiV + H:O — O + TiV-0O1
| Ti" + HO < Ti"-H0
, site + Ri — Riyads
! OH + Ti¥V « Ti¥low
Recombinaticn
e + h - heat
Trapping
TiV-OH + h° < TiVIoW
TiV-HXO + h"— TilOH + W
Riass *+ h < Rias
TV + e < Ti®
Ti" + 0 < TiV-Or
Hydroxyl Attack
Case 1 TiVIOH + Riaes — Ti% + Rosgs
Case II OH + Rias — Roags
Case IIT TiVIOH + R — TV + R
Case IV OH + R — Rz
Reactions of other radicals
e+ TiV-0r" + 2H") « TiV(H0.)
TiV-0," + (H) — TiV(HOw)
(HzO2) + (OH) = (HO 2 + (H0)

Note. Species in parentheses may be adsorbed or in the aqueous phase.

[IFig 2.4] Photocatalytic reaction scheme.
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[Fig 2.7] Tlow of mass and cnergy in reactor.
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[Fig 2.8] Continuous-reaction model for porous catalysts: (a)sketch of
a catalyst pore, (b)concentration of reactants in the vicinity

of a porc with three different resistances.



mechanism).

Zo) W el Bololl W E, FANAE T BAEES BT YAl
AgE AT
SEEE LRI LR £ LA

(kinetic term)(driving force ov displacement from equilibritom)

vate of reaction= (resistan ce term)
(2.6)
ol 9} zr-e- vl o upel WA S 53 ¢ vk AES
A+B*= R+S, K (2.7)
o] ¥k iAo 2 3,
(1) ¥+-e-2 A9l F#he] uH-$A] & control¥ 73-7
= k(PA_P!?PS/KPB) (2 8)
AT T AR aPrPs] KPp+ K pPpt KePr+ KsPs o
(2) N2 A3} U B2 Agt B wl-go] ¥F-2A]-2 controld 7-F
. k(PAPB‘_PRPS/IO (2 9)
= 5 )
(1+KAPA+KBPB+KRPR+KSP3)
(3) AARE R wF o] uH32] & controld -
k(PAPB/PS—PRIK) (210>

TVAT {4 KaPa+ KgPyt KK pPaPulPsy KsPs



2.2 77 %9 4 9ok

(3} Pore diffusion Resistance Important

Yol A= film resistance control?] 7% x HeA FEE dFduh o7 M= Zag
71Tl Aol Fagt A weae $52 d2r)2 g

e AR Fe gapge) A2 moddn, g2 wes A7t 71F o=

FAH} Foi7b AARLL Fott BEAH VEEEAS che o] T
& 4 sle
A > Product (2.1
dN
—_is, A = heCa (2.12)

Fig. 29 AA B whebzbo] o] wbgo Zuly)To) Tmola WA Jyo

71¥ e whAuber)h Fig.299) elementary section thA] Fig 2.10.0 2 3hef] 5}
R8-E A®] material balanceZ FE3% oS3 fx8 2 9o A& A
5h,

output - input + dissapearance by reaction = 0

SE LT, ol B A Aoz vehyu,

+T7’6D(dCA

)73

) +kSCA(27mfdx) (2.13)

°2 "ok o] Al o) s,



dCa dCa
(—=)Y — (—)
dx ot dx n 2;35 _
P ~ F2Ca= 0 (2.14)

o] 3 Ax7} Jom ATsY HEHez ohge Aoz frdrh

d&C 2k,
e - WCA = { (2.15)

& v rlTe] FPH R ¥PIhof FEE A
&2 FAAES o83l Ehi,

(o, 1/ hr)(volume, m) = (k. [ () (kg)) mass of catalysis, kg)

= (k.m/ hr)(surface of catalyst,m’) (2.16)

(2.17)
o2 Z¥Id.

tiA] Al e &ujr]Fol Wate] HAE Al AEH,
k= k(surface]/ volume) = k(2avLin L) = 2kir (2.18)

o) Gk BA o] BANE o] A QIDF FESHY,

d’C

& _
i DCA = 0 (2.19)
o] Fu} o] wrAAS B 757 A% AARTE Sx3td oS Zo
CA = CAS, atx = 0 (220)
dC
o = 0. atx =1L (2.21)



Corncentmtion of reachnt &

Elementary section of
catslyst pore

O S e e

122 No reaction at
#zcnd of pore

i
—
AS AX
—P -
——
\‘M.
0 Xin Xout L

Distance along with pore , x

[IYig 2.9] Representation of a cylindrical catalyst pore.
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Ultraviolet Radiation Source hu
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[Fig 3.1] Schematic diagram of photocatalyst system.
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YYA1=1.=Y1(0)
/ YYA3=1.2Y3(0)
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Initial data
a=0.
b=0.02

B.C of ODE
YYB2=0.2Y2(1)
YYB4=0.=4(1}
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|
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RUNGE-KUTTA
| METHOD:
| CALL i
| RKF45M{YAF [PRINT,
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1
i
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—
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i
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|
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0
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(12 3.3] A flowchart of the calculation scheme
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Effectiveness Factor vs. Thiele Modulus
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(Fig 3.6] Effectiveness factor VS Thicle modulus for a pseudo first

order reaction rate expression.
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[Fig 3.7} Concentration distribution in the fixed catalyst.
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[Fig 3.8] Effectiveness factor VS Thiele modulus.
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<B.29% Syuhroutine rkf4om

Subroutine rkf45m

parameter
input:
Tiny,minh fistH
Maxcyc, Tol

_———

—Yes—» Maxerr=Error

b

o Yes_» Status=Hgreat
i h=hi2

Ll e

Initial Value:
fintol,h,x

=
“L D

@_ )l "o |
SR
’ [
xarg=x{i)* h"( ) i Y=Y - - - '
L ———

] Yarg=y(i*( }....
fecalc{xarg,yarg,f)

ki(iy=h*¥i)
- Status=
o - @Y%J integrated
; )
No o
I T y
xarg=x(ij+ h*( ) | I
© o Yarg=y(y{ ). ! ves. . Hemall
i feale(xarg.yarg.f)
| kB(iy=h*i)
l ;
| |
' N_o
f ' | /—L_._.__.. ey
, Maxerr=0 | X=X+h :
i Error=abs{ k1(i)"....
; ... k&{I)*155)h
i
|
|
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C PROGRAM FOR THE SOLUTION OF QDES
C DESCRIBING THE DIFFUSION AND REACTION PROBLEMS
c IN THE CATALYST PELLECT
C USING RKF45 WITH SHOCTING BY HOOKES-JEEVES ALGORITHM
c for multivariable optimization
C PROGRAMER SUH, IL-SOON
c DATE 1994, AUGUST 8
o . RN . -
SUBROUTINE FCALC(X.Y, F)
common A,B,YYB2, YYB4,YYAT, YYA3 M. RO
real %, R,DA K, LLKO,KADO SC LIOMU
real y(4).f{4)
Creestmmnnmmmieis ax
c Y1=CA Fi=DY1/DX=Y2
c Y2=DCA/DX F2=DY2/DX=Y5
c Y3=CO F3=DY3/DX=Y4
C Y4=DCO/DOX F4=DY4/DX=Y56
c Y5=DDCA/DX/DX
C  Y8=DDCO/DX/DX
C ------ "
c R = Pore Radius{cm}: 2.0e-7
cC DA = Effective Diffusion coefficient of solute A(fcm*2/min): 4.5E-4
Cc DO = Effective Diffusicn coefficient of oxygen(cm*2/min): 6.0E-4
Cc KA = adsorption equil. constant for solute : 0.5
C KO = adsorption equil. constant for cxygen : 0.7
c K = reaction rate constant{mol/einstein) : 1.
Cc 8C = stochiometry coeff. 1.
C Th = catalyst thickness(cm): 1.e-4
C Lio = uniform flux of photon to boundary (einsteinfem™2 miny: 0.01
C MU = absorption coefficient(1/em) : 0.5
C X = penetration depth {cm)
C LR LLL L
R=2.0e-7
DA=4 5E-7
DO=6.0E-7
K=1.
KO=0.7
KA=0.5
SC=1.
CAD=0.01
CC0=0.1
C
LIC=0.001
MU=100
C
LI=LIO*EXP{-MU"X"B)
THIELE=R0*2.*B**2(R"DA*CAD)
C ------- L A D L LA ] )

F{D=Y(2)
F(2)=THIELE*LILIO*(14KO*COO+KA*CAQ)**2
F(2)=F(@)"Y{1)"Y(3)({(1.+KO*CO0*Y(3}+KA*CADY(1))**2)
F(3)=Y({4)
F(4)=DACAO/{DO*CO0)*SC*F(2)

Ctti’l’liﬁﬂlll*iiii*!lll mxrhdhdd kb drdr el drdririe T T s tsasEeas b 222 2 L b d L L)
RETURN
END
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c MAIN PROGRAM
C!—ﬁ*ﬂtt*tﬁ*&éttttkkﬁﬁti'l'!!lﬁit‘t“&ﬁﬂit*tﬁ A
common A.B,YYB2 YYB4,YYAT,YYA3 M RO
integer status, IPRINT NSTAGE
real a,b,QD,
* YYATYYAZ YYA3 YYA4, YYB2 YYB4,
& R.DA DOK KO.KASC LID
real EPS0(4),RK(4), YAF (4}, YBF(4)
external HOOKE OBJECT, rkf4é5m,FCALC

LACEETR L L TR e LTI

IPRINT PRINT CONTROL
IPRINT=0 RESULTS IN NO INTERMEDIATE QUTPUT
IPRINT=1 RESULTS IN OUTPUT ON EACH ITERATION

ARy

»

TO00000

open (UNIT=7, file='")

O

M=4
IPRINT=0

R=2 Qe-7
DA=4 5E-7
DO=60E-7
K=1.
KO=0.7
KA=05
SC=1.

LI0=0.001

CAD=0.01
CGCo=0.1

joXoRe]

TERMINAL POINTS OF THE INTERVAL
A=0.
B=0.02
BOUNDARY VALUES FOR SECOND-ORDER ODE

YYA1=CA 0, YYA3=C0,0

GOQOO

YYB2=0.
YY&84=0.

O

YYA1=1.0
YYA3=10
C
RO=K‘LIO*KA‘KO“CAO'COOJ(1‘+KA'CAO+KO"COOJ"*2
C
1000 CONTINUE
C
tlamda=2 *‘B*2H{R*DA*CAD)
THIELE=RO*flamda

OO0

ASSUMPTION OF UNKNOWN INITIAL VALUES

YYAZ=-0.1
YYA4=-0.1

HOCKES AND JEEVES METHOD FOR MULTIVARIABLE OPTIMIZATION

OCOO0

NSTAGE=2
RK(1)=YYA2
RK(2)=YYA4

EPS0(1)=0.01



EPS0(2)=0.01
QD=0.0
CALL HOOKE({RK,QD NSTAGE EPSC,IPRINT)

YAF(2)=RK{1)
YAF(4}=RK(2)

YAF(1)=YYA1
YAF(3)=YYA3

IPRINT=0
CALL RKF45M (YAF IPRINT, STATUS, YBF}

EFF=-YAF(2)/{THIELE}

o o o O

WRITE(6,") STATUS
WRITE(8,110) B, Thiele, YAF(2),YAF(4), EFF
write(7,110) b, Thiele, YAF(2),YAF(4), eff
C WRITEB, 111} (YAF({J), J=1.M)
C WRITE(6,112) (YBF(J}, J=1,M}
110 FORMAT(1X,5(E12.6,2X))
C111 FORMAT{IX,YAF(l) =", 4E12.6)
C112 FORMAT{1X,"YBF(l) =", 4E12.6)
ifib.gt.1..and. 1t.30.) then
if((b.le.15. and b.gt.14.). OR.(B.LE.5. AND.B.GT 4.)) then
b=b-0.1
ELSE
b=h-1.
ENDIF
goto 100G
else
b=bi2.
SRANGE=2"R
if(b.ge. SRANGE) goto 1000
0 endif
close(unit=7)
STOP
END

Cifﬂll—!ﬂlll‘*t‘ttt*i‘tittttil—ltl!ll"l!llll'lll,*tltttttiiittttttt‘itnﬁ

C

jvivivivioRwisRwi

SUBROUTINE HOOKE (RK,QD,

1 NSTAGE,EPS,IPRINT)
C!RI'RIW"!I"tttttiiltt“t"nﬂ"ttt*‘.lti*ktﬁﬂ&i}it‘t&ilﬁkk!k‘ﬁl‘lt"t
THE PROCEDURE IS BASED ON THE DIRECT SEARCH METHOD PROPOSED BY
HOOKE AND JEEVES (J. L. KUESTER AND J. H. MIZE, "OPTIMIZATION
TECHNIQUES WITH FORTRAN,” p. 308, MCGRAW-HILL, NEW YORK, 1973},
IN ORDER TOQ FIND THE MINIMUM OF A MULTIVARIABLE, UNCONSTRAINED,
NONLINEAR FUNCTION:

MINIMIZE  F(X1, X2, ..., XN}

NG DERIVATIVES ARE REQUIRED. THE PROCEDURE ASSUMES A UNIMODAL
FUNCTION; THEREFORE, IF MORE THAN ONE MINIMUMN EXISTS
OR THE SHAPE OF THE SURFACE IS UNKNOWN, SEVERAL SETS OF
STARTING VALUES ARE RECOMMENDED. THE ALGORITHM PROCEEDS
AS FOLLOWS:
1) A BASE POINT 1S PICKED AND THE OBJECTIVE FUNCTION EVALUATED.
2) LOCAL SEARCHS ARE MADE IN EACH CIRECTION BY STEPPING Xi A
DISTANCE Si TO EACH SIDE AND EVALUATING THE OBJECTIVE
FUNCTION TC SEE IF A LOWER FUNCTION VALUE 1S OBTAINED.
3) IF THERE IS NO FUNCTION BECREASE, THE STEP SI1ZE 1S REDUCED
AND SEARCHES ARE MADE FRCM THE PREVIOUS SEST POINT.
4) IF THE VALUE OF THE OBJECTIVE FUNCTION HAS DECREASED,
A TEMPORARY HEAD, Xi,0{K+1), IS LOCATED USING THE TWC
PREVIOUS BASE POINTS Xi(K+1) AND Xi(K):
Xi, 0K+ 1)=Xi{K+1)+ALPHA{XiI{K+1)-Xi(K)}
WHERE
i18 THE VARIABLE INDEX =1, 2,3, ... N
0 DENOTES THE TEMPERARY HEAD
K IS STAGE INDEX {A STAGE IS THE END OF N SEARCHES)

0000000000000 O0O00000000



c ALPHA IS AN ACCELERATION FAGTOR, >-1.
C  5)IF THE TEMPORARY HEAD RESULTS IN A LOWER FUNCTION VALUE,
C A NEW LOCAL SEARCH IS PERFORMED ABOUT THE TEMPORARY HEAD.,
C A NEW HEAD IS LOCATED AND THE VALUE OF F CHEGKED. THIS
c EXPANSION CONTINUES AS LONG AS F DECREASES.
C  6)iIF THE TEMPORARY HEAD DOES NOT RESULT IN A LOWER FUNCTION
c VALUE, A SEARCH IS MADE FROM THE PREVIOUS BEST POINT.
G 7) THE PROCEDURE TERMINATES WHEN THE CONVERGENGE GRITEION IS
c SATISFIED.
Cttitntnunlnkl FARAAFRARE R MAXNN T
COMMON A B,YYB2,YYB4,YYA1,YYA3,M.RO
INTEGER MAXK,NKAT
real EPSY, ALPHA, BETA
PARAMETER(MAXK=2000,NKAT=200,
1 EPSY=1.0E-10,ALPHA=1.0,BETA=0.5)
real RK(4),EPS(4),Q(4),QQ(4), W(4)
Cultt*n*ttti'-.iltttll!!'lil -------- & L EXY
C  DESCRIPTION OF PARAMETERS
c
C  NSTAGE NUMBER OF DECISION VARIABLES TO BE USED
C RK VECTOR OF INITIAL GUESSES FOR DECISION VARIABLES
C EPS VECTOR OF INITIAL STEP SIZE
c TO BE USED FOR EACH OF VARIABLES .
€ MAXK MAXIMUM NUMBER OF TIMES THE OBJECT FUNCTION IS CALLED
C  NKAT MAXIMUM NUMBER OF TIMES THE INITIAL STEP SIZE 1S
c TO BE REDUCED.
C  EPSY ERROR IN OBJECTIVE FUNCTION TO BE REACHED
c BEFORE PROGRAM TERMINATES
C  ALPHA FACTOR FOR EXTENDING THE SIZE OF THE INITIAL STEPS,
c GREATER THAN OR EQUAL TO 4.0
C BETA FACTOR FOR REDUCING THE INITIAL STEP SIZE,
C 0.0 <- BETA <- 1.
C QD OPTIMUM VALUE OF THE FUNCTION RESULTING FROM THE SEARCH
C AKE VECTOR OF INDEPENDENT VARIABLES IN SUBROUTINE OBJECT
C  SUMN OBJECTIVE FUNCTION TO BE MINIMIZED
Clnd&intﬁ&ttttttkttﬁﬂtan‘ ------- LEs *oArw YEEERRE LI 1)
KFLAG=0
DO 601 [=1,NSTAGE
Q(=RK(I)
Wi(h=0.0
601 CONTINUE
KAT=0.0
KK1=0

70 KCOUNT=0
WBEST=W{NSTAGE)

CALL CBJECT(SUM,RK NSTAGE,IFRINT}

KK1=KK1+1
BO=SUM

IFIKK1.£C.1) QD=SUM
IF{KK1.EQ.1) GO TO 201
IF{BO.GT.QD) KFLAG=1
IF{BO.LT.QD} QD=B0

c
C  ESTABLISHING THE SEARCH PATTERN
c
201 DO 55 1=1 NSTAGE
QQ(I)=RK(I)
TSRK=RK(!)
RK()=RK()+EPS(1)
CALL OBJECT(SUM,RK,NSTAGE,IPRINT)
KKA=KK1+1
W{)=SUM
tF(W(1).LT.QD) GO TO 58
RK(I}=RK({l)-2.0*EPS(l)

CALL OBJECT(SUM,RK,NSTAGE,IPRINT)



W()=SUM
IF(W().LT QD) GO TO 58
RK()=TSRK

IF(LEQ.1) GO TO 513
WE=W(-1)

GO TO 813

513  W()=B0

613

OO0

26

25

c
c
Cc
28

202

CONTINUE
KCOUNT=KCOUNT+1
GO TO 55

QD=W(l}
QQ(=RK(})

CONTINUE
IF (IPRINT) 60,65,60

WRITE(S, 100)KK1

RECORD RESPONSES AND LOCATION

WRITE(5.102)
WRITE(6,207) (RK(!), I=1,NSTAGE), QD

TEST TO DETERMINE TERMINATION OF PROGRAM

IF(KK1.GT MAXK) GO TO 94
IF(KAT GE.NKAT) GO TO 94
IF (ABS(W(NSTAGE)-WBEST).LE EPSY) GO TO 94

IF ALL AXES FAIL REDUCE STEP SIZE

IF(KCOUNT.GE.NSTAGE) GO TO 28
DO 26 1=1,NSTAGE
RK()=RK{I}+ALPHA*(RK(1}-Q(1)
CONTINUE
DO 25 I=1,NSTAGE
Q{l=qati)
CONTINUE
GOTO 70

REDUCE STEP SIZE

KAT=KAT+1
IF{KFLAG.EQ.1) GO TO 202
GO TO 204

KFLAG=0
DO 203 I=1, NSTAGE
RK{=GQ()

203 CONTINUE

204
80
85

24

104

100
i1
102
103
207
465
460
461
482
99

DO 80 I=1,NSTAGE
EPS()=EPS(I)"BETA
CONTINUE

IF(IPRINT) 85,70,85
WRITE(8,101)KAT

GOTO70
IF(IPRINT.EQ.0) GO TO 99

WRITE(6,460) (EPS(]), I=1,NSTAGE)

WRITE(5.461} (RK(I),I=1 NSTAGE)

WRITE(6,462} QD

DO 104 =1 NSTAGE
WRITE(6,103),RK()

WRITE(8,100) KK
FORMAT(//,2X,33H NUMBER OF FUNCTION EVALUATIONS =.18)
FORMAT(/,2X,18HSTEP SIZE REDUGED ,12.6H TIMES)
FORMAT(1X,26HEND FO EACH PATTERN SEARCH/)
FORMAT(//.2X,8HFINAL X(,12,4H) = ,E16.8)
FORMAT(1X, 1BHVARIABLE AND SUMN 3X,8E12.4/)
FORMAT(10X,3HSUM 3X E14.5)
FORMAT(1X,18H THE FINAL EPS ARE, 4F20.8/)
FORMAT(1X,18H THE FINAL RK ARE , 5F20.8/)
FORMAT(1X,24H THE MINIMUM RESPONSE 1S, F20.8/)
RETURN

[~ Nt



SUBROUTINE OBJECT(SUMN. AKE NSTAGE, IPRINT)

COMMON A B,YYB2,YYB4,YYA1,YYA3 M.RO
¢ COMMON R,DA,DO.K,KO.KA.SC,LID
INTEGER STATUS
¢ real RDADOKKO.KA SC LIO
real AKE(NSTAGE), YA(4},YB(4)

YA(1)=YYA1
YA(2)=AKE(1)
YA(3)=YYA3

YA(4)=AKE(2)

CALL RKF45M (YA IPRINT STATUS, YB)

SUMN=(YB(2)-YYB2)""2+(YB(4)-YYB4)**2
IF {IPRINT EQ.0} GO TO 300
WRITE(8,333) SUMN
333 FORMAT( SUMN /N OBJECT =", E12.5)
C

300 RETURN
END
=

ot ELL e LT

SUBROUTINE RKF45M {y0,IPRINT status, Y3

c
COMMON A B,YYB2 YYB4 YYA1,YYA3 M.RO
integer hsmall,intgrt limit maxcyc, solved, status, step,
- hgreat,jm,iPRINT
real a,b,bmx.error fintol, firsth,h,minh. tiny, tol, x,
* XARG MAXERR
parameter {tiny=1e-10,FIRSTH=5E-3 MiNH=1E-7,
& MAXCYC=1000, TOL=1E-4)
parameter (intgrt=-1,solved=0 limit=1 Jhsmali=2 hgreat=3)
real yO(4),yarg(4) k1(4) k2(4),k3(4),k4(4),
T kB(4),kB(4).f(4) y(4)
external fcalc
intrinsic abs

fintol=toli32.
h=firsth
x=a
do 15, j=1.m
y{1=y0()
15 continue
status=intgr
c
do 10,step=1,maxcye
xarg=x
do 30, j=1.m
yarg()=y{)
30 continue
call fealc({xarg,yarg, f)
do 40, I=1m
k1(h=h"H{1)
40  continue
xarg=x+h/4.
do 50, j=1,m
yarg()=y(i)+ki()y4.
50  continue
call feaic{xarg,yarg, )
do 80, I=1,m
k2(y=h*f(l}
60 continue
Xarg=x+3."h/8.
do 70, j=1,m
yarg(y=y()+ 3. K 1()/32. 49 *2(jM/32.
70 continue

call fealeixarg,yarg, fi
An AN 1=1 e



80 continue
xarg=x+12.*hf13.

do 90, j=1.m
yarg(H=y(J+1932."k1(j//2197.-7200.*k2(j}{2197.
. +7298.7k3(j)72197.

90 continue
call fcalc{xarg.yarg, )
do 100, I=1.m
k4(=h*f{)
100 continue
xarg=x+h
do 110, j=1,m
yarg(H=y{j)+439. "k 1{[}/216.-8."k2(j)
* +3860.°k3(1)/513.-845. *k4(j)/4104.
110  continue
call fealc{xarg.yarg, f)
de 120, I=1.m
kS(1)=h*(l)
120  continue
Xarg=x+h/2.
do 130, j=1.m

yara()=y()-8.*k1(()/27 +2.*k2(j)-3544. "k 3()/2565.

+1859. k4 (/4104 .-11."K5(j/40.
130 continue
call feale{xarg,yarg, )
do 140, I=1.m
K6 (h=h*f{!)
140 continue
MAXERR=0.0
do 20, j=1,m
error=abs{k1(j)/360.-128."Kk3(j}4275.
. -2197 kA ()7 5240.+k5(j)50.+2 *k6(j1¥55.)h
IFIMAXERR.LT.ERROR} MAXERR=ERROR
if{error.gt.tol} then
status=hgreat
h=h/2.
else
y{=y([H25.°k1(j)/216.+1408.*k3(j)f2565.
* +2157."k4(¥4104. - k5()/5.

endif
if(status.eq.hgreat) THEN
STATUS=INTGRT
goto 10
ENDIF
if(H.LT.MINH) THEN
STATUS=HSMALL
go to 11
ENDIF
20 continue
x=x+h
IF{PRINT.EQ.1} WRITE(7,222) X, (Y{J), J=1.M})
222 FORMAT(1X,E12.52X,4E12.5)
IF{STATUS.EQ.LIMIT) GC TO 11
bmx=({1.-x)
if(abs{bmx).fe.tiny) then
stalus=solved
else
if(MAXERR. le.fintol) h=2."h
if(h.gt.bmx} THEN
h=tmx
STATUS=LIMIT
ENDIF
endif
10 continue
11 return
END
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Photocatalytic Bleaching of MO with Osram UV
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[Fig 4.2] The effect of flow rate on bleaching rate of methyl orange

(0.012g/ ¢ MO, pH=3, Osram UV lamp, continous O sparging).
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MO = 0,012 g/1 Hombikat = 1
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Annular Reactor w/ 20 W UV lamp

1 T T T T ] T T T T [ i T T 1] I T T T T i T T T T I T T T T [ T T T 1 ] T T ]
© ® pH=30 ]
Q ]
0.8 A O pH = 5.6 _.
a o] . . pH =7.5
0.5 N o A pH=9.1 _
L m e 4
N T * © E
0.4 ¢ o " ¢ L, 4 o) ]
C L) ]
C n * e é © ]
L [} R
b . . & -
r . ¢ o 1
- . " x } ]
0 C 1 H) 1 A l A L L 1 l L I.I 1 . I ‘ '[ ' |.| ’ l. I '. 1 ‘] L ]
0 10 20 30 40 50 50 70 80

llumination Time

[ig 4.4] The effect of pH on bleaching rate of methyl orange with

suspension of Hombikat TiO, (0.012g/

¢ MO, 1g/ ¢ Hombikat,

20W UV lamp, (low rate=490cc/min, continous O» sparging).



+
faterips,
s
oYLy

— i

20 UY Lamp
BN

e

PR AR 0,
Pat AT -\

Thermometer

8T

RTINS

ASATS S S
L LS

-
o
ST

Annular Reactor Cl Etectrode Pl lon Analyser

T
e,

PR S
MR AN E A

LY
-
ol =l
A T e Y Lt
S T e

ATRXIXTARXRWT
ENE I
- -

g AT

LY 3
el btk
L TR

!?I2 Pressure Tank

Mannetic Stirrer

Pariataltic Pump

[Fig 4.5] The annular photorcactor.



413 Fd2] 55

Fig. 4. 62 SFollM A A]8} parabolic trough tubular BFS-7]8 Al8-3F A3} Z<)
g 2o M pH7F 30| F4Y-E halogen lampE A}4-3te] 92 A#Z el 7
ook Fig. 4. 29] ZAze} w3 F4go] wels AP YA S
< Osram lampE A&t 7R Hdojxa ¢loh. o] ZAREFY wlmz g

Hombikat TiO:x= #FHe) 2] FAHE7} UV IR A o] 24 ¢S & 4 i)

4,14 Platinized TiOz &7}

Fig. 4. 7> Fig. 4. 5¢] AYPAX]Z Al-&3}le] Pt-doped Hombikat TiO: slurry 2]
methyl orange 24 A =& EA}ed Jebd Ho|vh Fig 4 49 %27] pH = 3 3 =
Q Az o Azsh v]Zshe] Hombikat TiO: o Ao¥c} of we 453 =4
o] o] FAAI UY&S AT 4 Urh AHAH2Z UwrAQl metal oxide FEv)o]
©] &t platinum island 9] & 7}7} methyl orange?] BT Jeh T )4l =3}
T o Fader 7] §9dzb Fe vk T4 L9 CODE & shei=d)

Z7] CODE o 1,000 ppmel 5L ¥b-3- $9] A 2]42] CODY: ¢F 65 ppm ©[glch

415 A4 d

ol Aoz FE P pukse Tejol HpAee] B Hn g A4
B slfel Fool 5T & 4 AAH, A AHITY A5 AT
4o HEo) ehg Aol A s

AdaE A A AT Ve deAgFd ez 2y A" )



Photocatalytic bleaching of Methyl Orange
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<Table 41> G.C Condition [or PCE and TEC Analysis

Column: Capillary HP-5 (50m X 0.2 mn X 0.33m {ilm thickness)
Injection Mode: Split (1:100)
Injection Temperature: 200 “C
Detector Temperature: 280 "C
Column Temperature: 120 °C for 2 min

120 °C ——-> 200 °C (10 "C/min)

200 °C  for 2 min
Carrier Gas: Ny (99.999%6)

Flow rate: 0.8 m¢/min
Make-up Gas: Nz (99.999%)
Flow rate! 53 mf/min

Detector: Electron Capture Detector

Sample Injection Volume: 1pué

o 4A §7138%<Q Trichloroethylene(TCR), tetrachloroethylene (PCE)} 2]
5t dicloroacetic acid (DCA)Q] FArg}R s wh8-& TiO, FEvl2F UV illumination

Fo A BaFE Ao PCES TCE: F&E4 glolx v A7t :#-2UV illumination

o A Ha|ykgol Qoiwtth  Ollis & 47 #715FEd W FENNSE
Ry Fgorn wgol Yol w AHEE F FAHELS CO9 HCIZ BI85k
gdurA el gst WA e thad #Hroh

CHCL + [x+Hy-2)/410, ----> xCOp *+ zHCl + (y-2)/2 H.O (4D



AaA F718gtEe] BE8 WSEHEE normalized MR T Wd W A7Le

=

I
linear regressions F38be] ol g oo <Table 42> Yetdc 33

e w2
£ 2AAA AT 13 WS BEHE
<Tabhle 42> Photodegradation Rates for DCA, PCE and TCE
Compounds Catalyst Surface Imtial conc.  Apparent first-order
Arca (m%g) mMole rate constant (min-1)
DCA P-25 50 0.55 0. 0566
DCA Homb 250 D.55 0. 041
DCA P-25 50 1.0 0. 030
DCA Homb 250 1. 0.027
PCE p-25 50 0.26 0.047
PCE Homb 250 0.29 0.017
TCE P-25 50 0.35 0. 046
TCE Homb 250 0,33 0.010

[Table A2]2X €] ##FE 5 Q15| Degussa TiO: powder® AH8% 29
PCEE o TCLS] #Ba8ivtg & mg ] dsfo] gado] obF wodl uhg
Hombikat$ Al&¥ Z¢dw PCES TCE BEs] whgo) Rs)go] vje varo)
P-25 #Fvjo) ZAd [AH 2 Hombikat £vie] AR Roh Hlwz ygA|w
PCEY TCESF 42 EHAe] Baubg & P-25 &vi7F Hombikat vl Brop 2Adc

7} Ui AS RojEa gtk AT DCAY wWidt FEFuLe PCE 2 OTCE
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(Fig 4.8] The effect of pH on photocatalytic decomposition of PCE.
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[Fig 4.12] The photocatalytic decomposition of PCE under

oxygen—deficient condition.
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[Fig 4.13] The photocatalytic decomposition of PCL.
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Detox. of PCE (by Chloride)
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[Fig 4.14] The cffect of light source on photocatalytic decomposition of PCE.
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(Fig 4.17) The effect of initial source on photocatalytic decomposition of PCE.
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In [TCE}[TCE],
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[Fig 4.18] The effect of initial source on photocatalytic decomposition of TCE.



In [DCA]'/[DCA]0

[Fig 4.19] The effect of initial source on photocatalytic decomposition of DCA.
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<Table 43> Photodegradation Rates for PCE and TCE

Compounds Catalyst  Surface Initial conc. Apparent first-order
Avrea mMole rate constant (min-1)

PCE P-25 50 m'/g 0.19 0.084

TCE p-25 50 0.21 0.074

PCE P-25 50 [PCE]0=0. 145 kpce=0. 044

& TCE [TCE]0=0, 224 ktce=0, 051

PCE P-25 50 [PCE]0=0.188 kpce=0. 045

& TCE [TCE]0=0.148 ktce=0.050

ol 7}4] parameter/} ol HAARE B HAFAME 23] annulard B & WG

7\ 9h spiralFEj S} whg 1B ARSI AWATE PR BES X
=

s B2 whgv)el §He AgkAN We] HAEHoZ ZAEO FEE JFg-©]
annular® WHe718 Al #AH Awe ASdAM JARHI o] BF =HIUT

[Fig 420)3% PCE ¥alol Q1e}M annular Fe}e] W&717} spiral Rb-&7]el Hlel

bzt o8 ez veun Atk [Fig 4211 £% TCE wsh 2sixtE A7
g vwstzm glen PCE @3} o} F FAbshTt
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[Fig 4.20] Comparison of decomposition of PCE for different type of reactor.
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[Fig 4.21] Comparison of decomposition of TCE for different type of reactor.
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DCA® uleed®, = Ralsl HEE FHAsE7] ¢)8}o] recirculation reservoirel] Cl

DCAS] waube] ofshe] AAHE Cloles] FEE EAstdAch FHE 1 g/

8 222 A439 o, reservoir?] portd F3ked SAo] AT ASHOE FF

X
2

st th. Watson Marlow 3| AF2] peristaltic pumpE AF§-3te] DCA £ & ¥
23357 $lsted sy uber] Aol plastic FEE T distributer= A X3}
<dv}. Distributer® %3t FFHE 492 3 Felgad A Afdstz F2 W
74 st DCAY FEE 1 mME Abgsigen, gdiart ofFof 2w HE
Cl o]22) ¥ == ¢ 71 ppme] A&yl &FE5HA "

P Baiet vl FFHE FFY %L BFIT] #Aste 344 mi/min
450 m¢/min 2] 780 me/min o] A kA S HEAS-

Fig 4235 #o] 344 mt/min 4 A5 3 ZAAIE Cl iond] 25 543
o Yehd g zolch <k 140 BF<te FE ZAMAF Cl i) FE=7F oF 45
ppme] AAHe] DCAS] Bl &e] o 63 %ol thEtg & F Uk

Fig 424 DCAgN9 §3Fo] 450 m¢/min & A-$ F ZAMAZPE Cliond §
$2 2435l Veld 2ok oF 120 o] F FAMAZF C ionﬂ FTE7F ¢
31 ppme] WA E o] DCAY &l &e] o 4 % A& & 5 vk
g1, Pig 425% DCA-S-2] §3Fe] 780 me/min @ 739 33 ZAMA|ZPE Cl ion
22 2Aed Y asiZelch ¢ 120 B2l F FAMAZF Clind F=
7} oF 45 ppme] AAFHe] DCAS] Eal-go] ¢F 63 % A& & + U

ol ARz RE AP Ajawle] By AA W Aate] v]iH ZHHE one sun
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3
4
5 6
- 4________,__
O )
Ry
1
1. Magnetic stirrer 6. pH electrode
2.Peristaltic pump 7. Reservoir
3. Solution distributor 8. Oxygen
4, Flat plate reactor 9. Sampling valve
5. Chloride electrode 10. UV lamps

[Fig 4.22] Schematic diagram of flat plate photoreactor system.
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CL (PPM)

Flat plate Reactor (DCA) : Flow rate 344mi/min

60
55 —
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[Fig 4.23] Photocatalytic decomposition of DCA with a flat plate
photorcactor (1g/ £ 1wt% Pt-doped Hombikat TiOs,

flow rate=344m¢/min, UV lamp, continous O sparging).
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CL (PPM)

Flat plate Reactor (DCA) , 450 mL/min, Pt/Hombikat

35

4-4-95

30 —

20

15 —

5 | I | I I 1 I
0 20 40 60 80 100 120 140

Time (min)
[Fig 1.24] Photocatalytic decomposition of DCA with a flat plate

photorcactor (Jg/ £ 1wt Pt-doped Hombikat TiO:,

flow rate=450m¢/min, UV lamp, continous Oy sparging).
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Flat plate Reactor (DCA)
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[Fig 4.25] Photocatalytic decomposition of DCA with a flat plate
photoreactor (1g/ £ 1wt% Pt-doped Hombikat TiO,

flow rate=780mé/min, UV lamp, continous O sparging).
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A5 A" 1EF Aelg=ke parabolic trough type
Ejut-S-7] o] A1z

€ Aol deaielg gt rly 243 A4S S5 Y3 gA=z <
ofel] Axg do AHelgaF 500 HE|F scaled Fost Bgsled 1 EF A"
A vlE A e Aleiy A3 ke Alage] A= getrA|nt o
d MM A dAe BE AN $ue 23 /2 ARE AT A
ol =}

B el A7l T2 %9 ket AAstw 4o xel&a 500 2 €
w TES] 58 71 8 AAad S Hasld 1 BEFos st 2
Al2=®) gl FHAA ] N LEE Fig. 510 Jehigdeh o] A28 o2 gl F
vl e} FHARAES Alebd o) ol 29kd 4 9ot

NES EESEI

(1) 8 set®] parabolic reflectors

o reflecting material : 99.9 % <%
0.5 mm F72] aluminium foil
o XHA& 1 o 84 %
o dimension @ Zo] - 25 m
aperture area - 1.68 m2

o 50 - 60 sun FF7}5

(2) 8 set?] pyrex tubular reactors
o Zo] : ¢ 25 m
o WA ! °F 25 mm
o reactor Z+e} @3 : tygon tube
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© reactor Z+2] ¥ S} : tygon tube
o reactor®} tank Z+2] @ F : tygon tube
(3} Sensors
o 16 7§ Aol T-type thermocouples A X
o 4 7§ A4l pressure gauges Ad X
o AAA fFA
o FHH YA
¢ UV radiometer
o k¥ F7} A - pH electrode £} controller
pH meter
I8 &3 A
(4) F 3|
o computer?} Fluke data acqguisition system
o 1/2 hp impeller 2] stirrer
o 2 7§2] 500 =) €]F fiber tanks
o 3 788 250 =]¥]F polyethylene tanks
o WAikAd, “H521A3 1/2 hp pump

O compressor

C

10 7} $]# ol sampling valve -2+

JElg FE) WIAAWE FAs] Heted YHHo2 PokP wgle] 2a}
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3 pyrex®] Sel%o] tubularde}e] Fur-gri2A W7ol 25 mm o] X, HelE °F
25 m ook,

2 A)~"e] parabolicd] WAL FASNE dx AT 99 % £=4 05
mm =79 RnlE foll2AM Asigon], el 2AEE AR AT WU
o] T8t ubAFS-o] oF 84 %e] o]t} 22| parabolic ¥WAHA 2] Aol tubular WE
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Ao AFL3t7) 9% ARz H4FE AddHdew ARAAG A HeE AAT
7292 2)sled TiOz powdersh g4l FUF ExhE 9sted 1/2 hpe] impellerd
mixer&& #stdc). £3t o|FA AZRHE feed SAo WHEA Y] 8FFH= FIF
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actinometry Al A2 332} intensity A

(2) FB&) TE H7H #E . Metrohm instrumentd ©]-§% in-situ’
autotitration system T4

(3) Sol-gel processel] 93} niobium oxide doped TiO» F&v} Az 2 H7F

(4) Powder mixingel] 23} niobium oxide doped TiO: FF+) Az ¥ 3 7}

(5) pH ®i3le] b2 DCA ¥4 && A

(6) 913 9A Fgt He] A4 AA AY

(7) Degussa P-25, sol-gel TiO:, Hombikat Ti0:® quantum yield 2]

(8) Hombikat TiQ: F&Eje] EA x4}
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(10) %ol 213k platinized TiO: F3v] 37}

v. A Eot J 8

B AFE Bile] 4 AES ohFH o] EA}A
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Summary

l. Title

Development of photocatalysts for the solar reactor to improve the water, air and

soil by the detoxification of hazardous wastes (1)

Il. Purpose and importance

The new method to treat hazardous wastes is required for the conservation of
energy and contamination problems in the globe. The final goal of the present
research is to develop the photocatalysts, which is essential to treat water, air and
soll by the solar reactor. The solar detoxification has been discussed as an
alternative method to clean up the toxic inorganic compound. Trials have been
conducted to improve the efficiency of the photocatalysts by modifying conventional
TiO_Z powder.

The semiconducting photocatalysts with an appropriate wavelength of sunlight
could obtain complete mineralization of hazadous materials present in water. It is
known as a cheap process as compared to the conventional waste water treatments
and can be applied to redox process for the non-decomposable and heavy metal
treatment. It does not produce any secondary pollutants during the process and can
be utilized in the conventional UV treatment system and is easy to operate.

The efficiency of the photocatalysts could be dependent upon the characteristic of

the pollutant present in water. The modification of the photocatalysts can provide
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an improvement in the efficiency as well as a cost down of the process. To enhance
the efficiency of the photocatalysts can be obtained by enlarging its surface area,
introducing the noble metal such as platinum, or adding metal oxides.
This trial for the detoxification of the hazardous wastes by using solar energy as a
driving force will contribute to solve the energy crisis and contaminated global

problems.

IIl. Contents and scope

The various trials to improve the efficiency of photocatalysts have been involved
in the present study. These are the increased surface area by the sol-gel process,
economic simple powder mixing and the introduction of  Nb:Os by the above
methods. MoOs, WO: and platinized TiO: powders were developed to decompose
dichloroacetic acid (IDCA), which requires an oxidation reaction.

The concept of the quantum yield was established to evaluate different
photocatalysts. The theory related to the quantum vield was also introduced. The
various factors to affect the decomposition of toxic materials was examined. The
decomposition rates were measured as a function of pH of the solution,
concentrations of the photocatalysts, and processing parameters. Especially,
photocatalysts utilized in the bleaching of dye molecule were excellent.

The contents of this research are as follows:

(1) Measurement of the intensity of xenon lamp @ by the actinometry method
with aberchrome 540 solution

(2) Establishment of the quantum yield measurement @ ’in-situ’ autotatration

—129—



system with the Metrohm instruments

(3) Production of Nb:Os added TiQ: by sol-gel process and evaluation of its
efficiency

(4) Production of Nb2Os added TiQ: by powder mixing and evaluation of its
efficiency

(5) Measurement of the decomposition rate of DCA as a function of pH of the
solution

(6) Bleaching experiment of the synthetic dye

(7) Quantum vyield measurement for Degussa P-25, sol-gel TiQ: and Hombikat
TiO:

(8) Investigation for the characteristics of Hombikat TiO:

(G) Synthesize platinized TiO: and its quantum yield evaluation

(10) Evaluation of platinized photocatalysts by the reduction process

IV. Results and applications

The results from this research are listed as follows.

(1) It is possible to compare the efficiencies of different photocatalysts by the
measurement of quantum yield at fixed light intensity and at  constant pH of the
solution with lmM DCA.

(2) The pure sol-gel TiO: powder shows higher efficiency than commercially
available TiO: by approximately two times.

(3) The added Nb:Os in TiQ: by sol gel process has an effect to decrease its

quantum yield because of the production of the excess electrons.
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(4) It is revealed that the surface charge of the catalysts has a close relationship
with the pH of the solution. The photochemical reaction could occur at the surface
of the catalysts. This fact was identified by the bleaching experiment for the
artificial dye solution.

(5) The maximum photonic efficiency can be achieved at the total catalyst
concentration of 5g/1 for Hombikat and 1g/1 for the P-25.

(6) The introduction of Nb205 inte TiO2 by powder mixing has same effect with
a rather low efficiency when compared to the case by the sol gel process, but has a
economic merit.

(7) Both sol gel and powder mixing TiO2 powders with Nb20s have outstanding
effect to bleach the synthetic dye solution.

(8) The noble metal doped TiO2 powder was utilized to the oxidation of DCA
and 2wt% Pt/Hombikat has the highest decomposition rate of about 72%. The
added platinum can delay the recombination of the electron-hole pair and therefore a
high quantum efficiency can be obtained.

(9) The optimum photonic efficiency can be achieved by the reduction for 6 hours
in the case of 1wt% Pt added in TiQp powders. However, the introduction of MoOs

and MO3 have a deleterious effect on the photocatalytic activity.

The decolorization for the artificial dye molecules by utilizing lab-made
photocatalysts were sucessful. This phocatalytic procedure may be a valuable solution
to bleach the waste water from the dye factory. It can solve most of the
problems of the manufacturing factorics as far as the dye process is involved. The

excellent photocatalyst for the oxidation reaction was obtained by adding noble
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metal in TiO2 powder.

The immobilization of the various catalysts for high photocatalytic activity along

with prefered reaction(oxidation/reduction) photocatalysts will be developed for

the early commercialization of the solar detoxification system.
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H:0e 28]l 2xRe 2 FAE H-E-8i(heterogeneous photocatalysis) 3 5 4 o
(1-3). 7] 242 AA B F54 Fao F JUXNE AR Festdort £
g7t o] ool A 4 ek oA Yy o {7 EAe] ¥ 2R e &
Ao Q= AL Tk F24 Bdel ALA g9 dgte AY F4uH
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FAE vlaste fAlEAY o 5T B4 Aohs S Ejs)or @) =3,
WhEo] dolups A (site)oll W Aol 31 (13,14), hydroxyl radicale] 3
Fel FaEe]l vhEel Foddte A9 o 52 FI whged oshed ey
WAH dde G el A whge] dofvte Z(15)ol] HF FEe 977 87
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- o] &Sl s A2 LA ok @A o] F o] 2EE AN fpox &
Aehet. o} o] &Fe] BT Wh3ol w| R Qg mH e} ek F3pel ukg-ol
FE] el F2 deldhm shg sl A, "ref o] o] 2To] B Rl F
AH A Fel 77k AAC Adebd B3-St whgel 2R 2 AgE vl A9
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group (M-OH).2.2 A Ec} o] & Ajo

M-OH + H = M-OH  —eee- (2.1)
M-OH = M-O° + 2 L (2:2)
Aol ME 5% ey d3-Fe 84 A5 A A o F
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[Fig 2.1] Schematic representation of the cross section of the surface

layer of a metal oxide
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A9 ¥ 4o PHe yelsel ok KE 74 43 AY goon s, I
Aol pHocl 99 AlA b ubs} ol 4 ol e e $4de] Wt
sEo) FASE w7 R 9 pHE AL F

b oz wo] ol F4 ASHES pHuwc g ofd Table 210) +S8Hoc}.
olgh e ofmAQl A Eol pHee ofsle] pHMY T4 43%E EHs £

312 =w pHwe o442 pH oA FAsHE #A do.

<Table 2.1> pH values at the zero point of change for various metal
oxide powders

Material pHzec
Si0e2 2.0

TiO: 35 - 67
a-Fe0s 6.0 - O
ZnQ 9.0+£0.3
a-AlQ: a.1

CuO 9.5
MgO 12.5

9lel Tabled| A B3=o] 4% A5 FFol WalA pHee 71 A WHEE RS
oF 4 git} o]x & F& AstEolglE AlFE ubhel wlel pHwe 7} GF 5 3
t} o] 2 = Ti09] 7A-$ Degussa P-252] pHzwe = 6322 £3 5931 Hombikat
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UV-1008] A% pHeee = 482 vpehgeh(17). ole # HEo|E 2ol= TiOY AX ¥
Hol BEw 1 AAE AZ g A 4V A5 &S FS5) EH
o Ast Aok 54 71 Ao weka =4 gebd & ek

QAxjAA opoleel Artel mhe FEwle] Egel BF AT mAsht chioride,

sulfate, nitrates} Z-S Lol &0 Hrlx APl R AE TERT FT T

|23

=} % pH 89 3-chlorophenol®] 7] F3& Wafshx] dx A= BRI Q)
t}(18). upx7}A| 2 pH 1360]A Degussa P-25 TiOe PEv]|E o]L5}led phenol &
Bl o IM NaCle H7hs= ozhe] B8 zhats Bach o]= pHwe B0} ¥

pH oA Degussa P-25 Ti0: #Fvhe A3 FHASHA o) ¥d F9]4

flo

20120 wEr} AskE7] @Eeleh pHwe R} 32 pH oA 3-chlorophenol]
sared] A Cl, SOF, NOvS] 5e A A Lsjgo] vobdletzy B3
She1eH(18), 8142 o] anion SR} W& ¥ phosphate A7 3 gl vl
Aw ojsre] 2 Aoz vehdoh(19). TiO: F&ohr} pHme BTk & pH oA %
ASE = o F Moz Edshd oest 2ok

TiOH + H:QO® < TiOH:" + H0 ------ (2.4)

olgA oFAEE Hx ) el Soleol FHHe £ sFEHY WF
uhasle 22 AlE = ch &% 3-chlorophenol i u}-¢ o u}x]3= phosphate ion?]
o35ko| chloride ion®) ¢J¥R.ch & 71L& phosphate ione] Feizl F&uf el
£3to] Boh o] A o] Folx]7] W EolkT B 4 gtk olgh o] BEw T 4
go] da ode THY Lol 3L FAsTA X-ray photoelectron
spectroscopy ( XPS) 7} 636‘%%7}1‘4(20) o2 EFe| sodium saltZ §F3 pH7} °F
6-701 Lofo] BEHWS FUT F desiccators] A AEZ3te] o R Fol&F A
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ek 1 A3 B0 219 OH groups WA 22 FA = phosphate jon©]
7P & FHEY sle A2E Yeldoh 296l Cl ot} § 9 NE XPSe)| %3]
%tk A AY ubhge F8] FAAM TiO: FEF9 8] pHwe 8 A} pHellA]
ot g 7] dEol g8 F7Y Jele %S TR wycty walr] IS5k
by B (radioactive tracer) & ©]-&8}e] TiO: F&u)e] pHuwe ¥} W pH ¢
A FH AYES ¥ A3 Tio: 330 2he & I =+ PO > HSO4) Cb
> ClOs 2 utepyteh of ZHobz Fabel wh&g o83l 479 $oj28 Fiat
71 HFEE AA AY 2} AF ol Evh oHE Fo]- 2S5 22 phosphate
iond FA et 9714 AdME FAe] & dolu} £ FFEE AHY Fo =
Aol Z g deolut: A2 Yepgoh

F714 A Fol pK7E 1-13 o] 2} & 7HA9 7k Ak Q] pH FreliM e 3

BF3-of A Aol AR A7 H7IA LAl 23] o] FTH21). AE Ao}
G714 YoM E TiO: FFohE ol &3 FFA dHr7IE 8 9L UV-H:O,
UV-Osxjglell ®laf] Aokt J3Fg $A ket o]de] gch FE3 &S Fol
7] 1% d3o® U3he pH o2 wiFAYZ] §3 HANE A X AF
S FA @v Aeolvhel gt E7A &9-& =57 YA sodium ion o] #HAf el
@7 W NaOHEY-S& F2 A3 o)gf W2 AMY 98 Azs7] 93}
o}E HCL ol H2SO4F Hrhgtoh o] A -foll HoA 53 wie} o] Cl-, SO&
o &Fo] TiOr FFvhsl A3 28§ sluE 1 <3S T sfof 3ok AA &
oA HCIO: v} HNO32] 4382 =14 1}elr} phenole]r} 2-propanol -& pH 20) A
559 WM HCIO4E AAARE H7A0E o E818-2 pH 2404 3.42] M9 elA



A& 271zt 2 ojAke] pHel A& o] & 5}A v}l .om ethanol®] 73-¢ F-3H

r

2o pH 204 287bA= Z7lela pH 367bA 48T @& wAsiot Faste
Aoz RuHQEH2). 9 A 2% FuE dge] T Aw Feldel 7
395 2ale) nH= e pH d4oj3ke] °§ ol 3-chlorophenol T-# e 3

HNO: 72 Q8 27] 2age] g2dA® FEAAA debdet A8 A5E=

-o

welshd uwk pHERS 97 "rhash F&a) ERAR ohdet #8A9 pH7L
B4 7% A= QS Fo AAL 7 A=

e 2o pH FoelAL HS $H5E A 54 B4 AL FHHE A F
Zojo) EHHE Aol W AW VL 22FHL T Ao o] pH H A

4] OH- ione} TiO: EwdolA} oz E45 ZA A BH23).

TiIOH + OH & TiO®  + H:O  ------ (2.5)

=o w2 OH radical & FelviA o] olaf BAF holeell ©j3) ¥ OH-

jon & Z3A7)7] HFoletm A2 )kt

s Beo A A4 TFLS df4Aein] FFE Abd EAE conduction band
9] electrond %3 (trapping) 0. 24 elctron-hole recombinationg A d3AY HE
2Re AR ¥ cndc ASAE Frlete de G5F 22 A7 =4
o) gieh

(1) conduction band®] electron ¥z
(2) Bt A ssrFe YA
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(3) 27 WA EQ A3 vkg 4.
del BA4s] 7% F ¥¥HE TARE FRG B3 g F7 ALE
(intermediate) .5 W72 H = H:07F dot o] #HAl3bp4 oh&3} 7] conduction

band¢l] Q)+ electrond 2] ¥F3-5 %3] OH radicalS 3 A&},

e e HET TS FEoNZ o] Labe] walFoH24). Aseast AH B
AUAZE Foohal @AY S4do] Fe', Cusl e o] o] 2AsA o
=

T A 4w (20). AdHez K54 f0E

oo
rlo
H
>
_kg_;
>
b
lo
off

so) wet FepAn HAe) ywst SAse

H:O:  + ‘o = H:0  + HO2®  —-eeee (2.7)

HOZ + OH = H:0 -+ O e (2.8)

ZA 8] TiOF&mlE o] 48 B339 chlorinated 3HEe] Abs} W2 Hrlw
HAbsrA FErE 107 - 10° Mol M Heje] ZalES Beh 299 FE M4
My eleldt odgehe debioelk kAR 2 Es) A EAY RHE 9t
Zn0E FENE ARLT 7 5ol 7MY AARTLE 258 P w3 dAlsle

:l:‘

oJ3F S Hel Ao Z viepydeh(26). 492 *—U‘-i phenol, organophosphorous derivatives

v} dioxin®] 739 H:0:2] %712 lsle] B3l 8¢] F7}3} 1, chloroacetic acide] 7
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So= Halgo] #HAdTh Z19el] peroxydisulfates I z}sl ukg E7]d] A"

AA4E wAe AT Ao

S0 + e = SO+ + S04 eem-e- (2.9)

o] Alo]A ek wheh zbe] peroxydisulfate 9 AArehe] wWEes A4H
sulfate radical &-ol-&-2 wi$ 7Z4eigt Ak reiA Qow o Fol Helx
37kx e} ARE §7) SgETe] gl Fejg

(1) 23} st22 59 54 A F&5
(2) B¥3} g WgE o F5% o4 A¥
(3) carboxylate &o]- 2ot B4 FA FAN-ele] AA AA.
1 A#) TiO:FZFu|E 0|83 2-chlorophenol B &7} peroxydisulfate £edoA] o]

2ola o Bl g3 FA CO: HBo) F=AA FIHETHED).

[n%]
h
_i;J_
I
=
1o
Enl.'
o
0
&
Y

2o Ba §7)Hs Ao Fa £4% wlas) £ A3 Tioh 7HE £&l H
ot Aoz Jelgch 9 BT Fol= Zn0dle] vl FHEE AT A
wH27). SFA 7 ZoOx Abolu} 714 S SaH A Wl AAFo2 FE37]
x o]} 2L TiOE}S anatase phase’} rutile phaseXc} B¥-sf F&o] 8
t}. o] rutile phase Ti0:0) 21 2] electron®} hole2] AN A3} 257} anatase phase® v}
o w2a 4 Ede FAHL WSES oko] Ared oz 7| wFolH2B). &
rutile phase®] TiO: E2eo] F#3 hydroxyl gronpo] iAoz Hube Feojvh $)

o ogd B AL AWMz wasde AfolA] AZ AHRHA FI
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E&(quantum yield) & Hebli Zlel eldeh webd M2 92 URA dataz A
dHd FE BES vase A A9 Brlseth
FEE Ego] gt FHoEA TiO2: 3.2eVe] band gap energyE 7FA| T gjch
wreb el FE g Fe] 24 400nmeo)s}e) W& F4ee] ot electron-hole pairZ
BAE = e ol dlFFdo] Aol =deb= MA 3R F oF 5% W
o olE FE87] AMA L anatase TiO29h Wld B8-S AUT B g2 99
o Bd BAS LY e FE0e] APdo] 87 o]
|3 gubgr] A= ZA olwiAlE £ gl
A WA A7 @R wlEe] anatase TIOZS thAT FHuje] il
© WAV Aok HEAAL RS 2 AFgE &0 B
(D) f3l 24 FH37 41
< A=} 54 BAE 3 L4940 A st o} 81T,
(3) 37 e AAlel o)at FAjAde] glefef gtk

ez A FEY S5 AREL 9 24E TEA71A 7 band gap energy

VF HFE o

[‘]r‘

b 27 bR 7L obd AdA 2 delx] gl <9822 hematite (a—Fezoa‘)Bl
7d-%- band gap energy® ¥} 22 eVE uElf o] 560nmo]s}o} el}F o2 T of7|H
o] electron-hole pair& ¥ 4 Atk AT hematited] 39 2] 333} F-49
Abs mbgolt R whES FEste Aoz ZAEEH(29). 33 2L A9
& o2 B4 Hal= ZnOy} anatase TiO29} ¥l male] A9 sBia) ulLo| ole]
WA sk e Fge] o g 49 FSY S dE BEu)e] spde] dF-H
I AH30-32). A Eopt A FAUE F4sled T4 S e FEHuje) o

H-F-2 anatase TiQO20) Heo] F&L 2 7}8le] o} o] Al
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2.7 Sol-gel process

= Ao 193090 A9E BAE dFstn ¢l A powderd: A= A

o

Az} 2.2 Geffcken®} Berger L2] X Schroeder”} ol 7kx] 9] AsEz wuhs A

r—

zapmA S5 BAL ARA Hygew o F 2AE AFH A S8 H3
Nz Az TAoZ 7Ztag w3 Qeh(33-35). o] FAL ol E FVIH 22
= 2Zsled A, Gelo] AL 98 colloid(ef 1- 1000nm) Y AF-S0] sol&2
BarEe oAl d44q 18] FAS 2 geld WEV] A8 alkoxidest 2L
7] 24 3§r2e] 2 (polymerization) & BA st WA o1 =H(3637). EA FA el
A B Lo BEaE ToT AR} Ao AAe HelA HH 4 <l
AL A Mz Aok o] AL drying, calcination 3 grinding & A= )
A8 powderZ & 4= §lv} Table 2.2¢] sol gel process®] &, DI A A 845 o
o] sol-gel peocess= Az EZ o) utet HF AFES EAC =A Gkl o3
o33k s =1 28 <l AT (precursor) Ql alkoxide®] A€, sol2] &7 pH, A7}
fx =wje] 28 1 Ayl ATale] = H02] ¥lE, aging P drying condition©]
A Aoz dA UrH3).

= Awe] 7% YT ol&laly] st 3 (UM e &3 E), 2
&} (fractal geometry9} percolation theory) @] Al e} 2:(sintering@} structural
relaxation) & &Fslo} gtk Fig 223 &7 3R GG deld & e I
9 AL EAsg Aotk EA TAME FRoE AAE AT ATAEM F
& G Zale| = gl oy FEH L F& FTIFUAA Fo =
(inorganic ligand)7} A& e} ol F4-77] HAFEL] dFolch o2T FF UF
Aol = ofel] Ao iiehd nle}b Fe] rbg Bs) ub-E(hydrolysis reaction)o] <o

ek,
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Ti(OR) + H:0 - HO-Ti(OR): + ROH .- (2.10)

<Table 2.2> Proposed advantages and disadvantages to sol-gel processing

~ Advantages _ _______ Disadvantages |
~ 1. Better homogeneity. 1. High cost of raw malerials. !
" 2. Beller purity. "~ 2. Large schrinkage during

3. Low temperature preperation: processing.
_ Savings in energy. 3. Residual microporsily, hydroxyl
§ Minimize evaporation losses. and carbon.
| Minimize air pollution. | 4. Health hazards of organic solulions.

‘ No reaction with container. 1 5. Long processing Limes.
! Bypass phase separation.

6. Difficulty in producing large pieces.

4. New non-crysialline solids

5. New crystalline phases from new
non—crystalline solids.

6. Betler glass products from the
special properties of gels.

7. Special products, e.g., films and

. fibres.

POoOO00O0
0000000
(eRa N e oo -l -~
0000000 extract
000000 o

uniform ]

particles ge aerogel

-

&
2\\\\\\3\\\\\\\\ ¢ evaporation

xerogel film

fibers xerogel
heat heat
N A\ \
dense film
dense
ceramic

[Fig 2.2] Overview of sol-gel processes
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o7]e) A Re okaH(proton) E& g = (T Rel akyle]® ORZ
alkoxy groupe] Heh)E vehin () EA L de 2¥E Hnlde.

zps 2o Arhst Aeselzl 2uje) oFo) wetbM, she BaE FE3] o] Fel
A ope o} Hb-gol A A,

Ti(OR)« + 4H:0-> Ti(OH)« + 4ROH ====--- (2.11)

2Ael 7}4 B3| sl -OR7IZF -OHZIZ F-3 A" A Il <

=]
=
Aot 2RAZ yip Y 2xx= 5% ¥kS (condensation reaction) &

(OR)+Ti-OH + HO-Ti(OR): -» (OR):Ti-O-Ti{OR)s + H0----- (2.12)

(OR)#Ti-OR + HO-Ti(OR)s -> (OR):Ti-0-Ti(OR)s + ROH----(2.13)

o)=lst eje] ubge TEAIES (polymerization)-d 3] TiE wol A
AN BASL TrEolzeh whef shute) Ry & AAlel HAE: AR Z7E
AAA Ha o] AL Alge) o]t 3o, viAF 22 qhgo| o] FolA= At =

el
2
oo
?d.
lru

g 1A BALE o Folxl BAZA A TAY AFHL geld] DAL FAHAS
Gel pointol A= Age] WAEA o, WA B FEI} o} FeJA i of T ¥
b

» Brze 23 9ee o Yoy W $AolA Aok o el

o, A3 o] F ojelgt Fxe AAe] Wale HAH L agingoleht Fvt £7 gel of
N Ao A YAEDS] dFges FRE A7 VT oERE dAE F
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FHoEH A &l dojuhn, dryingFol E JHs} ZuEwA e WA
°of doird A A3 el M Fte] g Ax= Ao W 22y} o 10 %
Ax FIF F2AE 2AT 49 FRAZh oS xerogelolzt 22w

~ ZIFES FHAS JHAS o] I AARE 7|2 SR} fiterZE o] $8 7 9

A, A S 7Feled solventE AA s AN wiFHE= Pryoez
= supercritical drying o] @FHZ Qith ol Ade] EAFE 2P gHS 9
Asl AAN F22A ofF ¥ rlFEs ¥WA, a8z RS UEE 7HA 5o
SR BAHEE Fo] F Ao|oh(39). = 7+ wlyL o] 4-5le] ethanolB.o}
A =7} W& drying agent(CO2) S H71sla 25% o]4} FdAL ZrhAz 4
= ¢leH(40).

AAEY 713 72(3EH, 7|38y, I AsEe S0 257
ubet gebd o ok W pHEA e M= 3} wgo] S g uch wa] gofr)
S oolel] wpe} geld AR b2 JFAE ZE wh, pHAF E1slwA 29 ubg

(HF, HCl, IL:SOs, HNO:)Z H7}3h gel® F2 micropore® 2t W, 9714 &
W (NaOH)E 7} gel-& mesoporeZ 71#T}H(38). =3 FrlE= Abe] Bo U3 &
BE A4 B Frel 4L Fr QAL F4P YU 2AGM T4 9T
Ao 28] o5} whe st &4 WSO 2 particulate (O lnm)7} AZHG oHy M

2o PAHA Ad $3 (self-condensation)-& =3} ul-g Eqlo] AT ul-geo] 2xz)ap

tlo

=2AgeR AAAE 5 Qlehe]E o] 7] 8 uhfe] Eo oF m: Hrige

A Fofe] ofeleli & 4 gl Titaniaum alkoxide® precusor® & 2w o] A

>

50 (HNOY, HCDE U3 At =5} 4171 Aol B3} dmge) ool Hrbstn
EYAL A EGA AL, ST G A Fol S Arehd TYY &

— 152



do] =g gojoz Wall o] HEFYTh AF AHZHE AR S 001
03mole] W7} H3a Aoz vephgoew, Foka abe] Arbe AT Ao 94
&) 933k nlA = YrEE B ok AFAl = B9 IV TS
sAYol A BUTL we] $AH¥e2 dojhmA $3(shrinkage) o] ZHEH =,
o] hydroxyl2gSo] ©¢ wel AAFEAN THHA U akoxy BFEHY vhe
22 M-0-Mo| A =7 wfFojh(4l).

QWO 2 gel times WuFHE o) AMo] ©f olitel e Erbsd w e
sole] A Azt 7]1A-e Ajabols] A E(viscosity) 7t A7) Frlsbe AdE IR
o} o] Ao] 330 TFE(3 dimensional network)dl Aol FAHIE 7iHelw gel
timeo] ‘Tolgk: AL geldhdl MEE] AL owlste] oug AL AZE W<
g Ban) ol Sy wE &g ez & vt = AEHT FHHS
715 Hu % zetalgdm BRH I H42).

2.8 Z=0jo| HXE =52 AE

Qutd oz BFgYA FEe) WS wtri] UM AF AT HEA
Bt band gap o149 Weluxe w=zdw WA WelAE valance
band® ¥ conduction bandZ ¢ HMzolrt dojutA =i, olof A=
valance band®] hole ¥ conduction band®] electrone] F#Ed=E o] F &

of W&ol FoAd g A "G,

we B FEv dsolA

sk RbeAlE HUR AMeste AF

A

2t} Pt, Pd, Cu $9 F&& 2AANY i=A S07 o & A82 WH
e A$7 ged NMEA(TION 5% =e FHMdss Ared

conduction bandell Al 2 A E electrons® WEA(TIOHE A} F2d A4

il

szl Aolg ZFAAA BEU VAL FANIGE BiE AvHA3),

(i



THE AN E RE TR EFHE MAD QeEd, AUA 285w
o old GAZ FHH AV fAsted w45S o] @AYo A &=
Aolx, A HdE& RrxA QA "o Fxale e A3 E electrond
hole?] AAT £=5 =84 Fe ol

Metal-ion dopants® electronfor hole)d] trap 2# 2 834U electron/
hole2l AZT £ & WA ds]A Ti09 F&ujdyg AL WAz
o, ool dis H3l¥E AEAY HE+= electrond® hole®] interfacial
charge transfero] G FE Fol(44). oldf F £l 22 Ti0xe FHukgo 9o

A AAHEE A9 trapE A48t AA-BF A S5 utFE AL

FHEGA mAe] FEE Fig 2304 HolRo] M75e A B2 v
sgetgadel 1A = Uk A/ESd 3P A=A Yo xo 4
4% electron® hole®] ZZ #F9 site(FA T HF )Y 23} site(WFER] §7)
ol Falel 7} siteoll Al 23 B B UGS doide Aoy, Hv)nieA

2

K=
#HAP-L 9HE siteE HMFo] ofd FHHoZ HHHIt o] siteo]A Abzt =

—t

gawrgol AP BAFE Zjol gdolA T BAPL AW F&e
skl 83 Ti0el A9 1 ANl BeG MEA EHd FA) B

Ao gz AREG ol MEAN od.e FAY AsE HElA
—L
=

Ae] wistel FHURETL AW FEu) B FojHThm W]

A

3 Ti029 chromium oxide, iron oxide, niobium oxide® A 7}std F a3}k

Jp

=9 ZEeol Eojuy Hiux JQr45). ey olE FE5AksE WAl
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]
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Rz o FAIE AL EXALAG. o8
A WOs2 Polxo] WOz W(VIE TEIL Ti09 g FEd 4

Lo weaT B ATdAE & 8SE Z/ATY #el F& wE
B
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[Fig 2.31 Two aspects of metal supported photocatalyst on the

photocatalytic reaction.
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A3 A ARan

31 AE0 MH=E SH

<=

3.1.1 Sol-gel ¥l 213 mixed oxide FEHu] A=

Al 2 el A vhet zbel FHely ¥l oA TA Fsbah W3S s
Felsteh Baule Kge
g o433

&3}7] #3} starting material 2 tetra-ethyl-ortho-titanate (TEOT)S

7] 98} siter} B2

2} surface area & Yo]7| $)8led sol-gel process

gasted Abgsldch =3 Su)A 2 HCL o 182 MQan

8} 21 sol solution?] FA

ARS8 EAE2] A5 2L Table 310 =

<Table 3.1> Starting materials for sol-gel preparation

Fol7 A% 9B

(11G&)

MW=11818

starting materials chemical formula grade source
Titanium ethoxide
. _ 2% pure
Tetracthyl Orthotitanate TiOCAT); ALE 29812 Fluka
(Ethyl Titanate) Tt T
99.8% pure ,
sthyl aleohol Csls0H 15e1
Ethyl alccho 21 N Ju
1 Extra pure .
LL [Ivdrochloric acid 1l VLW ;516 Junsei
899.95% pure
Niohium(V?} ethoxide NWh{OCA1s)s - -;18.21 Aldrich Chem.Co.Inc.
Hexylene Glycol 999 pure
(2-Methylpentane-2,4-diol) CiH O Tokyo
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2w ERES] mole B]¢S TEOT : 0 : HCI : EtOH @ HG =1 : 1 : 005
50 1 1 28}e] Fig 3.1o] A8 vle}o] TiO: sol-d Azseh AA & A=
o AFTHE ethanol ¥ 1/2 23fe] TEOT 20g A 23k F oF 0-R7F wubsled
Fo3t £94.8 WE e EviA el HCIE 016g HG 10g € 165 & “7i~A| ethanol
1/26] ATE= 100ge] BAIZ] LS of 0Bz W F, F &4T frEls <l
g5ted AAE] oF 2087kl AX mubelRA EFAZC &% TiO: sol powder
= ohA] oF QR IurEle] FUYF £4S =HE FE hydrolysis Y condensation o
ook & ovenoll A 80T dryingsted powder el sampled & & ek ©
Q7 AL powder= DHe £xe] whE AF WHEFE AT $sted Thermal
Sciences®] PL-STA 150022 £%o] w2 FA4 w3} 3 differential thermal analysis
2 ssbeduh. Fig 320 vebd vhebzre] ovenell A dryAlZ) xerogeld 7] FollA
10C/min. 22 800T7HA] +&A7e @ 2AE stk 2 A3 230T A A
okst &9 peakd 270T BETolA 2 peakst WA AT ol E-Z 77 xerogel W
Jd fHsgE 102 ghdAds §7] B da whgel vldd AL A7
2 gtk eXo] w2 %A Wi el TG curvert o] 2= el A

weight loss & ¥.o]i= 7o ol 33 &) FI . A, 50T -+ T A 7

r-1-'

ule] peak = Ti0:2] ZA Aref7} anataseel] A} rutile® W 3ahe A2 {53k
ol Xoray A EAe) o8 #yg 5 gk 9 My 2xo] wE XRD 4 2
ZE Fig. 339] vehi ok

a9 shdiel] $Xg F peak line T 77 rutile 7} anatase phase 2]
standard peakZ v}ebdich ©]E standard peakE} 550C 2} 450CIA 2A1ZF T

oJx]7] 3F xerogel powder®] peakE< H|X3pH TiO: rutile? Ao 7 Wi+ A

ttlo

27 oF 2 9lch &, 450T oA 147k dAjg] 3 sample rutiled} anataseZ} mix
5 Aoz AzF 4 gk vk 400cCedlM 142 -8 & AL Tio: 7t
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EtOH:100g

TEOT: 20g H20: 1.6g EI;%H :Osggg
EtOH:100¢g gg:‘ 106.1366§ Nb(OR)S : wt%

Hydrolysis and Condensation

v

Drying

v

Powder

v

STA

v

Heat Treatment

[Fig 3.11 Schematic diagram for the sol~gel processes
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anatase phase® Zx3t: 7§ & 4 ok Sol-gel process= Nb:O:Z 71847 $
3} = Fig. 3.1 el B} e} zFo] niobium ethoxide® W3+ ok} ethanolel] £-
Mahed oF 002+ wuksk ¥ TEOTS HGE /T A= o2 FNE AL 2L
solo] Arbstd FUI 4AE vhETh o] F 02 weight % Nb:OsF 3 Ti0:2
oA wWEe BRstr] 2she] Thermal Sciences?| PL-STA 1500°-% 2= wWE
=4 W3 @ differential thermal analysis& 18 A2 Fig 340] vehigdch o
T Fig. 329 Fig. 34F ¥ A3}A sol-gel processZ o] £3}el AAEY TiO:FFvl 2

dH AT Nk0s2] Hrbel & 93 WA 4 A2 Ardeh

3.1.2 powder mixingol 2/§ mixed oxide GEuf A=

tr4 &3 ¥y L ¢]-§3ke] Aldrich Chemical Company, IncollM Y3 =
99.99%2] Nb:0sZ Az} ¢l o] Degussa p-25 ol U3 o¥ul= A 7}5}ed deionized
waterel] 38 £ 4Fu)yt ballg |43 ball milling. 22 24X 7+ ¢k 150rpme] <
T2 mix 3tk o]x ¥lA ¥ cost’} LFH sol-gel process® A zxE B
sjslel A% WS Bu 9 B WES ALstd FEHW AR HH= wZ=7)
98 dgoz stz ch

3.1.3 Metal doped TiQ: F3n] |z

B oA 48 FA57] 98 FEWRE Degussa P-2584 Hombikat UV
100(supported by ISFH)Z s-4-3leich F¥sf &L 7141717] flsted Pt, MoOs
W52 HAAH. FA 42 source materialss H:PtCls nH:0{(Showa
Chemical Co., Japan), (NH4)6Mo7024(Yakuri Pure Chemical Co., Japan) o
HaN:OaWr aq. (Fluka, USA)Z Abg-steicth 27te) 2455 A2 2AAR
2 3 S0 BAYE o435t FY Az #AAE AP P22 100W
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high pressure mercury lamp (SHL-100UVQ, Toshiba, Japan)-S o]-&3lgeh. Z7He
248 9Eos YHHALG B PL+ MoO: EE Pt + WOs 5 o] FAje] NZ
gGe E7e FHe FABIE Sk

58 9AAZ F FBAL AT UL SeH Lol PakeiRsh $4,

HoPtCs nH-0, (NH:)sMorQx 2 HxNsQaWe aq. =2 E=/5F ol F ol &3 A FAl

Fln

% g0ml ¥h27)e] 223 oh& Ti0:9} methyl alcohol 32g 3 FF< 80mlE -3
% sealingS ¥k 28 g EuHE AEEbEAl mercury lampE EAFSHe] 4l

22 ) & % 98 Al Fo membrane filter(0.2mm, Gelman Science) 2 4 2&

24 A Fo| £ Bl 93 34 AEle HPtCs nH:O0E methyl alcohlo
of S F Tio:o} @7 F2sted FTYY FEE Hste] IAAZH FLEA
" S99 AR A7 F wgrlel Wi £ FF ec/minl 2 EF FHA
319l ulSo] YA o] FolA £ SEH 400TolAM 2AZFERE A F A2 F

7istel M EE W]l FoHTh

B A 2 2= 1 m Mol® dichloroacetic acid (DCA)S A3 o] ¥
a4 7 Aoz aelA glew] £8-d el £afsted anionIFHE EA 3
slebx oz mhel 1 Mol DCAZF eleFsfoll 213 Abs} wbgo] dojupmd ofeh e

(3.1)Alol] bebd ule} Zol 1 Mol®l protons AALSMA H ga] TaEe ukge

o8 A4E protond] FEZ 2AsW DCAY o) HEE o & ok @, B
AYAME "nsin’E pHE 245k 3 B3t wel o FHL HY $EF
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B & Y= 3ok

CHCLCOO™ + Oy + 20H™ = 2HCOT + H'+2CI" (3.1)

T

A9 W GTel F H ¥l B 2] H3 AY PAES Fig 359 =

>,
o,
ek
£
o

5-
£

4% HAFA FALE xenon lampE EARSIHA S0mie] quartz

A#g 7)o A= FEH04E 5619} Im Mol DCA 50 miS 533 ¥ 33}3}

G AE ALE dAA FAAG £ Ut 1 o
3le] =kt e 2 Ql3led direct photolysis 7} Ueoli}= Z1-& ¥}=]3}7] £)5led xenon
lamp Stell filterE HAAZ e} ¥bgo] HPHy: T w7l Y 589 2x ¥
32 % DCAS &3 Sxd AE F7A o47] el WALR dAG) 222
FrA S e 8o dAle] Fdq = FAE Asd AH mE ol Lstgd e
™ Metrohm model 713 pH meter® 8N 9] pH & wHk-go] A== FoF 34 A
T UEF st o] pH meter?] FA 22 pH 7} AsA Fhell o] Zvil Metrohm
model 614 Impulsomate] 73A]3}e] Metrohm 665 Dosimat®] -2-7jol] A A=He]| gl
0.1 N NaOH solutiong ®-3-7] W= A& dubg FHYAAET websy @it
I el g2 ) dAZ pHAE FRA8A "ok
33513} qE-go] AP E Y Tt AA A]A8]-E IBM computer®  control 3} datad

& 4 Q=% sk

Hhgeo] AP EH = T g
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6
9 L— Y > 3
1.Xenon Lamp 6. Stirrer
2. 0, Gas 7. NaOH Solution
3. Temperature controller 8. pH meter
4. Filter 9, Auto Titrator
5. Reactor 10. Computer

[Fig 3.5] Schematic experimental set up for the ‘pH-stat'systemn

322 3212 intensity &3

ok w2k £ 310004 370 nm7bA S FHU] intensity FAHLS s
actinometry = #)3}eith. Aberchrome 540-% o] &3t Pt W3- & FA At
2599wl xenon arc lamp?] intensity & &3¢tk A toluen £ 5 mM £
aberchrome solutiong A &3+ F 29 9] ground state & P77} & WG 3203 GG
455filter S A8 g, Fig 35614 A3 Fg7]e] 50ml T3t & 2AME

o o 108709) mbez feie] o] @i mTAOoT Welw W AW &
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B2 AF-F cuvetted] &H Fol A FHANMY FEE YT Perkin-
Elmer Rambda II UV/VIS spectrometerE o] £5-e] 494 nmol| A9 Foog-8 223}
Aot FE FHES T £N4E GA F ukgole g F WG 3208 UG 5 filter
] & Aol miep whEsled F4g
o] 0.7 ool XZE 7R HAHY FE F4E o A2 graphT IH S o
71&718 Fateh o W 33U intensity(D & 1
sec) 2 e 4= givh. 2o #AH S AA] T3 xenon are lamp9] intensityd= 1.5-1.9
#B/sec2 vtelbydth o 714 Ex Einsteing E=3tol,

[«

5 AAT G5 1027 Wg AL

o)
<)

o

71&7] /8200x0.2 (mole photon/l

I

3.3 &AM Hre| M M AY

A T HS My F Mg FRE FHR U AL AA A"EE $)Eh
Junsei Chemical Co., Ltd.ol| 4] G3]&F Methyl orange (CuHuNsNaO:S)E o] 83},
AfFgAolM F2 AMR-3he azo 3= G4 I 94y FAARH AE A
Folelal Fefel AZEgAH et A AMrt o8l ALz deiArh o] azo
compound?] 3}t}¢l methyl orangeE 0.012 g/l & X2 1g/12) o8 79 I
vl o} §H7 annular reactorE ©]g3te] MA AA AFE W3 o] F azo HILE
S A2y FE7F $£8942]  pHel| oFd e E dFoiME pHY ¥ o
A ANA APE Bt dF 49 Ao AHEE ZF4E= Millipore 3)A}
2] Milli-Q/RO system 22 182 Mlem o] AFe] Z 44> deionized water® o] £33}
o} Al zbkell whE M xe] w3 Perkin-Elmer Rambda IT UV/VIS spectrometerZ-

oJgste] 9A FAol A FFEZ Arlahdeh
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A 442 A g EE

S w71%e] Bqol weh F2a B4 Az P 2T7HE FEUE Febx)
A Rk 2 QPN FEv)e L Fol7] AT YRLSE sol-gel processS o]
g5l Bk Yo ERAL P T powderd AZSGh wmA AL UAE
diel sleuh olo] gate w)

EdAoZ Aok F2d Egol Fohd $EY AN AL Aoz RIS A

—_—

2S94 91 E sol-gel £ x7] EA-e] gl

A o A A Z3F TiO: powderd} 7] AFF 0 2 A2] Ti0: powderd] E-8& w|ZstT
o] theirt Nb20s5E A7t 2 J¥S #Asielo Az W7ke =A% §2 v
FHH S A5 5 3= sol-gel process®} THE powder mixingel ¢]8F Nb20s52] A7}
E vlmstgeh. =5 APAA Fis] EEEore A4 I A < Fad
o] #4835 Agsldet

4.1 Sol-gel 2HH0|| 2|8t NbeO5 doped Ti0: 2 E0f A

MIEAHS EFol7] $18ted sol-gelH o2 A E3 48 TiO: powder?] -3l
RE&34 Nb2OsE 272 weight percent HZ A 718 TiO: powder®] FE3| F&E
HlZ3t7] 9938te] 1mM dichloroacetic acid(DCA)E #&) 4 242 AA st
o] DCA ¥ vl== ZAz Aoz 4214 glom pHel fFAglol +89 WellA
433t anionWeNE EA3p FHE ulgo olsted AEW 1] protonS

3. wetd 2 d7elA lmMe] DCAC)A uhEEo] g ER}sie
H' o] 2% pH meter2 FrAl3le] 38 A=E FAsG <& Ao2 Fysid
o3 2o
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CHCLCOO + O: + 20H = 2HCO» + H* + 2C] ------ (4.1)

2] Mol Alabete wheh zEe] 2} wbgol dolur] Yaled Ab4o] TFo] &
TH™ Fellxld s 5718 FE0) g FolvAst Y5Aoleh, Afe)] AL4w
35713 band gap energy o] FoluiAle] 2l8] oJ715 o] electron F hole?] pair
g AAste] 47 o o2 HadEd. DCA 2= Fo] oo Filse] 3
et ol FesiAl dom ALRE e olu FHaf Fule] EA)E holed 7Y

& AR DCA B3l -&& FE3813L clectron AbA: Fxp9} wb-Sale] B R}

ol ZAFHL F<t DCAS) ) AT, = HIY »2E 2xd Axt Fig 41
A EAFHUT F3HET el FA FHo = solgelH R A RE =58 TIO:
powdere} ZH& 2o Az, zrleke] A Z = Nba0s doped TiO: powderS-
5g/1 2 ¥r-g7]o] YT xenon lampE. FE)Z F-=atevh o off Bl-& foBo] pIf
v 302 gl SASAT ArE FEoje) o] B JFL o e Hww
o) e T Aoleh Fig 4lol Ubehd wksk o] B Za} A7be] 27} S 4
2999 B 9 5 F3099) Fhel DAYl TARE AL T 4 U =

_2r~_
A% AR ERME F 2AF Azbe] Z$£F DCAS il A4 Ascke A

¢

il

= Ko 3 FAd®d F A Azke]l DCAZYE] YA HE proton?] =2 )
@3 A7bE Nb20se] oFe] 0.2, 0.3, 05, 1 weight percent® 27} &4 %7}
Rl e Ag & 4 U o] FHYELS 2FE FU 29 sol-gel processT A E
3 F 400Telr FAZEERE dAeEl & ZEelch Fig 410014 FEAF A7k b
DCAZHES) H' 9 44 4% =, 7]27]% DCAS] ¥a4E2 ojnjaich A4

2.2 %7]9) proton B4 FEL WS FAstd AW FEAL Azre] Az Fe
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8E-4
- f— TiO2(W/HG)
L. b-  TiO2+0.2Nb205
TiO2+0.3Nb206
% ¢ TiO2+0.5Nb205
— -~/ TiO2+1.0Nb205 o
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[Fig 4.1} [H'] in ImM DCA solution as a function of the illumination

time when Nb:Os was added in TiO. by the sol-gel process.
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Ue ol 83td 7| &7E Az o|FA oo 71 €7]% actinometry2 233}
xenon lamp?| intensity 2}2] WA)A o 7 2 FE3 E&(quantum yield) 2 73 £ Q)
o}

dH"]

eld = ——2t 4.2
Quantum Yield Tntensiy (4.2)

oleld AL ofgsle] HrtE FHohe] ool WE quantum yieldS T3}
Fig 4.2 ZA3l9iv). DCAS F3-a&sl ¥ Algst FEu) = sol-gel Mol 23] A
Edte] 400CAAM ZFAIZE Fot A 8 28 TiO: powdersh Ab-& Degussa P-
252 A pH 304 ImM DCAS-o)] A7l 2wz quantum yield 5 T3 Z 3} o]
o 2Rl A BEo] A4 Degussa P-259) DCA F3a 48 ZARY ] 23
Alzdl FHaz)} 93 G S-S Hold gk o] AFgE P-25e anatase 2}
rutile®] &E3to = FAAE] 9] o} sol gel TiO? powder= %4> anatase® F A = o]
271 wEelzta Absdel AF7AS) AF Ho ©sbw anatase phaser} rutile
phase ¥.c} Foflidx]ol] ofs)] AAIF electron-hole pair?] recombination rates} =i=
ReZ oex UoH27). gk, ") gle] Al4-st Degussa P-25%= ¢} 1g/19] 5.2
He 2ol B8 o 105 Jeblls whd, AP A Z8 sol gel TiO: powder=
Sg/1e] FEAAA Ealfo) F 18%2 Zrlslthrl 2 olAbe TEAAE Ao A&
THES Bl olgh AL FAL B=uj sl ZrldldT o] 2al ol
(light scattering effect) 2 <la}e] o o|4te] RIS 7)dhslr] o] Pupm AHA
= AAEERL Qleh ahebM B AN E BRe &4 wmsls] s A - Fig
42¢] A#%E EWE FHo9 2 5012 FUA shdch
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[Fig 4.2] Quantum yield as a function of the concentration of

photocatalysts
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=& &35l Fig. 439 Jelgioh Niobium oxide 0.2wt%E s8-8 TiO2Z 400
col A BAZ GHT BEAS Wevle) FUY F B2 mAbshEA DCA AF
FEE 27] F22 e G& vEOE FANAG £ B 24} AT 3000& E4tol
Fig 350] SAI% pH-stat’s o] §-3}e] Wgol APH)e= Sl E I pHE &
ASEg aieh 27l Sode] pHE ANOR ZAHr] A DALY
AgEglon), 4714 £ole] Azl NaOH §ojo] AFEHAch ofF 743l Al

—_—

>
o

A, F pH=1e]A¥= DCA #si7} o 12002 HFEo] Mo ghasl Aoz Wold.
HH, pH7Y £71dF Af DCAS ¥=¥& F71svh &, DCAS ¥ whgo] =
ol FoA A @A ok o9} zre] gl pH AgS DCAS R HAES
quantum yield2 F 3 & Fig. 440 A FdalA B 4 got o] ader & 4 =
o] 842 pH7t o 6 7R+ quantum yield7} HA} 3FAslchzsl 2 o] Ake] o]
4 BAedMe DCAS] 37t A8 doiuA g AL o4 § ok ole Algd
Z5u)2] zero point of charge(zpc)ell 2ls) A2 £ glvh. APAlr] 2AMoz
Alzd FHvle] pHzpe = oF 458 A=Yk obebr] Ado] Algd F=o)g
pHzpe ©]8} pHellM= dmio] FAEE =HAHo| oo Lase] Loleom
EA s DCASH A Adsled whg& & 5o Folxle) 313, pHzpe © &
pHellM = Z5of Zde] FASE HA =Ho] S8d9 DCASE ybEso] ukSo)
‘24_0447] d=ote Ae 5% F U9 g 2 dFeMe 499 pHA
pHzpe o[3}2 FAHEF 3t ubd S35 A SdoMs= Ba) whgo] w7
sl AW EHe] FHeje] B8-S AE wiwerle ¥ et 48eo] pHE 3
22 dHFA FAEEA BFEES S8

A7H NbeOs 9] g2 wigo] -8 DCA FEs] E£L Fig 419 H+ o].&9
A H529 A(42)F ol&3ste] AHEEH 2™ o] F Fig. 450 JeblQdch @3, &
A 2.2 vEEe|x]l powderi= F-Z 3 (amorphous) e o] 2|k & slalm AR 3ty
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[Fig 4.3] The effect of pH of the solution on the decomposition

rate of DCA.
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[Fig 4.4] Quantum yield vs. pH of the solution when 0.2wt%NbyOs

was added in TiOv by the sol-gel process.
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[Fig 45) Quantum yield as a function of added amount of NbOs

in TiO: at different heat treated temperatures.
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7] ®Eel Az 22F ZAE] $# STAE 8 AFE Fig32d Jepd v}
oArt. o] T Eniobium oxideZ} 7S sol-gel TiO: powderE 400T, 450C & 550
TellM FAZE Ft dxzlat ¥ FE E€S 23 Aok APz A4
SE7F %55 quantum yielde A AE 4 £ sloh 4% TiO: powder
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450T M gl 8 72 anatased} rutile phase’t E£§Ho] 9= AL XRD A=z}
2 4 UMk =7 550T oA gAIzr Fob €A E & powder: rutile phase®.
2 5}
phase ]2 EAste] Hod & koA dxg] 3 AR} FE Fgol o

¥ AL® AR FEY =3 Fig 43904 7} niobium oxide?] <Fo] whrolales
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r{r
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of surface aeratt 2} 2oF 2 F=7|7} FEpAyE dolA Zlde £ vk Az @
717 (Scanning Electron Microscope) 2.2 02wt% Nb:OsZ H7}5) powders} =423}
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of 7]ell A Nbm = Tigl % Z=lo] AA o2 ko]l HAL == NbS Edv,
ecs = conduction bandel] $]*|& electronS- £]v)3lvl. £, H71E NbOs= o2
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[Fig 4.6) SEM photographs of (a)pure sol-gel TiOz powder and

(h) 0.2 wt%NbyOs added Ti0: powder
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2 e-c_B‘ + 1/2 02 —_— O;Z “““““ (4-4)
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ftjo

A=A NbYe] ez EAget s B oatm gJeH(46). A 28 2= A

b

FE ol Fe(donor) B3 22 &L 122 4 (44)d B3HS U= A
Z+o} conduction bandell electron2- v}l&3lA ok o dF o] §F Nb0s2] Hrl=

=49 PaRvie &9 Wgo] 8T7EE B
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[Fig 47) [H'] in ImM DCA solution as a function ol the illumination

time when Nb.Os was added in P-25 TiO»
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[Fig 4.8] Quantum yield as a function of added amount of Nb.Os

in P-25 TiO, at different heat treated temperatures.
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[Fig 4.9] The heat treated temperaturce effect on the quantum vield

when P-25 TiO; with 0.5wt2%NhO5; powder were nvolved,
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A #2222 RHsded L3490 9F 44 #He R methyl
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go] whgo] Yol'F 4 Qi siter} wolr FFHwje] pHzpcRwel - pHelrM R
o] 2 o] Bolxuhi ¥ 4 glvh &, FEe9] pHzpcRtt ¥-E pldME
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Feko] NbOsS @93 F=mS 93 pHelM 94 AdE Pl 1 A+
Fig. 4110] E=A3 AA Y Degussa P-25 TiO:ol] 05 wt% NbO:F FH7}bsted 2 &
et Fau)e] A oF 6080 FRARA L] A HAFHAeH, FAYLE
02wt%2] NuO:S T8 FEuhe] A4 o 5038 FHsoz H AR
Aol g TiO:e] NbOsZ 713 #&ojrl EAes Az FHqrg it o
A kg Bolx Aoz vehgth ol 7zhe] FEwe] i BEH FEE F
Mgt Askel wlwslw, =, Fig 459 Fig. 48] vebd 32 ¥IES™, quantum

jielde) 2RAS Ad AA VLA LT S+ ke AL A 23 Qe
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1.2
—f5— Ti02+0.2Nb20S, pH=1, 460nm

<y TiO2+0.2Nb205, pH=5.56, 460nm
--{3--  Ti02+0.2Nb205, pH=9, 460nm

1.0

Absorbance

time (min)

[Fig 4.10] The bleaching effect as a function of illumination time
when TiO. photocatalyst with 0.2wt%NhO; by the sol gel

process were involved at different pHs
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[Fig 4.11] The comparison of difficultly prepared photocatlysts for

the bleaching effect as a function of the iliumination time
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(Fig 4.12] Quantum yield of DCA decomposition by TiO: photocatlysts
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SUMMARY

1. Title

Carbon dioxide fixation and biofuel production by photosynthetic

microalgae (D)

Il. Objectives and significances

1. Development of an carbon dioxide recovery process to solve the

global warming problem.

9. Development of an biological carbon dioxide fixation process [or

the production of biofuel.

3. Alternative energy production from carbon dioxide contained in

flue gas.

lil. Contents and scopes

1. Identification of the microalgacs which are feasible for the

fixation of carbon dioxide from flue gas.
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2. Determination of the effects of major operating parameters on the

performance of carbon dioxide fixation by microalgae.

- Effects of carbon dioxide concentrations
- Effects of light intensities

- Effects of temperature

V. Results and recommendations

1. Identification of microalgaes feasible for carbon dioxide fixation.

- Among the various microalgal strains, Chlorella sp., HA-1 and
Chlorococcum littorale showed the highest growth rates at high CO;

concentrations.

- DBotryococcus braunii and Dunaliella tertiolecta, which have high lipid
contents, have 2.5 times longer doubling times than Chiorella sp.,

HA 1.

- While the growh rate of Chiorella sp., HA-1 increases with the

increasing of carbon dioxide concentration up to 10%, Chlorococcurn

littorale shows the highest growth rate up to 20% of carbon dioxide.
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- As the light intensity increases, the growth rates of Chlorella sp.,
HA-1 and Chlorococcum littorale proportionally increase. Bui the
enhancement effects by the increase of light intensities are not

observed when the light intensity is higher than 6 Klux.

—  Chlorella sp., HA-1 and Chlorococcum littorale have optimum

temperature ranges of 26-30°C. If the cultivating temperature 1s

lower, then the growth rates of the microalgal strains are decreased.
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<Table 3-1> General characteristics of global warming gases [1].
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<Table 3-2> Future prospects for domestic carbon dioxide emission[2].

olAtgEta MEF | 10T HET A PIFS7HE
(&) () (%)
1983 211,238 5.03 5.5
1990 237,530 5.54
2000 404,778 8.66 2.6
2010 520,754 10.53 1.6
i 2030 708,765 14.13
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<Table 3-3> The amount of carbon dioxide emitted based on the fuel used
(8 HE)2).

Fow

SR A7k M Rils ] R Rl
1988 93,166 5,626 108,294 23,545 54,749 4,077
1990 124,596 2,773 103,633 41,511 62,122 3,527
2000 227,631 21,734 151,207 22,842 128,365 4,562
2010 296,345 28,171 189,012 11,597 175,763 8,874
2030 375,785 43,002 260,702 3,270 257,432 29,220

<Table 3-4> Domestic carbon dioxide emissions from fuel use ($9): HE).
off i A] 74 t

UHRE | FER L EERE | L ag | Aded
1988 72,115 31,591 33,599 ;33599 67,894 0
1990 85,059 43577 35,849 35,849 64,757 73
2000 131,841 896,422 97,387 97,387 66,438 2,128
2010 | 169,264 125,954 137,526 137,526 70,805 3,809
2030 i 239515 151,527 213,521 213,521 78,600 7,560

W T ‘
o ) 29 3.9 h.4 55 05 147
S7HS
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[Fig. 3-1] General scheme of the carbon dioxide fixation by microalgae.
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<Table 3-5> The rate of carbon dioxide fixation by various biomass[3].
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[Figure 3-2] The flow diagram for the development of a carbon dioxide
fixation system by microalgae.
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[Figure 3-3] The bioreactors for the microalgal culture.
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<Table 3-6> Comparison of the characteristics of different types of
large—scale microalgal culture system [15].
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<Table 3-7> Comparison of the productivities of the microalgal
culture system.
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[Figure 3 4] The carbon dioxide fixation factlities of the pilot scale
raceway pond in NREL.(Area - l,{)()()m“), depth @ 1Hem)
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<Table 3-8> The microalgal strains used in this work.

oAER F T 71

Chlorella vulgans
(NIES-227)
Chlorella pyrenoidosa

(NIES-226) NIES
Euglena gracillis (Japan) r
(NIES-47)
Chlorella sp. HA-1
Chlorococcum littorale MBI
(Japan}

Botryococcus braunii

University of Texas, Austin

Dunaliella terticlecta
(USA)

Phaeodactylum tricornutum
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3.3.3.2. @5 WA 9 o)y
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<Table 3-9> The media compositions for microalgal culture.

Chiorclla sp. HA-18 uj =], mg,/ 1 (1) ] lorowu,um littorale 8- vl 2, g/1 (2)
KNO3 250

MgsO047HO 75

K:HPO4 D

KH:PO4 175 KINO3 1.25
NaCl 25 KH:PO, 1.25
CaCl2H0 10 | MgSO47H0 1.25
FeSO47H20 2 Na(l 1b.
HsBO;3 2.86 - I{e solution* 1 ml
MnSO47H:0 2.5 As solutions 1 ml
ZnS047H20 0.222

CuS0O45HH20 0.079

NazMoQ4 0.021 ‘

+ . Fe solution 374 @ HyS04 1 ml, FeSO4 THO 2g, water 1L
xx . As solution 341 . HBO; 2.86g, MnCl4l:0 2.2¢, 7nSO40H0 T9mg,
Na:MoQs 21mg, HpS0. 1 drop, water 1L
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[Figure 3 DHal Schematic diagram of carbon dioxide fixation Process
by microalgac.

[Figure 3-5b]  The experimental apparatus for carbon dioxide fixation
by microalgac culture.
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[Figure 3-8] Effect of light intensities on the growth rate of Chlorella
sp. HA-1. The cultures were bubbled with air containing
10% CO; and maintained at 26°C.
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[Figure 3-9] Effect of COgz concentrations on the growth rate of
Chlorella sp. HA-1. The light intensity was 6 Klux and
the culturing temperature was 26°C.
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[Figure 3-10] Effect of nitrogen concentrations in culture medium on the
growth rate of Chiorella sp. HA-1. The experiment was
carried out at 26°C and a light intensity of 6 Klux.
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[Figure 3-11] Effect of COq concentrations on the growth rate of
Chlorococcum littorale. The experiment was caried out
at 26°C and a light intensity of 6 Kiux.
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[Figure 3 12] The effect of light intensities on the growth rate of C
fittorale. The CQO» concentration and the temperature were
10% and 26°C respectively.
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[Figure 3-13] Effect of high CO: concentrations on the growth rate of
C. littorale. The experiment was carried out at 30°C and
a light intensity of 6 Klux.
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[Figure 3-14] Effect of high CO2 concentrations on the growth rate of
Chiorella sp.,, HA-1. The experiment was carried out at
22°C and a light intensity of 6 Klux.
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[Figure 3-15] Effect of high CO; concentrations on the growth rate of C.
littorale. The experiment was carried out at 22°C and a light
intensity of 6 Klux.
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