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ABSTRACT : The aim of our research was to apply experimental design methodology in the optimization of photocatalytic degradation
of azo dye(Reactive orange 16). The reactions were mathematically described as a function of parameters amount of TiOa(x), and dye con-
centration(x;) being modeled by the use of the Box-Behnken method. The results show that the responses of color removal(%) (Y1) in
photocatalysis of dyes were significantly affected by the synergistic effect of linear term of TiOx(x)) and dye concentration(x,). Significant
factors and synergistic effects for the COD¢, removal(%) (Y2) were the linear term of TiOy(x;) and dye concentration(x;). However, the
quadratic term of TiOx(x”) and dye concentration(x,’) had an antagonistic effect on Y, and Y, responses. Canonical analysis indicates that
the stationary point was a saddle point for Yy and Ya, respectively. The estimated ridge of maximum responses and optimal conditions for
Yii (X, X)) = (1,11 g/L, 51.2 mgL) and Yz: (X3, X2)=(1.42 g/L, 72.83 mg/L) using canonical analysis was 93% and 73%, respectively.

Key Wonds : Optimization, Azo Dye, Reactive Orange 16, Box-Behnken Method, Color, CODc, TiOs(x), dve concentration(xy)
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Fig. 1. Schematic diagram of the circular type photocatalytic
reactor system.
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Table 1. Operation condition of the photocatalytic system

Total volume(batch volume) 500 mL
UV wavelength 254 nm
Volumetric flow rate 1 L/min
Total UV Lamp 1 ea
Total Quartz tube 1ea
pH 7
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Fig. 2. A “Black Box” process model schematic.
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Fig. 3. Experimental regions in k=2 coded variables along
with the coordinates(x;, x;) of the design points using

a Box-Behnken design.
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Table 2. Box-Behnken design for experiment
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Table 3. Experimental results of the Box-Behnken design

Explanatory Variables
Code P 2

Coded factor Measured data Predicted data

TiOAg/L)[X1] Dye(mg/L)[X>] Run X X2 Y, Y2 Y, Y2
Max. level +1 B 150 1 -1 1 91.2 89.1 36.1 406
Central level 0 1.0 100 2 0 1 78.2 82.1 377 332
Min. level -1 0.5 50 3 1 1 76.8 75.0 255 25.8
Coded factor Uncoded factor 4 1 0 925 913 675 615
Run " - X X, Comment 5 0 0 867 879 504 513
1 -1 -1 0.5 50 Factorial point 6 0 0 871 879 502 513
2 0 1 1.0 50 Axial point 7 0 0 86.8 87.9 50.3 513
3 1 § 15 50  Factorial point 8 ! 0 %63 &5 388 42
4 1 0 05 100 Axial point 9 -1 1 94.1 93.5 80.6 823
5 0 0 1.0 100 Center point 10 0 1 9.7 9.7 68.2 69.4
6 | 0 15 100 Axial point I ! I %42 939 5 265
7 -1 1 0.5 150 Factorial point
8 0 1 1.0 150 Axial point bl
9 1 1 1.5 150 Factorial point %5

w2 s AP ¥ wel FHu) BAE 5
8] AAH color?t COD g &3 EA% A= the Table
39 AAEYHE o] A7E Fal RSREG(SAS 8.0: statistical
analysis system, SAS institute U.S.A)E 43 ZA3} Model
(Y1, Yool & FoJ&Eo] p<0.0124 1% ol ¥
94 yeied ZFAFA RgE 0.91(Y), 0.96(Y2)
2 &S Hold 91%, %6%E Y] 7ted Wy g2
7184€& RPUHFig. 4, Table 4).

TS 245 Modeld] tiet 549 WEY EXE
7] 98] 95% oASFZHPL predict interval)$t 95% A FHF
ZHCI: confidence interval)o] ZLH ZFAM FJAMN Y&
Fig. 40 AAlstATE 43 A o2FEH Yo(CODe: AA
£)°] Yi(color AA)RTE 95% ol S&F7he] 2754 £X
Hol ARG o Fgadoh

A7 ARZRY Z BERYd uig AHE ok 4 (D~
(10)ell A st

Parameter estimate from coded data
P1=186.64+5.80x -3.41x;-0.84) +3.63xx2+3.11x°  (7)

=515+ 18.0x' - 10.15x" - 0.244x,” - 2.75x1x2 - 0.045x,> (8)

Parameter estimate from uncoded data
Yi =105 + 3.84X; - 0.46X3 - 3.37X7 + 0.145X.X; + 0.0012X7 (9)

Yo =234 +49.12X, - 0.09X; - 0.98X7 - 0.11X.%> - 0.001.X5(10)

Table 49 AN 9 EIEAE 53 2L, Yool W
1348 2 A¥(lineanFL EE(Y,, Yo) EF p<0.012
A 1% ol8tY] B2 9488 VeI 5401 A (Quadra-
tic)e] A% 2d YoM p<0.0524 5% 0|39 FI4&

Predicted data
&

@

Predicted data

Measured data
()

Fig. 4. Plots of observed vs. predicted values derived from
the Model of Y; (a) and Y, (b) for t=90 min. The
fitted(solid) line based on 95% of confidence inter-
val(long dash line) and 95% of predict interval(short
dash line) is the regression line with the coefficient
of determination R°=91% (a), 96% (b). The each point
refer to the experiment under listed in Table 3.

VEAA T Y29 3 FA5A @itk BBA Y29 £5o
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A @Esrvh. WA Crossproduct)ol] it G944 AN A
2d YoM p<0.012A4 1% o3t ¥ #9488 Uehl

et a5 ew x| 287 0%, 20063 9
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Table 4. Regression analysis and response surface model fitt- TiOz (x;) I
ing(ANOVA) for photodegradation of reactive dye 8o
using TiO/UV system " L5 —
Y (color removal(%)) o0 /;//. -
2) b ) 0 , ot
Source DF Seq SS F-value Prob > F ] e OV )
Model 5 356.36 46.85 0.0003 80- (;,r/';
Linear 2 271.88 91.26 0.0001 . ,
Quadratic 2 24,50 821 0.0263 N ° ' @
Crossproduct 1 52.60 35.29 0.0019 3 9 1
. 80 TIO,
Residual error 7 31.92 - - . ””mw : 3
R2 M \\\\ E Ty oo -4
Adjust R® | 087 Tio (x) T
YA(CODe; removal(%)) TN
Source DF Seq SS F-value Prob > F 801 % ovE
-
Model 5 2610 27.16 0.0012 ”:" ?
L oo -
Linear 2 2580 67.10 0.0002 DYE )
Quadratic 2 0.184 0.00 0.9952 4071
Crossproduct 1 30.25 2.20 0.1820 ol
Residual error 7 96.31 . - 1 ° !
R’ 0.96 ®
s - Fig. 5. Interaction effect plot for Y; (a) and Y: (b).
Adjust R 0.94
a) . . -
) IS)F~ SD;gfge of ?eedom Atk Fig 4@ 2 ()] AH2RH Yol 1 F 59 x
eq SS: Sum of squares . o ax30] A
. 7t - 7
9 F value = MSR/MSE (Ti0)7} 1(1.5 g/L), x(Dye) ; 1(50 mg/:)é 7t #4 i/\
H L & =1 =
9 The p-value defined as the smallest level of significance leading to L2 #YAT Fig. s@e A= AAS(Y)l PlIAe d5
rejection of the null hypothesis Z8(ILS5 AL interaction)?] 54& EASy] 9% A2H=
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Fig. 7. Contour plot(2D) and response surface(3D) for CODc,
removal(%) (Y2).

Bl = 23 o] EFEHY Q7] otk wakA oF &
AR e FHFT 1(TI0)% nDye)sl A Hob Fi
A& EA(canonical analysis)g 3 %]-9&.31 I BAHE e
Table Sl AA ST, BEEAS FUF 2 57 Ao
3 HAAE opd A HE-H(saddle pomt).O_E. el
o] Table 5914 Y1 2 Y.9] I{X|(Eigenvalues)’} H-3.
7t A2 G27] g B3PS Adgolv ALgE okd

Fgdeoz vegon ) B ATdA HAHY 20L&
I ARE HA, &, g HPPY FE = o FAHL
2 Z2AT = o] 548X (ridge analysis)g Fdslgon
1 A= Table 69 A AlskH )

Table 5. Canonical analysis of response surface model(Y), Y2)

Y (color removal(%))

. Eigenvectors
Eigenvalues -
x1(TiO2) x(Dye)
3.82 0.363 0.932
-1.55 0.932 -0.363
Stationary point: saddle point
YACODecr removl(%))
. Eigenvectors
Eigenvalues -
x1(Ti0,) x2(Dye)
1.24 -0.681 0.732
-1.53 0.732 0.681

Stationary point: saddle point

TP A DOt X] 28 9%, 20061 9%
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Table 6. Estimated Ridge of Maximum Response for Y; and Y»

Y (color removal(%))

Coded Radius Estimated standard | Uncoded Factor values
Response Error Xi(TiO2) | Xa(Dye)
0.0 51.50 2.25 1.00 100.0
0.1 53.54 224 1.04 97.52
0.2 55.65 223 1.09 94.98
0.3 57.77 220 1.13 92.38
0.4 59.91 2.17 1.17 89.72
0.5 62.08 215 1.21 87.01
0.6 64.26 2.15 1.26 84.30
0.7 66.47 2.19 1.29 81.50
0.8 68.70 226 1.34 78.62
0.9 70.95 2.40 1.37 75.74
1.0 73.22 2.60 142 72.83

Y2(CODc: removl(%))

. Estimated standard | Uncoded Factor values
Coded Radius

Response Error Xi(TiO2) | XaDye)
0.0 86.64 0.63 1.00 100
0.1 87.30 0.62 1.04 97.34
0.2 87.93 0.62 1.08 94.32
0.3 88.54 0.61 1.15 90.74
0.4 89.14 0.60 1.16 86.28
0.5 89.73 0.60 1.16 80.79
0.6 90.35 0.60 1.16 74.65
0.7 91.02 0.62 1.15 68.46
0.8 91.74 0.67 1.14 62.48
0.9 92.53 0.74 1.23 56.71
1.0 93.38 0.84 L1 51.15

A0l PEHEY o %ﬁ%ﬁ(ridge analysis)g ol &% 7
Y1 2 Yoo ti AL 58 ARE JFeE 47
Yo (1, x2)=(+0.21, -0.98), Y2 (x1, x2) = (+0.84, -0.54)0] 11,
B A ASE V1FeE 3 FAEY FEE Y X,
X =(1.11, 51.2), Ya: (X1, Xo)=(1.42, 72.83)°]c}. o] A4}
AHolA 23 ¥heZHE Yi: 9349, Yo 732228 Jel)
4d ugEd S FEFHoz "HEsd g 4 (1)~
(12)¢ 2t

Y1 =93.49+3.82w, 2~ 1.55w2 (1n
Yy, =173.22+1.24w, 2 —1.53w? (12)

2 sHEAe S 49 dszd 2 wgxas
de 7 AL FEFHLez A88 4 (10~(1DY BASF
< S8 AHzAg ol&dd F7 Y, Y, Ao dPe Az
Table 99 AAI= Ik Table 79 AFejA HEo] B 4=
4 230l BEErt 18¢ FEsAh
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Table 7. Comparison of experimental and predicted values of
two responses(Yi, Yz) at the optimal levels predic-
ted by RSM for additional experiments(3 trials)

Stationary | Predicted | Observed

point | value(%)” | Value(%)”

Response | Optimal conditions

X, =111 gL

i . 92+2
Y, X;=51.2 mlL Maximum 93.50
X =142 g/L .
73.22 7241
Y: X>=72.83 mg/L Maximum

? Predicted using ridge analysis of response surface quadratic model
® Mean + standard deviation of triplicate determinations from di-
fferent experiments

5 4 2

Ti0,/UV systemS ©| &3t TtYd 98 5 WdH 98
£ Jddste #5u AstEs) 43E P o) 9| &
Ed) B2 ZA 27] 2291 TiO; ¥ Dye &= A7)
2l olF 4tz EA4E AAsta HHY AgxAS
LolR 7] 93] ulA-dl7A ¥ (Box-Behnken method)S o] &3
A7 g ot 2l

D #&0 3 o 959 AAL dstd vhg ®W
EAE &3l 92 md 9248 &3 A7 Model(Y,,
Yo)ol g §8 80l p<0.0124 1% ©|59 =2 79
e vehien ZFAFA RZEE 091(Y), 0.96(Y)=E
FTEHUP WolY 91%, 96%E Aol 7HEd W 2 7]
q4&8 Bt

2) &) AshitgoA d59 MEAA ¥ CODex F
2 F gHAEER) A AR ZEseH IS
A ADNME ool A (Quadratic)y Bt wxHd
(Crossproduct)e]] =LA F¢-H+= A& A5

3) F3AA UG 2] JAAEC] F& &F E AAEY
L Ag EHE B 29 FE50 EaolA veRd Y,
9] A$ 2AWMEF x(TiO) Rt} xx(dye concentration)ol] A
FL-FHJA T Yr9 A 9A™-F x(TiO2), xa(dye concen-
tration) 5 Z5F uh3o] 7AF SHE HYTh

4 2 A7 Y B Y98 Bl gig w3xA9] HA
g 2A& 27 Y s EA(ridge analysisy& o] &%
A% Y (X, X)=(.11 gL, 512 mgl), Yz (X, X) =
(142 gL, 72.83 mg/L)9] 2FHAE A& + ANL ZFY 2
T2 v§ 2 A48 RYh
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