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Optimization and Development of Prediction Model on the Removal Condition of
Livestock Wastewater using a Response Surface Method 1n the
Photo—Fenton Oxidation Process

[I-Hyoung Cho' - Soon Woong Chang* - Si Jin Lee*

Sungil Technology & Consulting Center, Korea - *Department of Environmental Engineering, Gyonggi University

ABSTRACT : The aim of our research was to apply experimental design methodology in the optimization condition of Photo-Fenton oxi-
dation of the residual livestock wastewater after the coagulation process. The reactions of Photo-Fenton oxidation were mathematically
described as a function of parameters amount of Fe(I)(xi), H2Ox(x») and pH(x3) being modeled by the use of the Box-Behnken method,
which was used for fitting 2nd order response surface models and was alternative to central composite designs. The application of RSM
using the Box-Behnken method yielded the following regression equation, which is an empirical relationship between the removal(%) of
livestock wastewater and test variables in coded unit: Y =79.3 +15.61x; - 7.31x; - 4.26x; - 18x12 - IOxz2 - 11.9)(32 +2.49x1x; - 4.4xx3 - 1.65x1x3.
The model predicted also agreed with the experimentally observed result(R® = 0.96) The results show that the response of treatment re-
moval(%) in Photo-Fenton oxidation of livestock wastewater were significantly affected by the synergistic effect of linear terms(Fe(Il)
(x1), HaOx(x2), pH(x3)), whereas Fe(Il) x Fe(I)(x1), H202 x Hy0x(x,) and pH x pH(xs’) on the quadratic terms were significantly affected
by the antagonistic effect. H,O, x pH(x,x3) had also a antagonistic effect in the cross-product term. The estimated ridge of the expected
maximum response and optimal conditions for Y using canonical analysis were 84+0.95% and (Fe(Il)(X1)=0.0146 mM, H,Ox(X) =
0.0867 mM and pH(X3) =4.704, respectively. The optimal ratio of Fe/H,O, was also 0.17 at the pH 4.7.
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Table 1. Characteristics of livestock wastewater

(unit : mg/L except for pH)
Item Sample Mean Std. d
pH 20 74 0.52
SS 20 6,124 1,252
BOD;s 20 4,240 1,238
CODc, 20 8,945 2,789
T-N 20 1,825 472
T-P 20 372 174

oA 202 AASGOH BAF A, FaASe 44
o Table 19 AN

AFWE D B4
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Stk 7] 2300 A AREE AT A g Fo Rol %
7] FAEre] T #dsiA fAlE] fete A=
18T ©oJ3loll A 24 hr EF wwr ¥ F
2705 47T olat2 H#sigorn AFS T4 wuic) A}
g3tk =8 335 &
°F 6,300 mg/Lo.Z YEltoe™ wehA Photo-Fenton A+3}
HGol| fFdste FAH T F CODY 27] F=o|th
b 2 AFelA 27] CODol HEA
gk Alse] #AAR FHE 2] fste] AFwAS Al

st2 W Baste] BASHTE F718kE-S AR T]9g
E AU Standard Method®] CODc; closed reflux, colo-
rimetric Method' S AME-3190.21, HACH AF2] DR/4000
UV/VIR Spectrometer(U.S.A.)E A}8-3}$THTable 2).

Table 2. Analytical methods of livestock wastewater

Item Analytical Methods

pH pH meter(Orion)

SS Korean Standard Method(Dried at 105C)
BOD:s Korean Standard Method(Dried at 105C)

COD¢, Standard Method(K>Cr,07 Closed Reflux)
T-N Standard Method(Dried at 105 C)
T-P Standard Method(Stannous Chloride Method)
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Fig. 1. Schematic of the Photo-Fenton reactor.
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Table 3. Box-Behnken design for experiment

Explanatory Variables
Fe(Il)(mM)  H,O(mM) pH

Max. level +1 0.020 0.20 7
Central level 0 0.011 0.11 5

Min. level -1 0.002 0.02 3

Coded factor decoded factor .
Run Fe/H,0; ratio
X1 x2 x3 Xi X, X3

1 -1 -1 0 0.002 0.02 5 0.1000

2 1 -1 0 0.020 0.02 5 1.0000

3 -1 1 0.002  0.20 5 0.0100

4 1 1 0.020  0.20 5 0.1000

5 -1 0 -1 0.002 0.11 3 0.0182

6 1 0 -1 0.020 0.11 3 0.1818

7 -1 0 10002 0.11 7 0.0182

8 1 0 1 0.020 0.11 7 0.1818

9 0 -1 -1 0.011  0.02 3 0.5500

10 0 1 -1 0.011 020 3 0.0550

11 0 -1 1 0.011 0.02 7 0.5500

12 0 1 1 0.011 0.20 7 0.0550

13 0 0 0 0011 0.11 5 0.1000

14 0 0 0 0011 0.11 5 0.1000

15 0 0 0 0011 0.11 5 0.1000
4 AFste] AE AP FABGE AL WS
U oW AFEA A Bohck Tk A
o2 WY AYo) FYRA R 4Y A= 3
@ AR g9 e FAX ARFR A7l g Eskey)
Aol 2o8 9L 1A & Ao

N AE R e $UF A 20 s
Broz A¥L Agsts oz A7 2xe] F4¢ 9
FHolv] o] F3) Pvalie AHE0] b5 A0 AY
o AR wolm APHY HolN WA 5 Y= =
oAe Hasy) Agelth APUAS B9 w4 dE
APAATE WA olgA, drht JFE AHEA
golstast she AoIA A el e At weal
Ao FFE ANE A, SAE B dE PR
FFL FAA FHE 5 ik oF Aol B4 W
AL block AT T, olF melste] AP
o Fol WA olgA, Frht vNE AF F ©

sHAl "ok B AY 9] 37k A3AEA d8E BEuE 4
s 3 9 AF 7%\Jr—c Computer program®] RSREG(SAS:

statistical analysis system, SAS institute U.S.A), RSREG(STS:
statistica 9.0, StatSort USA) for windowS ©]&3}e] &g
o 4 2 FES SRS
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iz o] AAE 2ol wet 4] (7)~(9) Photo-
Fenton 4F3} ¥k-g-of we} OH- B4 o2 H,0,9 F&3) vt

S(photolysis) ¥} ferric ion9] 3 #-¢(photo-reduction) HH-3-
TS Table 40l AA = Q)22

H,0, + Fe*" — OH - + Fe’" + OH (7
H,O0, + UV — H,O + 20H - ®)
Fe’* + UV + H,O — OH - + Fe’" + H' 9)

o] A12E 53} RSREG(SAS 8.0: statistical analysis system,

SAS institute U.S.A)Z 2413 A3} Modelol 3+ o3t
Eol p<0.0012A 1% olate] =& F94S Uelon
#EHEY WHES ﬁ%ﬁ:ﬂ’ﬂo] et & disl F=
7HE ez Yeille 2G5 (coefficient of determi-
nation; R%)¢] R*ZEE 0.96% E&WS Holo] 96%E 4
o] 7153t w$- =& JdES E?&E](Table 4). T3} Table
34 AAG HrEe] BelE e
285 7399 &9t o2 UHTL‘OH °l& %ZF%%
S A FLE WHFE HE3st 4= g 2 ¥ES- Model
= A (10), 1H¥F 2ok

Parameter estimate from coded data
y =793 +15.61x - 7.31x2- 4265 - 18y5 - 1035 - 11975 +
2.49X1X2- 4.4%2%3 - 1.65X1X3 (10)

Parameter estimate from uncoded data
Y =-51.1 + 6746X; + 279X, + 31.X; - 222377X% - 1237X>% -
2.97X3 +3071X.X: - 24.4X0X; - 91.53X.X3 (11)

Table 4. Experimental results of the Box-Behnken design

Run Coded factor Yield
X, X, X; Y(M) Y(P)
1 0.002 0.02 5 445 453
2 0.020 0.02 5 70.6 71.2
3 0.002 0.20 5 272 26.9
4 0.020 0.20 5 63.4 62.8
5 0.002 0.11 3 354 36.3
6 0.020 0.11 3 70.1 70.9
7 0.002 0.11 7 32.5 31.9
8 0.020 0.11 7 60.3 59.1
9 0.011 0.02 3 66.7 64.1
10 0.011 0.20 3 58.6 59.3
11 0.011 0.02 7 65.0 64.6
12 0.011 0.20 7 39.5 42.6
13 0.011 0.11 5 79.3 79.2
14 0.011 0.11 5 79.5 79.2
15 0.011 0.11 5 79.5 79.2

Note : Y(M) - Measured data, Y(P) - Predicted data
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Table 5. Regression analysis and response surface model fitt-
ing(ANOVA) for Photo-Fenton Oxidation of livestock

wastewater
Source DF” Sum th, F-value® | Prob>F"
Squares
Model 9 4458 133.27 0.0001
Linear 3 2509 225.02 0.0001
Quadratic 3 1836 164.65 0.001
Crossproduct 3 113 10.14 0.0096
Total Error 5 18.58
R’ 0.96
Adjust R’ 0.94

% DF: Degree of freedom, * Seq SS: Sum of squares, © F value = MSR/
MSE, ¢ The p-value defined as the smallest level of significance leading
to rejection of the null hypothesis
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Table 6. Estimated Factor effect for livestock wastewater using
chemical coagulation in a decoded condition

Source Term | Factor effect | Prob>F | Significance” Effect”
Intercept Bo -7.23 0.0008 O A
X1 18.1 0.0001 O #)S
Linear
4 . @) +
(main effect) e 749 0.0007 *)$
X3 12.9 0.0001 O #)S
| -19.8 | 0.0001 o (A
Quadratic [ 10 | 0.0001 o (A
(interaction) >
x3 -13.0 0.0001 O A
X1X2 2.84 0.0361 X *)S
Crossproduct =T 5 05 | 0.0040 o (A
(interaction)
X1X3 -1.88 0.1185 X A
% Indicates that the term was significant at 1%(p-value)
R (+) : Synergistic effect in factor effect
(-) : Antagonistic effect in factor effect
5 BAZ 3FHoE W e gE0 /E A
FASE W 1AAH gz o) MHEE 17
X(Fe(ll), H:0x, pH)? Y(2Thghol ot o Ao =
2 A 2o Mg AR oY A4S
o gz e wge) AY ghe BAE WEsla Aw
Aoz sty Bbssy] MEd AZ mwiagshe
Ase] PAE AFHOE Yoksh) AsHAE Fig 6 %

73 o] FaAS} W AES Hrlslor gtk

Fig. 6% 7> Table 69 APHA =3 Aol gk
A% g udE g39 Aolg Altste] =istE o=
12} AP EFNA Fe(ll)(x1), HoOx(x2) 3L pH(xs)llA] 0.011
mM, 0.11 mM, 59X 7} =2 535 Byorm At
9 9= Fe(l)(x)) > pH(x3) > Hy0x(x2) 2 YEFF O™ 23}
HAE g3 ME Fe(ID(x)) X HyOx(x2), HyOa(x2) * pH(x3)
2]3L Fe(I)(x1) * pH(x3) 52 pH(xs) 59141 Fe(l)(x;) 0.011
mM x H,05(x) 0.11 mM, H;Ox(x;) 0.11 mMol|A Fe(Il)
(x1) 0.011 mM x pH(x3) 5 8|3 Fe(II)(x;) 0.011 mMojlA
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Fig. 6. Main effect plot for Y(% of CODc: removal).
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Fig. 8. Response surface contour plot(3D) of COD¢: removal
(%) in Decoded value. The contour plots represent the
effect of the significant variables and their interaction
in the response variable.
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Table 7. Canonical analysis of response surface model

) Eigenvectors
Eigenvalues
xi(Fe(IT)) x2(H202) x3(pH)
-8.333 0.15233 0.8233 -0.5468
-13.34 0.00041 0.5533 0.8330
-18.24 0.9883 -0.1271 0.0839

Stationary point: maximum point

Table 8. Estimated Ridge of Maximum Response for Y

Uncoded Factor values
Xi(Fe(I)) | X2(H202) | Xa(pH)
0.0 79.30 1.010 0.0110 0.0110 5.000
0.1 80.90 1.007 0.0118 0.1061 4.950
0.2 82.16 0.998 0.0125 0.1020 4.894
0.3 83.08 0.984 0.0133 0.0974 4.834
0.4 83.66 0.967 0.0140 0.0924 4.770
0.5 83.92 0.949 0.0146 0.0867 4.704
0.6 83.85 0.934 0.0152 0.0800 4.641
0.7 83.47 0.926 0.0157 0.0730 4.583
0.8 82.78 0.930 0.0161 0.0641 4.555
0.9 81.80 0.953 0.0164 0.0537 4.561
1.0 80.57 1.007 0.0166 0.0419 4.616

Coded | Estimated | standard
Radius | Response | Error

[ OTFe(ﬂ)] -0
aX, XX, (16)
11202]
L a)(Z XX, (17
r oot
a2 =0
aX, XX, (18)
meby SRS 56 ARe dskzn B wexl
2 Qs F AT AS4 PFS A AH=

A 23 2% W WolH FEEE BTt

Table 9. Comparison of experimental and predicted values of
response at the optimal levels predicted by RSM
for additional experiments(3 trials)

. . Stationary | Predicted Observed 0
Optimal conditions point value(% )a) Value(% )h) Error(%)
X1=0.0146 mM
X,=0.0867 mM Maximum | 84+0.015 | 82.2+13 >+2
X3=4.7

* Predicted using ridge analysis of response surface quadratic model.
® Mean + standard deviation of triplicate determinations from different
experiments
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