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Fig.1 Schematic diagram for heterogeneous catalytic ozona-

tion of phenol mineralization in RPB
1—oxygen cylinder; 2—ozone generator; 3—three-way value;
4—ozone gas detector;5—ozone filter; 6, 8—flow meter;

7—rotating packed bed; 9, 12—valve; 10—peristaltic

pump; 11—storage tank;13—exhaust gas absorption device
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5977A-7890 MSD, USA) & T 7 i J& 7K [ i i 2

N XK 2020 % £ 284 %38 (268-276)



270

BOGER, B AT B AR

RO PR R S S R - BE & HP-Innovax
(30 mx0.32 mmx0.25pm) BN, @2zl (He) I3k
o WERFFIET 35 CUHRFF 2 min) ,LA5 °C-min™
[ B B9 A #1100 °C, LA 10 °C -min™" [ 34 J3 384 i 5]
200 °C, LA 8 °C-min™" [ 34 & 14 fin £ 280 °C, &k Itk
FEIF G PRI 2 ming BT 500« A i 4R 280 °C L H
B A H L (ED B TR IR 250 °C, DU FF i
J£150 °C, L FRE70 eV,
2.3.3 W@ RZ @RI

525638 i Design Expert 8.0.5b # {4 i BBD H.L»
A BT R, B U R KR, A E
T WG pH A WA R B, SR R O R Y R R
J1 5 A AR R i Ak BT AL R T K I 32 B R L LA
TOC B2 MmN A , KR 30 min BURE , DL R A g8 —
VEE W&oy BTN oavS 1 S ey e

RSN REARF IR

F2 LA A R

Table 2 Results of the Response surface test experiment

Table 1 The experimental factor and level design table
factor
level b ¢ b
high gravity initial pH ozone concentration liquid flow
factor /mg-L™! /L-h7!
-1 20 4 50 65
0 40 6 60 85
1 60 8 70 105

3 ZR5iE

3.1 MEERELER

K FH BBD W5 i1 U R 2 =K i 5, 51 T 29
A 50 A5 e 7 143 AT, AR I AT T 5 IR
KAl T2 g 45 R 3R 2 s .
3.2 MEERELERSW
32,1 AESHMEZHERLRE

R T UE WA LA AT SEE AR 4 AR 2 iR 4t
BBENRIPARN T EZPT MR EEER ., hE3A
L HEE I HE T B WG pHAE , Co, B Q1 P AR /N T
0.0, U4~ HL PR 2R %) i Jy s Ak AR AR A 1k R 420 1k
R T 7K ) S W 2 A Y TR, AR 22 0k U B T A
pH {H 2 8]V Ji (9 P{E <0.01, % B B M%) 1 pH (E A7 7E
e d 35 0 A8 B FR L AR 25 K IR B Q2 M I P <
0.05, KM B Q ZIAIFA R EALH KR, A ML
FR 35 8 AT LA Y, 52 - Ak 2R B 2 7K 45 R R Y S
RN T A Co>Q>B>HI 1t pHE -
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number factor Y/ %
B C D

1 =1 0 -1 0 76.0
2 1 0 -1 0 79.89
3 0 -1 0 1 82.1
4 0 0 0 0 93.42
5 1 0 0 1 85.3
6 0 1 0 -1 74.11
7 0 0 1 -1 78.64
8 -1 0 0 1 77.65
9 -1 0 0 -1 73.93
10 1 1 0 0 81.73
11 0 0 1 1 83.93
12 0 -1 0 -1 76.27
13 1 0 1 0 86.35
14 -1 -1 0 0 78.46
15 0 1 -1 0 75.23
16 0 0 0 0 93.83
17 0 -1 1 0 85.01
18 0 -1 -1 0 76.76
19 0 0 -1 1 77.31
20 1 0 0 -1 75.1
21 0 0 -1 -1 68.42
22 0 1 0 1 78.24
23 =1 0 1 0 83.54
24 0 0 0 0 94.28
25 -1 1 0 0 79.77
26 0 0 0 0 92.87
27 1 =1 0 0 87.25
28 0 1 1 0 80.5
29 0 0 0 0 90.86

Note: Yis phenol mineralization rate.

3.22 ZTRMOARBIMEL

FI H Design-Expert 8.05b 3 {4 X & 2 v it 56 %5
S5 I V[ 1 Y g R B WS e T Sk () R € LY
K TR [l 0 5 AR W (2)
Y=93.05+2.19A-1.35B+3.70C+3.16 D -

1.71AB-0.27AC+1.62AD-0.75BC-0.40BD -
0.90CD-5.13A*-6.33B*~-6.8C*~9.39D"

(2)
2% R AN S0 25 0 A S K TR (] U O
Y=93.05+2.19A-1.35B+3.70C+3.16 D~1.71AB+
1.62AD-5.13A’~6.33B°~6.8C*~9.39D"

(3)
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Table 3 Variance analysis and significance test

source sum of squares degree of freedom  mean square F P significance
model 1260.31 14 90.02 71.00 <0.0001 ok

A 57.51 1 57.51 45.36 <0.0001 o

B 21.79 1 21.79 17.19 0.0010 o

C 163.98 1 163.98 129.34 <0.0001 ok

D 120.08 1 120.08 94.71 <0.0001 ok

AB 11.66 1 11.66 9.20 0.0089 o

AC 0.29 1 0.29 0.23 0.6389 Insignificant
AD 10.50 1 10.50 8.28 0.0122 *

BC 2.22 1 2.22 1.75 0.2069 insignificant
BD 0.64 1 0.64 0.50 0.4891 insignificant
CcD 3.24 1 3.24 2.56 0.1322 insignificant
A? 170.66 1 170.66 134.60 <0.0001 ok

B? 260.26 1 260.26 205.28 <0.0001 ok

C? 300.21 1 300.21 236.78 <0.0001 ok

D? 571.69 1 571.69 450.91 <0.0001 ok

residual 17.75 14 1.27

lack of fit 10.66 10 1.07 0.60 0.7655 insignificant
pure error 7.09 4 1.77

cor total 1278.06 28

Note: P<0.05 is significant, indicated with *; P<0.01 is extremely significant,

TOC £ B =B A FAE K 71, P <0.0001, & /N T
0.05, 7 WA ] §E 72 B AR vy, HL X o) S0 1T AT 52 )
HLB Wi R BE R AR B HE R R 99.99% , B % B 1R 6k g i
T AT R € B B2 . TR E AR RPN B e R
R? 2 A6 35 A5 0 1 A5 B8 FE A Mk 1) B B4R AR L RO RY
AR T 1, 3 A B R RE A 5 B R S I Y B0 N O
ARG R*=0.9861, R?,,=0.9722 38 % *4 R*>0.9 B} , 1
IO ThT B FOL R B A R AT DA R SR Y O A R 2
FIR AULT0 1 P (B34 BB S R Y b5 S B v 0 1 22 B, 3
TR 2E K177, KW A PIE N 0.7655, K T 0.05
R RV S B E O 22BN B R,
=0.9722 5 R*,,=0.9433 Z %4 0.0289, /) T 0.2, it
— 5 R HONNAE 5 52 bR Al Z 18] B A BT i A OGPk | IR
A A4 Fh i 17 T 925 Fr 8 7. A R [ D AR R o R TR 7 5 Ak
AE 35 AR A Ak 5L B AL R 8 1 K T AR R S AT AT Y
3.3 MR & FEE X R E K 0

h T 7 5 LR R A R R 1] 9 28 BATE FH O oK 1y
A0 S 0 5 W, AR T A N7 18 kT AR AR 2 ] e )
T = 4E 1 e A5 e R B s 2 ~ 6 7 R .

I 2~ 4 0] DL 3, H ) PR BoRE A iy i
WAETE B E RS . WG pHIE N 6, AW K
60 mg- L™, AR 0 85 L-h™', ZE i A 5 (b R i B
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indicated with **; P>0.05 is not significant, indicated with insignificant.
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] 78 1, SR AN BRI It 1 SR AR AT IR & L (75 R4
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FEL 2 0 535 PR R 35 P 0, B 5 W 4G pH (B A 7E R i 3
(28 H 2 1E Coy, M 60 mg-L7, ¥ th pHE N 6,84
40, Q, 4 85 mg-L™" B, A Wy 19 B Ak F B K ] Gk
94.28% . 1E— & Iy 5L A Mk B MR AR i & R, BRI pH
H A, 38 K B 3] Fre L A AsF, T 348 A BP0 VR A v B AR
Vs i, (R SRR A B X ORI AR . Y
BHAKET , pH (E H ARG I 2 6 i, [R]RE -t v 4 g 28 193 1Y)
W ARBOR . JE R A ] pH (£ 5% i Ak 59 26 18 19 2
B, BIH BN, A RE K R A 5 D) ok 3 AR A VR AR
JC (R B  pH B 3G, i Ak ) 2% T 0 R 3k
R T 55k ) 2 Sl 17 B AR A3 i, DT R v xR
By i AL R . B, B T 50 0 pH X
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Fig.2 Effect of high gravity factor g and initial pH on phenol mineralization rate
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Fig.3 Effect of high gravity factor 8 and ozone concentration C,, on phenol mineralization rate
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Fig.4 Effect of high gravity factor 8 and liquid flow Q, on phenol mineralization rate
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Fig.5 Effect of initial pH and ozone concentration C,, on phenol mineralization rate
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6 B TR pH (B 42 3T kR 2 T Y 2 AN e {4
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Fig.6 Effect of initial pH and liquid flow Q, on phenol mineralization rate
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Fig.7 Effect of ozone concentration C,, and liquid flow Q, on phenol mineralization rate
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Fig.8 Variation of phenol mineralization rate with time
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Fig.9 The mineralization rate of phenol in high gravity-en-
hanced heterogeneous catalytic ozonation system with or

without tertiary butyl alcohol
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Fig.10 GC-MS diagram of intermediate products of phenol
mineralization in high gravity-enhanced heterogeneous cata-

lytic ozonation system.
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Response Surface Analysis and Optimization of High Gravity-enhanced Heterogeneous Catalytic Ozonation
for Mineralization of Phenol Wastewater

WEI Xing-yue, LU Xing, JIAO Wei-zhou, LIU You-zhi
(Research Center of Shanxi Province for High Cravity Chemical Engineering and Technology , North University of China, Taiyuan 030051, China)

Abstract: In order to explore the interaction between the optimal technologic conditions and influencing factors of high gravi-
ty-enhanced heterogeneous catalytic ozonation for phenol mineralization, response surface methodology (RSM) was used to op-
timize the experiment. According to the principle of Box-Behnken Design (BBD) center combination design, four-factor and
three-level experiments were designed. The effect of high gravity factor (8), initial pH, liquid flow rate (Q,), ozone concentra-
tion (C,,) on the mineralized phenol wastewater was investigated. The mathematical model of the technology was established
and the optimized technologic parameters were determined. Results show that there is an extremely significant interaction be-
tween B and initial pH, and a significant interaction between B and Q,. The optimal technologic parameters are as follows: B is
60, initial pH 5.47, C,, 62.5 mg-L™", and Q, 89.95 L-h™'. The predicted value is 91.54%, 0.97% (<2%) higher than the mea-
sured value. It can be concluded that the obtained secondary mathematical model for the phenol mineralization via high gravi-
ty-enhanced heterogeneous catalytic ozonation has a good reliability for the optimization of technologic conditions and predic-
tion of mineralization rate of phenol wastewater. In addition, the coupling between high gravity technology and heterogeneous
catalytic ozonation technology is beneficial to the formation of OH radical, which reacts with organics, from the rapid decompo-
sition of ozone in liquid phase. Thus, the phenol mineralization via high gravity-enhanced heterogeneous catalytic ozonation fol-
lows OH mechanism, and the phenol wastewater could be completely mineralized within 30 min.

Key words: high gravity; heterogeneous catalytic ozonation; phenol wastewater; response surface methodology (RSM) ; degrada-
tion mechanism
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