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B B NAMEBRKPLRE, FHRE/ATRBREL/IUA L =8 T 2 R4S R S BUR BT TS, kit
PRSP R R it . 3 B RR SRV B . DU AU fk — Ik 3 R pHL Xt 4% i 5 R (A S L K T 7 TET VS 19 Box-
Behnken Design(BBD) S 56 3 11 JFU 8, #R9¢ R & . 1L GimR bk B . DU S04k = kv J8 RS2 N s [ Sk oA A R0 1Y)
W, IRtk T2 S8 4 SEM-EDS. FT-IR #l Raman FAF T & N 175 B PU & AL =%k, JF ) EPR 4% R B4 %
AW TR mMEER, SRR, T ZERMN pH XA G~11) M EAE &SNS W ERMATE T, RER
L B R R Uk R R U AR Ak =Rk B A A Y R R E [ s SR AU A 1.000 Lomin ', A BR AR ER K I 0.968
mmol-L™', PY4 1k = £k & 2.158 mmol-L™', Sz i7 I [] 41.702 min S T (0 B Ak T 20 45tk e T2 41T 18
FI) 19 S B B8 it 23R 5 0000 5% i 23R A X D 25 A R —1.12% 5 4L 0 J5 Fe,O, BiA2 /N, R MARGE G KA
) Fe,O, B 4k 70 F J & 4> B0l 48.24% % & 35.31%, 1 48 A1 6% o€ ] I & 20 S0 R 34.05% 1 0.39% 43 Il 3% =
37.59% F 1.09%; 5 %0/5 i R h /00 S8 AL = 8k T2 BB v A2 48 SO, F1-OH. Hf T %1, BBD fLAL#E A i 5 5L PR
AR FE AR — B, IR IE R S T A M R A 00 455 R TR K TR B A AR I S 2

KPR MR ; RA; SRR, WAL= RE
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IR )z i =R P BE 2R ek, B T 35 5% SR S A g B OR A A5 U0 R0, BRI R P S FRL 8 e
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MR B T4 n) ), PO 48 Ak = 8k T Y Fe( 1) A1 Fe(TT) =2 18] 4 % 46 ] L) AE /\IHD A4 45 A4 4 5] 04 7 '8 33
17, PR oA A J2 S AE0RT o R A P A7 R AR ), T DA/ BRI i R k(R {7, I AR Ak =
BRAS B B WG B Re A3 & 2 0 i 1 v e, s Fat R . B e F 5R/AE i iR £h
B AL A A R AR A AR U TSR B A 2 RGE , (H T SR /A B R R A AL 7
TZEMMREIFAZ, FENZ TEh5IA TR Z WA, AR R 0 38 BN & 7 25 % R
[] 51

AHIF 5% 38 3 X B R AR B R £ /DU A Ak = 4k (O4/PDS/Fe,0,) 5 HiAth 3 Tl 11K 2 (45 22 W4 it fig
I, BEEELAGE . LD R ER v B R VO AR Ak = Bk R pH X 4 SR R AR 0 S e 5 3R T T vk
SRS R AE S S A SR R R R A 200 R IRNE B Ay M A5 IR R 22 ) 58 LA B RR R, T X
O,/PDS/Fe;0, T. 2 [ fift 45 i 52 B AE S 8 AT 04k, e A8 T2 4544 ; FIH SEM. Raman Hl FT-
IR #AiE Fe,O, X N AT J5 284k, i EPRE R HE S @M T 2R /=AM Ak, %
O,/PDS/Fe;O, T. 2 MHEAL I W HLIEL, DU R 235 & 58 BR K (R TR B A SR IE R 8 2 5%
1 MR57F%
L1 Sty

i B B2 40 (Na,S,04 CAS: 7775-27-1). 45 /i 48 (C,sHy N,Cl CAS 5-: 548-62-9), & A 1L #1 (NaOH
CAS: 1310-73-2), 5,5- - F JE-1-ME I Mk -N-42 1L 9 (CH, NO CAS 5: 222-011-1) i H & 5apk, 200 H U
Ak =W (Fe,0, CAS 5 : 1317-61-9) H i T B 42 4> J@ R A BR S ml il o, SE56 FH K A B 4lik .
SW 004-10G B SLAUR A= 4%, W A& B A P b & A R AR s P90l B A1, WA il h
PHUESRA R A A T2600 B8 40-0] WA R EETE, W A B AG RHMUE R A BRA Al 5 Milli-Q
Integral 5 B S 4K @B 4K — KL R G, EERwHBEAE; LZB-4 BB Fimait, WHEIM
W T AL R A PR A A3 SN-MS-10L B @ J fe $E 45 , W A Ll UL S8 & A R A Al 3 EMX
nano Y 1 - I I 4R % 15 (EPR), 1 F 4 [ A v (b ) BHE A BRA A .
1.2 LR

ST D RS A R AR S N R, S f Fe,O, ORI N A 1.9 L (45 S48 W, JT iR G 1 i+
%, &R 300 rmin's KK pH E A9 E 5 1.0 mol- L™ A H,SO, Fl NaOH ¥ i 47 #L1H , i
0.1 mol-L™" ) H,SO, Fll NaOH ¥ M #4738 . SRJS A 0.1 L i& 4¥k B PDS I, 4% 2L, fRiE
SR TR E N 20 mg L7, AT RAER AR, WIS Y W A R, RNV R E R
60 min, £ — BEiF I BORE , 205 1 Bk 25 Fe,O, By K J5 v ARES T, A BACEBR 80 (W JE
0.4 mol-L™") Z& 1k e b, I A B 5 235 it 55 o MR
1.3 oA E

K G BHGER A R A FRZ F) B T2600 #L5% 4101 UL A3 66 BE 11 2 45 S SR M B, X 45 b 4%
W AT 2K AR, BEFE 587 nm &5 AN B S, AT A bR oE I £8 R ¥=0.104 99X+0.009 57
(R’=0.997 59) o A48 Ar o h 42 1T 980 5206 4 S AR N A9 45 A SR vk B . B2 % (Raman) {25 B 5
HORIBA Scientific Lab RAM HR Evolution, H 4% Horiba Lab RAM HR Evolution, E%G#51F 1 532 nm,
D R 50~4 000 em ' R HZE [ A1 & 5 (AL at) BHEA FR 2 w19 ENSOR AU B 2148 563 (FT-
IR) 43 A7 S0 7 B I7 il e A VU 4Pk = BRI 20863, 2 THR RS, AR AL 5 KBr BB 700 J5 T R .
I 5 I K0 X ] 7 500~4 000 em ', 714 HL 5% 4 95 [ -Fel-Quanta 250 FEG, g% k9% [ 4F H-INCA-X-
MAX50, f#i F 1 5 >4 Anton Paar(% Zs Mif1) Sur PASS3 {9 [& {& 5% 1 Zeta Hi {57 43 7 AL M =& Fe,0, )
Zeta HLA7 o R A 18 FE A6 S 52 Jdb i) B A B2 7 B9 EMX nano 7 H I % M 4% I 3% 42 (EPR) I
EE ML, ] 5,5- 1 - 1-AE PR R -N-42 4k ) (DMPO) 1 M4 57, DMPO #¢J¥ 7 0.1 mol-L™',
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2 #HR5iTiE
21 TZExfLE

HH 28 1 AT, AE 45 a5 0 I i a0 O — 9 3 ) 2E B (R>0.95), WKl 1 Jif 7, O4/PDS/Fe;0,
T2 B A 4 55 0 D O R R R (k) 23 & Oy/Fe,0, T.22 . PDS/Fe,O, T.22 1 Oy/PDS T. 221
IEF i 245 i 55 Ky 1Y 199 5 L 18245 A1 161 4% . [V 60 min J5, Oy/PDS/Fe;0, 1.7, . O,/Fe,0, T. 2.
PDS/Fe;0, T. 2.1 Oy/PDS T. 20 % 45 it 52 (4 B A 2253 1 R 79.05% . 63.60% . 60.75% Fll 67.60% . I L)
i, MHETHMAKZR, O/PDS/Fe,0, T.20HA7 TR 45 KRR HE J1, O;. PDS Hll Fe,0, 23 3]
108 235 T 5 1) B fi o

*1 FTEIZEEHEREEBNN—RINEMA_EHNF
Table 1 Pseudo-first-order kinetics and pseudo-second-order kinetics for
crystal violet degradation of in different systems

th—z 112 th—gzh )12
AR F - - - -
A A FREL WG I A R
0,/PDS/Fe,0, 1.2 —In(C,/C,)=0.032 65¢ 0.929 37 1/C;=1/Co = 0.003 441 0.984 80
0,Fe,0, T. 2. —In(C/Cy)=0.021 23¢ 0.934 23 1/C,—1/Co = 0.001 73t 0.973 36
PDS/Fe,0, T2 —In(C/C,)=0.023 00t 0.914 68 1/C,—1/Co = 0.001 89¢ 0.955 70
0,/PDST.Z -In(C/C,)=0.023 98¢ 0.940 85 1/C,—1/Co = 0.002 14t 0.980 71
® O/PDS/Fe,0, T.¥, k,=0.003 44, R*=0.984 80
L0 0.20 ® Os/Fe,0, .2 k,,=0.001 72, R*=0.973 36
-=— 0/PDS/Fe,0,T.¥:
——0,/Fe,0, T =
08| —A—PDS/Fe,0, TZ E 015k
- O/PDST.Z E
on
g
o 06F = odok
S =
Q
04 T 005F
g .
~ |
02l ok A PDS/Fe,0,T.¥:,k, =0.001 89,R™=0.955 70
v O,/PDST.Z;,k, =0.002 14,R*=0.980 71
0 10 20 30 40 50 60 0 100 20 30 40 50 60
SV [A)/min S I i ] /min
(a) RF 2T 4 RS AR (b) AN T2 45 b 5 0 — A sl g 2 A

TE s CORSINIS ) A 25 S 50k 5 CONRIRE, S8k
Bl 1 R ot B S A B R SR = SR P R B 4
Fig. 1 Degradation effect and pseudo-second-order kinetics of crystal violet in different systems
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1) R &R RS2 o SRS b U AR IR B, R A UAR BT R R T 4.27 mg LT
WK 2 B, 455 SEAEA R R AT R R R A5 O 908l J1 5 (R>0.95), 4 W4 i i
0.0 L'min”' ¥ % 1.0 L'min"' J5 , %5 /i 55 B§ A 19 Th = 903 58 % 5L k., M\ 0.001 63 42 =5 5] 0.008 74
L-(mg'min) ", 7E N ] 24 60 min B, £5 & 5 0 R il 58 23 10U 0 60.75% 1S % 89.65% . X W] BE A&
PR Bl SRR A B, RAA K R O R, KR R % O -OH, BTG PDS, AR L
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= 0L -min, k, =0.001 63, R=0.951 20
©0.5L - min', k, =0.002 44, R*=0.977 08

of

1.0 - 0.7 ra0.6 L - min™, k, =0.003 44, R*=0.984 80
v 0.8 L - min, k, =0.004 64, R*=0.995 40
osk T 006 e 1.0L - min, k, =0.008 74, R=0.978 06
: £ s [«12L min', £, =0.00995, R*=0.964 14
0.6 g
<) £ 04t
© oaft S o3t
G
T 02p
02f S
= 0.1}
0r 0k
0 10 20 30 40 50 60 0 10 20 30 40 50 60
J R 8] /min J R 8] /min
() IR AR T4 A SRR (b) IR AR T 45 A 2L O — 230 I 2

Vs ST I 45 SRR 3 C TS S e
B2 TRREARETHHERENEBERMN_REBHHFER

Fig.2 Degradation rate and pseudo secondary degradation kinetics model of crystal violet at different ozone flows
) SO, o fHJE M R A M S 4k ZE M 1.0 Lmin ' 8 & 1.2 L-min ' i, 45 & 48 B 1% 19 k,,, A 0.008 74
L-(mg'min) ' {34 2 0.009 95 L-(mg'min) ', LY B 8] 24 60 min B, 45 i 55 % A 26 D 89.65% (U3 &=
90.70% o 3X 2 K Ry 2 7K v i) R AU R0 ek A R I, S s B R SR B S T R . R 2
SHEINRERE, XRALTN, KL, ARSI 0.6 L-min ' by 5 225050 (1) 548 I & .

2) b B R RV BE (520 . A&l 3 BTN, 45 AR SR TEANTR] PDS MR BN B ot BRI A A O — 98 3h
SRR (R>0.96), 24 PDS ¢ B 7 0~1.0 mmol-L™" [X i) P34 Jiet, 5 iz BF ]k 60 min, 2% & 48 4 [ it
F 63.60% T I 5 85.05% , 4 i L AR 1Y ko A 0.001 74 L-(mg-min) ' 3% % 0.004 92 L-(mg-min) ',
XS R 8 2 (1) PDS Tl 8 Fe,O, 3R M A9 Fe( 1) fiE k™= SO, o J1— 1, O, % f#AE PDS ] DLt
AR Z 19 -OH, [AAf-OH 2xi& 1k S,04, A SO, 1", {H)Z, PDSTEIL Bl kS, 2
TS YL Wy R f R AR 4, X R o i 19 S,0,7 5 SO, I v, B R HE A B AR s i M Y S,0, H i

=0 mmol - L', k, =0.001 74, R*=0.961 27
0.3 mmol - L', k, =0.002 92, R*=0.985 06

1.0 - —= 0 mmol - L' 035 ~A0.4mmol - L', k, =0.003 44, R=0.994 80
' —e— 0.3 mmol - [-! 7 |v0.6 mmol - L', k, =0.003 51, R*=0.980 29
—— 0.4 mmol - L' ~ 030 *0.8 mmol - L', £k, =0.004 26, R*=0.966 36
08F | —~— 0.6 mmol - L' = <1.0mmol - L', k, =0.004 92, R™=0.996 4
—— 0.8 mmol - L' 5 025
06t g 020}
S =
o 2 015}
04 r -
S o010}
[
02} S 005
O -
0 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 0 10 20 30 40 50 60
SN B[] /min J52 7 Bisf 6] /min
(a) R BRERER I i 45 T S (b) ARl GRERER R I 45 b 5 Dh — e fiet o)y 2 Ay

T C 9 NI (W] AT 45 i SR 5 C ORI UR 45 i SR
B3 AREMEBERE THERENERERM _RERDNFRE

Fig. 3 Degradation rate and pseudo secondary degradation kinetics model of crystal violet at different
concentrations of sodium persulfate
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B HIEARSLE A EXFHIE . B TR WMAEIE, ARLEEI 0.4 mmol L™ AJFLLK Y PDS
3) PUAE AL = ARV BE R RE IR . ANIET 4 BTN, 45 A SR AEAN W] Fe,O, Vi BE T Bt it BB AF & Oh — 9 8)
F12FAERL (R?>0.96), 24 Fe,0, ¢ M 0 15 % 4 mmol- L' I, £, M 0.001 97 4275 0.003 98 L-(mg-min) ',
2 S ] A 60 min B, 45 fb 42 A RN 67.60% 452 55 %)) 81.8% . M LBl Fe,O, MeFE RGBS I, FEiHi
R S I T35 P S s 0, SRR R T A SR A, DT R R A A R R g R U, Y Fe, O, YR 4k 41 N
4 mmol-L™" % 2 8 mmol-L™" i, K, M 0.003 98 L-(mg-min)"' [ % 0.002 66 L-(mg-min)", 5 K i} [E] 2
60 min I, 45 /b 48 B4 i 2R B 1M DA 81.8% [ 28 73.95% . X J2& Al N Fe,0, He B i v 43 77 A K% -OH,
EATH I K, il 15 5 A TGRS i 2 W 0T Ak, 3 A9 Fe,O, WEE T fE B B R F 3L
Fe,0, LR AU, B A /. RE, 248 2 mmol- L' K JG £L 3L K9 Fe,0, M .

= 0 mmol - L'k =0.001 97,R*>=0.969 74

obs
10 - 0.30 - ® 1 mmol - L', k,, =0.002 64, R*=0.985 88
a2 mmol - L'k, =0.003 44, R*~0.984 80
~ 025 Fv4mmol - Lk, =0.003 98, R*=0.989 05
0.8 | e ® 6 mmol - L',k , =0.002 62, R*=0.964 72
E .20k <8mmol - Lk, =0.002 66,R*<0.966 06
06 | Y
Qc T 015
. 9° 0.10
i
0.2 - g 0.05
oF
0 L L L L L L ] L L L L L L ]
0 10 20 30 40 50 60 0 10 20 30 40 50 60
S ] fmin S ] fmin
(a) AN[El U4 =Rk BT 25 il SRR (b) AN[a] U4 =B BE T 45 df 55 O — A ol ) 2 AR

T C Ay R I TR 245 S S0V 5 C R i S L
B4 FARMEMAZFKREMNERENERERD _RERDNFRE

Fig. 4 Degradation rate and pseudo secondary degradation kinetics model of crystal violet by different
concentration of ferroferric oxide

4) VI H pH RS . SR KR FITG KT HK G pH 240 F 3~11 Z 8], RBFRIRER T 45 M &1
I, pH 0 N B BRI G . Al 5 TR, 7E O4/PDS/Fe,0, T. 20, 4% S48 16N [W W) ik pH T [ fite it
B Eh ZR8h J12# B (R>0.97), AT LLE W, M T A0 pH M 33 % 48, 255N
kg 7 5 M 0.002 61 L-(mg-min) ' [ % 0.002 02 L-(mg-min) ", %% & 25 F& it M\ 75.80% % & 68.50%,
M Fe,O, 7EAN IR pH T 1Y Zeta HIA7, 1531 PU4E AL =%k pH . 924 6.5, 4 pH<pH, I}, Fe,0, LA
ZMIERME A . B, BRM pH=3 &M AR T P18+ 8,0 4 F M Fe,O, Z I F K 5], /=4
B2 HH Y, PR pH M 4 35 % 6.8 B 45 i 55 B A 2R 68.50% 3 79.05%, 45 fh 55 AR Y ko, 0
M 0.002 06 L-(mg-min) ' 3% % 0.003 44 L-(mg'min) ', £ pH 4 6.8 I}, O,/PDS/Fe,0, T. 21 B A % &
fip R, XY, MCE Y pH 453 Fe,0, A% B (1 pH,,., M BT F AL s B B AL A b RS0, X
O, AL G PR o, REF= AR BE 2 /Y -OH ™21, 4w ih pH D 9 38 2 11 I, 45 & 52 B A 1 ko, 53 501 DA
0.002 02 L-(mg-min)~" 4& 25 5] 0.002 50 L-(mg-min) ", 4% 5 MM R M 67.35% 4 & 75.05%, X 2&H K
SRR 2R B R, FERCE R, EARRIXT S P A R R R, AR
REfg P, 55—, SEMRINGE T RE S T R i, P2 A DL g
T, T 2R T pH X 18] (3~11) P44 %5 i 10 435 0 25 W it e
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= pH=3.0, £, =0.002 61, R>=0.990 20
o pH=4.0, k, =0.002 02, R*=0.971 60
a PH=5.0, k,, =0.002 06, R*=0.988 69
v PH=6.8, k, =0.003 44, R*=0.984 80

Lor 0.20 & pH=9.0, k, =0.002 02, R=0.979 11
_ « PH=11.0, £, =0.002 50, R>=0.997 84
08 = oist
=
£
ch 0.6 : 0.10 +
< <
04 §I 0.05
&
02 ot
0 10 20 30 40 50 60 0 10 20 30 40 S50 60
J 75 i) /min JR R i i) /min
(a) RIFHIHpH F 45 SR (b) A TRRIAPH F 45 S b — S 20 112

Th : C Ay S TH] N 285 5 SEUR B 5 C IR S Tk L
5 T E#EpH THERENEREREZENH _RIERIHHFER

Fig. 5 Degradation rate of crystal violet and pseudo secondary degradation kinetics model of crystal violet at

different initial pH

2.3 Box-Behnken Design Mg [ [

1) 5% % % T . K H Design-Expert 8.0 %X ®2 LWEARFMKF
e, UREKE X, oA L X,. &= Table 2 Experimental factors and levels
b = B BE X RN s g IS ] X, SR AR R PR E GBS
HLL1. ORI+ AR 3K, LIS S femm AT s sk DL SRR S
ORI, DA R Y, & EZHACE L X/(L'min™")  X,/(mmol-L™") X,/(mmol-L™") X,/min
# 2. >k H Box-Behnken Design % 71 4 [N % ! 06 04 2 20
SKPI, ST 20 St RS 0 08 07 : .
ULAPR O HE S g e e, JFabsrae L 10 i ! ”

FEff R SC it I 8 A R L3R 3,

2) WA 05 2510 o AWPoR it 29 g, HySimy5 -1, 7. 9. 16, 17 BSEE
SEVEAL SE IR 22 W H A S, SEUR R BEALGUY $EAT, SCUR Oy R A RN 3 R o X AR 3 Th Bl i
frchlalE, TR R R AR X, . BRI R X, . DU Ak =Mk B2 X, 0 I [R] X, 5 45
i 55 B AR R (Y) 2 Tl Z2 350X Il A A (o (1)

Y =81.46-81.12X, +9.01X, - 0.71X; +0.51X, — 19.17X, X, - 0.37X, X, + 84.26X,> + 10.71X,* (1)
AP, X, MRERE, Lmin'; X, Mt REREEWE, mmol- L' X, AHIA L =2WE, mmolL;
X, A RBEFE], min,

BT X LG gk B T R G0 HT, R H Design-Expert 8.0 Gt i 4K 4 347 7 22 53 K A6 A fU
AR B EYE, HEAE R IR 3. PEM FERA &) 535 K R R g1t 2 1 .
FEB K, PEB/N, S ZEEMN R EEm., mEA4TUEL, 20 A8 FEN
197.53, H P{EH<0.000 1, #dHI40LA 7 B AY 1] U PR A S M 3 A hy o O 20 e 4G R R et
BRI LG FERE , BEBU YA R i R? A R TR A P9 BERL A DL & R B R® 9 0.990 3, KA
99.03 % [ Wi 7 1 7] DA F otk 7 BRI AR RE , A 0.97% (9 M) o - AS AT py I O B R i B, AR 4 T S 4
S HMAERB R BRI R, Fl Ry TH 3 50124 0.986 4 F110.971 9, M4 22{H 4 0.014 5(<0.2),
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W2 S R B AT A5 BE L ORG %B RE R I N PR R
JAUKG I T5 Ky 0.202 0(>0.05), ¢ BRI 5% 25
M BEMLIR 22 774, BEAY AT X} Oy/PDS/Fe,0, T.25
I ) 2 5 T e A R AT R DG T R 4y
Mo 285 ZE0CV rl LU Ok B 2 5508 1) A8 5
P, E/NT 10% oz, BEE CV ol
0.74% , it W A5 Y (i) T PP 5 AR 200, AR
(15 e L A 56.840(>4), ¢ BB AL A 1R 58 19 155
S MRS

IR (X, X, M1 X)), S EI XX, fl
TORI X B P EI/NT 0.000 1, Ze PRI X, ATEE
B3 X,X, i#9 P 4354 0.000 5 1 0.000 9. 5 B
4 ARV ZR 0T 25 i 58 B i 2R 1 s e R Al
H FET LA, FRE R EHES R
B R (F=886.73)>/% v B ] (F=628.37)>1F
Wi R vk B (F=232.72)>00 A AL Bk B
(F=17.22), B4 30 & AN I ) 2 fa] BLA B
0 ER S AN . SR T Re SR, Bl RN A
(] 3G, K P i SR BE R iR i, AT
LA 2 a et A k. tesh, REAN
ORI R R 2 ) HL A A 38 BRI .
AU a0 O R R VR 2 TE) A R 38 AR
N, 2 B B R AR AT A B R ER A i, AR
SO, ~, MM AR E 2 & 28 1 Rt

3) AC HA N A3 AT o A T U b 5 B S
WRERUKRARE . MRk E . WA
b = e 5 R R I R[] 9 1 R 25 28 A %
S5 R R IR, AR T ST Y [l ) A
e N A T SRR A S N1 35S
J52 W 45 PR 2R (i) 58 L 50 XoF Wi 7 AP 45 & 5% R i
RIS, SIEACOC R o M I T B R B i
W, I DR A — 3 L P X 4 it 4R o i
RGN RE A5 WA R T R R Y, R
TE — 5 0 [l PN X 445 28 B il RS2 e A/ o F
6 FE 7 I, 2 dlm by mE R 3 2 ek
HEA —EWE, HRANRE . JmiRh
e B RN B g B TE) X 4 R R R R
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Table 3 Experimental design and results
oy U BRI o s wo
P L Rk SR
(L'min™") . . [H/min  {H/% {E/%
(mmol-L™) (mmol-L™)
1 0.8 0.7 3 40 7825 7776
2 0.8 0.4 3 60 79.80  80.40
3 1.0 1.0 3 40 88.15 88.63
4 0.6 0.7 3 60 80.90 81.81
5 0.8 0.4 4 40 75.50  75.41
6 0.8 1.0 2 40 82.15 82.03
7 0.8 0.7 3 40 78.15 7776
8 0.6 1.0 3 40 802  80.76
9 0.8 0.7 3 40 78.10 7776
10 0.8 1.0 4 40 80.6  80.62
11 0.6 0.7 4 40 75.95 7534
12 1.0 0.7 4 40 85.85  85.50
13 0.8 0.7 4 20 7255 7277
14 0.8 0.4 3 20 7125 71.84
15 1.0 0.7 3 20 833  83.42
16 0.8 0.7 3 40 7725 7776
17 0.8 0.7 3 40 78.05  77.76
18 0.6 0.7 3 20 69.55 70.28
19 1.0 0.7 3 60 88.70  89.00
20 1.0 0.7 2 40 86.85 86.92
21 0.8 1.0 3 60 85.85  85.61
22 0.8 0.7 2 60 82.95 82.75
23 0.6 0.4 3 40 73.80  73.26
24 0.8 0.4 2 40 7675  76.83
25 1.0 0.4 3 40 86.35 85.72
26 0.8 0.7 2 20 73.55  74.19
27 0.8 1.0 3 20 7775 77.05
28 0.8 0.7 4 60 81.10 81.33
29 0.6 0.7 2 40 77.80  76.75
=4 HESH
Table 4 Analysis of variance
TR SFOrR AmE BJr FE P& M
BAL 71154 8 88.94 25435 <0.0001 JEH W
X, 310.08 1 310.08 886.73 <0.0001 JEH B3
X, 81.38 1 81.38 232.72 <0.0001 kw3
X, 6.02 1 6.02 1722 0.0005 IR R
X, 219.74 1 21974 62837 <0.0001 JEH w3
XX, 5.29 1 529 1513 0.0009 AR RE
XX, 8.85 1 8.85 2531 <0.0001 JEHWERZEH
X? 78.41 1 7841 22423 <0.0001 AEHEBE
X} 6.42 1 6.42 1835 0.0004 JEH R
Hk 6.99 20 0.35
KT 634 16 040 243 02020 AEFH
4% 0.65 4 0.16
ME2 71854 28
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Fig. 6 Interaction of ozone flow rate and persulfate on degradation rate of crystal violet
45 i R %0
60 87
55 85
50 83
£ 45 81
=
= 40 79
;1
X 35 77
25 &
0 08 20 I L 1 " 1 " 1 1 1 71
f/é]/ ] 0.7 B 0.60 0.65 0.70 0.75 0.80 0.85 0.90 0.95 1.00
i 60706 ot SR - min”)
() SLARCIAL A AR5 IO7 A TR 2 i) £ i 7 i €] (b) S ARUIE e SR A i) =2 [ (1 45 i 2k ]

7 REREMKNFERXEREERRNZEYN

Fig. 7 Interaction effect of ozone flow rate and reaction time on degradation rate of crystal violet
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Optimization of crystal violet degradation in ozone/persulfate/ferroferric oxide
system by response surface methodology
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Abstract In order to effectively remove crystalline violet from water, the ozone/persulfate/ferroferric oxide
process was used to investigate the effects of ozone flow rate, persulfate concentration, ferroferric oxide
concentration and pH on the degradation of crystalline violet, then the Box-Behnken Design (BBD)
experimental design principle of response surface method was used to determine the effects of ozone flow rate,
persulfate concentration, ferroferric oxide concentration and reaction time on the degradation of crystalline
violet and optimize the process parameters. The tetroxide before and after the reaction was characterized by
SEM-EDS, FT-IR and Raman, and the reactive oxygen species in the process was identified directly by EPR
technique. The results showed that this process had a good ability on crystalline violet degradation over a wide
pH range (3~11), and the ozone flow rate, persulfate concentration and tetroxide concentration were proportional
to the degradation rate of crystalline violet. The model predicted that the optimum process conditions were
following: ozone flow rate of 1.000 L-min ', persulfate concentration of 0.968 mmol-L™', ferroferric oxide
concentration of 2.158 mmol-L”', and reaction time of 41.702 min. The relative deviation of the actual
degradation rate from the predicted degradation rate under the optimum conditions was only —1.12%. After the
catalytic reaction, the particle size of Fe,O, decreased and its surface became smoother, the mass fraction of
Fe,O, decreased from 48.24% to 35.31%, while the mass fractions of oxygen and sulfur increased from 34.05%
and 0.39% to 37.59% and 1.09%, respectively. SO, and -OH occurred in the ozone/persulfate/ferroferric oxide
process. It can be seen that the prediction of BBD optimization model is basically consistent with the actual
treatment effect; this study can provide a reference for the deep treatment of refractory crystalline violet
wastewater.

Keywords response surface; ozone; persulfate; ferroferric oxide; crystal violet
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