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Construction the reaction system of UVC/persulfate/aprotic solvents
and its application on the degradation of alizarin dyes
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Abstract In order to investigate the transformation mechanism of organic pollutants under the
attack of -SO;. The system of UVC/persulfates/aprotic solvents was constructed and applied to
produce single -SO;, and then -SO; was used to react with alizarin dyes. The degradation kinetics
and mechanism of azo dyes were also elucidated. The degradation kinetics of Mordant Orange 1 in
different aprotic solvents followed this order: (90%ACN+10%H,0)>100%H,0>100%DMS0O>100%
DMF, and the degradation rate of Mordant Orange 1 was higher than the alizarin yellow GG. The

PDS dosage substrate concentration, reaction temperature and light intensity have significantly
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effects on degradation kinetics of alizarin dyes. Higher temperature and stronger light intensity are
favors for the degradation of alizarin dyes. While the higher persulfates dosage and substrate
concentration hinder the degradation of alizarin dyes. EPR and reactive oxygen spices scavengers
experiments indicated that «SO; did the major contribution on the degradation of alizarin dyes. The
single electron transfer was the main reason which resulted in the degradation of alizarin dyes. And
the initial transformation mechanism of alizarin dyes includes 4 pathways, such as the loss of sulfonic
acid group, cleavage of azo bonds, H-abstraction and substitution.

Keywords mordant orange 1, alizarin yellow GG, sulfate radical, degradation kinetics,

reaction mechanism, aprotic solvents.
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N FLREAR B0 77 22 B 52 Wi B R 28 v - SO0 i B YL S HIL il AN figp i A2, 1P D BB 40 Jo v o
RPYORHETH AW A (ROSAEHTT BYIERS | el I AIDETE AL B 1 FLE AN SC g5 AR .

1 MBS 5 ( Materials and methods)

L1 AR 500

A SR S AT A T R VR, Sl S B AL £ F I 254 nm, D3 15 W AYAIE
FEFR T R, B2 R 4 Sk UZ e 25 R oo B 388 245 LI 5 06U HE 250 15 om, 5 800H 8335 (5 ¥ HPLC-
2030), LC/MS/MS Bt FHI{XAE (API 4000), PHS-3B ¥ % 2 & 11 (_ LI T REAL AR ), 6 K ZYepl (Sigma-
Aldrich), K,S,05 4 AR 2 ([FE 254 M0 A BRA D, BN GR 9%, 257K (Millipore Milli-Q %
4, OR4F TOC S F <13 pg'L™).
1.2 SEE Ik

e ] 95 22 2 YRR v T TR T FE SR 100 pmol- LY, A S A7 ALY 70 B vy 38 U B 422 F AT PILI RIMSOA T,
FE B 100 mL A VA W T 6N 2% . 2GR 300 W R AT F 5 52 W 88 - A7 00 E, S 86 vh i 1 A5 2R /K
BB R RV A SN AR, IR 2EAE (20,5 °C), SNV IR — AR AR S IR ( (25 £0.5) °C) T,
5] 100 mL P 2 2 YRHE W P oINA — & 1t 1 K804, TERE J1 35 F1 g5V FI N (s WO S fE . 72T
KT SN Z 0, A R 10 min, 5T R AT BT H . g B — o i 6] FH AL WA B2 B 2 mL s W %5
F O A R R P B A A TR RO 0.22 pm JEEE, £5KE 5L F T HPLC 34, - i HPLC 43 85
o 5 58 PR fifp ok 7 vhovie B2 AR ARG 0. A v 1R 7 4 1) 25 18 J2 il ik LC/MS/MSS 58 1.
1.3 S3bririk

P 2R YR T b B R R 9% % 20 ) 2% 43 B >R H % 18228 ®] HPLC 2030(Shim-pack GIST C18,
250 mmx4.60 mm, 5 pm), A ZLEAT : HE Y 30 °C, FEFERR 20 uL, WA A (FEE) : B (H,0)=
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55 : 45({RBLE), 4=350 nm, P A 0.5 mL-min™". §§ 2 Sl 14 B =400 () o0 BT #E TSRS 6 FH 43 T A APT
4000 |47, H i 0.5 mL-min™', 314 4 ACN: H,0=50: S0(IARFR L) . i 48 0 e, T8 55 AL
1E MS F MS-MS A9 5, 155 40 S AR08 75 s 55 flf 43 <0IR. EST HLR R 5. 5 kv, JEBIEH 130 °C, LR
FE R 400 °C. J i 4 & H ROSs 25 1 46 7 (i FH A 0T 2 PR 4% (7% [F] EMX EPR/X-band) £ ],
100 mmol-L " 5, 5-— H 3L 1-mL i mk-N-48 4k 2 (DMPO) FIfE A e #1855, ARl i PDS 78 UVC )t
W10 min J5 ELIEHURE, BT 100 pL #f 5 AR

2 5 R 5308 (Results and discussion)

2.1 AR FIAEE RS 1 BEA# ] AT Y

Ve FE DK A 254 nm Y UVC 4N R G, PDS MG AL, S50 1 o0 Hbrtb &4, 3 T HAE
AN TR ) i 1 T AL R RO A 22 5. G5 RN 1 B, 45 R R WALER) B M BE 24 100 pmol, PDS fH
N 10 L IR R 25 °C, oA 5.34 mW-em ™ SR, IEYLRE | 1 4 FlORRIE AR &R B g 7
TR M2 5. HERREMLL T (90%ACN +10%H,0)>100% H,0>100% DMSO>100% DMF.

B 1 YR | AR TR] SR AR 3R R S
Fig.1 Comparison on degradation of mordant orange 1 in different system

#—25 %] Langmuir-Hinshelwood ) i A& 75 F2 3 -de/d=kCl'? 13 X5} 96 25 2 YL R AE 2 5 1A 2 v B
SRR TAAL. S ke B — RS 1 2R E R, C o O AR &R T RS 1 R B MR B AR -In( C/Co) X
BRIV, anlEl 2 Bos. 15t 6 R 2 GURHE B IR & i B4 & B — 23l T2 [V 60 min J5,
WYL 1 1E (90%ACN+10%H,0) 74 2 Fl 100%H,0 14 28 B fife 1 3 40 DRt phy T3 W R s 2 AR R P ok
- SO, Fll-OH 45 H H ZE 25 17 7E. SRIMTE 100%H,0 14 & H (1T 50 min, 7 28 Y% 25 55 38 0 v ) AT
AERH TR A H RS 1 LL-OH S . -OH X TS0, 1 7 MR 2w W4, (H BAT & i
N PE. 100%DMSO 1A F 1, it 2% 28 YLl iy B2 fige 10 3 S v DU T g2 e Iz e miAR & b LSO o &, H:
F1-OH A8 b A8 S W I PERS IR, 100%DMF 14 & i L 1 BEASASRE fi W) J2 B T DMF B e KRG K
k220 nm, WIGFALFE UVC 22400 BE. BRI, 7E1Z4K & T UVC 50615 8 R B, W ki b iy
PDS R HAE, MITE T DMF % B Ak G W AR b B i %2 2658 UVC/(90%ACN+10%H,0)/
PDS K&, #F— L HZL M) UVC 57 PDS XU RE | (AR BCR . 45 R WKl 2 firw, 158 & B N
60 min, HLM Y UVC 5% PDS XYL 1 JL-F- A FEMRCR. 1 UVC/(90%ACN+10%H,0) /PDS & 5
RS 1 R BRBCRNIR 2 80% 2247, TR AR SCE— 2R &R T 96 R A e BHE i Ik R b A 30 1 Al
B LML,
2.2 OGHRER XTI RIS YRR B0 1 R R

TENEYIRI A R 100 pmol-L, PDS MM R 1.0 g L7, IR Ry 25 C WM R, it — LR T %
HPIGERAT UVC/(90%ACN+10%H,0) /PDS 14 & i Ju s 1 FIvE 28 B GG 1 B A 1 48 1 B 52 . 45
WAL 3 fiR, 38 987 G5 SO % 2 T4 BB e 42 i S 0 R T D' . DUASHIR e ok AT O U5 55 5 1 W T
Z AR ES 4 0 oh 3050 7. 9. 11 em B 52 I YR T AH B A ' i D) 43 ) X6 18 R 10.63, 731, 5.32, 4.55.,
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3.45 mW-em > S5 RBIBEE UVC ORISR, 17 H YLRk i B i 8 1 25 48 5. 2Moas el 3.45 59 m
) 10.63 mW-cm 2, B 1 FIPEE i GG F#fEEE 51 0.0067 min™' F10.0057 min™' 34/1%)] 0.0380 min™
H10.0271 min™". Y58 A4 14 5 X6 1 o 9 2R S YL R g iR 25 HoA B S A AR R ), R B R i 4
EARTE T PDS T Lo, 7= T 2 BT P R AR

B2 WY 1 7E UVC/PDS/ACN 1A 5 B f il 154
Fig.2 Degradation feasibility of mordant orange 1 in the system of UVC/PDS/CAN

Bl 3 OGHE N 2 A G} R Bl 7 25 15 R
Fig.3 Effects of light intensity on the degradation kinetics of alizarin dyes
2.3 R EERTPE RIS YRR A ) A 5

IEE IR 25 00 PDS IS ALRCR B — BB A R, LR TAER IR 5. 15, 25, 35, 45 C
XF 2 Pl R A YR AR S 1A g . 5 AN E] 4 T, 25 5 3% B R 2R 2 YLl i o A o ek b
B ) R T S, YRS 1 RIPE R GG AR SN 5 5 °C 19 0.0096 min™' i1 0.0035 min™
FHE5 2 0.0192 min™" F1 0.0086 min", & [ 52 L 3 84538 N 21 5ok (1Y) 2 % 2. AT RS2 M 7E i 451
T, UVC/(90%ACN+10%H,0) /PDS & Z 1 PDS B 45 5 16 41—, UVC X PDS &2 2 3 [F]3 1k
YER, NI A3i2 04 2 i 808 077 A - SO PRI, il S5 44 9t 28 S ol 5 AT 0 v 7 o3 e i o3 o 4.
2.4 R BEXT G RIS YLRLRE A B0 1 2E I R )

H— KT UVC/(90%ACN+10%H,0) /PDS {4 Z2 71 I 4 vk F4 % 6 25 IS YL b8 it o) ) 2 ) 5
¥ PDS M A 1.0 g L', Y65~ 5.32 mW-em 2 FREE A 25 C ISR, B3 TR 1 & GG
IR LM BELE 50, 100, 150, 200, 250 pmol L™ 4514~ MR 2 1 A2 b Ag L. K1 5 RWITE Bintb &9
WA R 50 pmol L' B, BEYLRE 1 FIPE R B GG MR i K, 439720 0.0351 min™' 1 0.0273 min ™.
SR NI B A 96 25 208 b IS 0 Wk B2 1% 185 0m, JEC B88 e ol 3 0 ¥ IR AIG . 3 2 IRl & I T 4k PDS 1R & v
A SO, ARG PEAE A B SR —E 1Y, 1 2096 RGBT AR - SO, S I PR AW Rl & A A A R,
AT REAR T AR A LTS 54 1) 527 38 R 5
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B4 Lo B UORL A B ) 2 5 R

Fig.4 Effects of temperature on the degradation kinetics of alizarin dyes

B 5 Y G ZE YR B A B S R
Fig.5 Effects of substrate concentration on the degradation kinetics of alizarin dyes

2.5 PDS FHH X ot 32 S YR 50 1 2 52 )

PDS ¥ &S A WL S W R ah 1 — D EE R R, B 6 KR T /RTEIR WP h ke R
100 umol-L™!, SR K 25 °C, W i8N 5.32 mW-cm ™2, PDS ¥ JE435)°8 0.25, 0.5, 1.0, 2.0, 4.0 gL
T, RGBT AL o 122 AR R IGO0, $6 RIS YLRLBE G PDS ¥ 52 114 15 LR figf il R S
BTN, 24 PDS ¥R EE 43I0 1.0 g L7 F12.0 gL' B, R 3 R 5 B30k B 5 KA, 4391120 0.0225 min™!
F11°0.0098 min™". SR M #E— 2034 hN S N A4 ZR v PDS V& B, PR AN B 22 28 YUk i) 5 Ak a5 IO H IR AIK.
P 2R IS YLRL B A i A0 R FH s 00 1 R Al R N, AT RE B 2 1Y PDS JIA S A FR - SO, S I
PEE AT BAn G YN 2 5 . SR Pk — 2035 K PDS 119 vk B2 i 45 L AE O IE % AR & i
Bk AR, 3 2 PDS DL R p I b IR A 2 5 Ot . 53 —J5 2 PDS Wk B it m R, -SO;
T B R ER 2 8] A H TR AL S N, AT T A B AR AL A P (R Rl L3, BRI T S I ik ),
2.6 IEMEAYFEEE

Pt 2R R YORLE AN [R] (14 52 AR ZR B AN [R] ) B A 5. O TR R AN R AR & rh A R R B - i b
2, I AR ZR H R A e AR 5, 5- B - 1- g bk -N-S Ak 9 (DMPO), FF-38 ik F I i 2L
PRASCKT SOV 2 P Y AR 3 B A AR, 25 a0 1&] 7. AIEL 7 AT LA HE, UVC/100%H,0/K,S,05 14 5
H1-SO; Ail-OH 1 & FL 4712, 1 100%DMF & £, (90%ACN+10%H,0) 14 Z 1 100%DMSO 14 £ H il 3= %2
J&-SO; A 3, 100%DMSO A& 2 ks il 21 - SO; 17 5 W5 38 M| 156 B DMSO ¥ 714 F T SO; i AR FE 7E.
(90%ACN+10%H,0) {4 Z& kil 5] - SO; 1Y {5 5 W U 2 I ] fig 2 f T % S AR & H - SO TE 7K 4 - 45 L
W AER T R T #53¥ K . 100%DMF & & 1 -SO %t I (19 {5 5 1% % 55 . EPR i il 45 2R 3% W]
UVC/(90%ACN+10%H,0) /K,S,0g 4 2 H1 LA -SO; by 3. 8K 1M S Br 5 i AR 7 1 -SO; A1 Toith — 2P Ak Sy L
By RS, s AN ML AR B E AR LIRS B o AR T i — A B 4.
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B 6 PDS ¥ B X it RIS YURHRAE 50 1 2 1 5
Fig.6 Effects of PDS dosage on the degradation kineticsof alizarin dyes

B 7 AR B 10 min f5 ) EPR 6%
Fig.7 Spectra of EPR for UV/PDS system in different solvents after 10 min

B (EtOH) 5 -SO; Fl-OH #5445 18 119 52 1y B30 5 55, X 8 1) LA R A B P B8R . SR TS T 1t
(TBA) T i T A o EAIAEAE, H25-OH 1 F 0 38 568 £0U) 2 - SO, 119 1000 5 L, FEHXT-OH HA7 4%
UK UL -2 ) T IX 4 UVC/(90%ACN+10%H,0) /PDS 14 2 F AN ] 1 P 801 6 TG e 4 1 0
F 1 GG MR sT ik, A8 3¢k A EtOH Fil TBA E iy 40 TR 5T iF — R R R R A it v 1
EtOH Fl TBA X i L 5 1 A9 R 8 GG R 3 12 152 ma . 25 SR K 8 s, MWIEITh Al LUE Y, 76
0—50 g L' (93 Bl P9, Bl EtOH JUf vie B (0 B4, BEGLR 1 Rt 228 GG IR i ol 32 1) I 2 B AIK. 44
I 0—50 g-L™" Y TBA JIANXHE LR 1 FIPE R 8 GG 19K BRFE RS2 A X/, A0 TBA T vk i
T F] 50 g L B X I e A 1 FPE R B GG R BR R B R L HE A . 2 — 252 A Langmuir-
Hinshelwood 2fj J] 2 J7 F X} H B i iR HEA TR, B 10, 25, 50 g-L™" EtOH B, BEYu s 1 AR fiff il %
HHH 0.0225 min KR 0.0055. 0.0053, 0.0032 min™. P52 # GG WM E %5 H 0.0070 min™
MUK B A 0.0008, 0.0003, 0.0002 min™". T [F] & Y TBA B, BHEG RS 1 0 R At R B UK B AIG
4 0.0129. 0.0117. 0.0073 min™". #§ 2 ¥ GG 1 B fiff 3 38 H FUK I B4 0.0026. 0.0011, 0.0011 min™".
SRR FEW, UVC/(90%ACN+10%H,0)/PDS & & i 5 K it -SO; . -OH 4§ ROSs IFETE, 1l TBA X%
A 72 T o 2R YRR % e i T A B S AT P D0 — 25 U3 B2 S g A 2R v - SO % E AR Ak 40 1) o i
R EAE ), M -OH 2 Hog i PERE D Rl 5 STRRAR G #8724 TBA i EFHE 50 ¢ L I R 2GRl
e e o 23 50 2 AN 0 T R P T S AR R TP s VR B 1 TBA FNE 2R 28wkl 55 - SOy ke 1) 5% 4 S 7 1Y)
P, BT 30T 95 3R 2GRk AR R ik o 3.
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B 8 THVEW BRI BN P RIS YRR i 3 ) 2 5
Fig.8 Effects of ROSs scavengers on the degradation kinetics of alizarin dyes

2.7 WEREYRIE LTS

N T RRHE R IYRHE - SO VE T MR AR L RLH, UGBS 1 FIvE R 28 GG o Hinfb &9, 1
5 UVC/(90%ACN+10%H,0) /PDS 14 3 Ff X 1l 35 22 2 Yokl (9 e fie =40 S5 (A &1 9 v SR Sl e 3 P
RUILYLAE 1| FIPE R GG BATM IO, I B X BAT AR A Wi . Horh 260 nm 7647
F14) R AT e X 7 7 2R S e lel e ) 55 AR B A5 R 24, T 360 nm 2 A A IR MACUEe U)Xk 7 25 - v A £ R R 2 A
BEYLAE 1 MPE R BE GG M Rh o 2R 28GRk rb i 0B Y WS (355—375 nm) BB 52 Bz I [8] (4 58 i, e
WA ) i P B0 A 8 55 . (L 8 45 4 1) W e (260 ) i J88 WU 7 2 17 149 90 e B B 050 W 8 O REAIR, B
S8 A HEA T I 56 B A H B0 5 55 P e, RIS, UVC/(90%ACN+10%H,0) /PDS A 7 1t 2 2 YLkt
3T R R e dic S e Fh A8 ZRUBEE P T 2885 DR 1), T P 5 I P 1] ) i — 254 i A S BO5 75 P11 24 08%

9 WYL 1(a) FIPEE B GG(b) MR F
()RR 1 (b) PRI GG
Fig.9 UV Spectra for Mordant Orange 1(a) and Alizarin Yellow GG (b) during degradation process

F HI HPLC/MS/MS Xf UVC/(90%ACN+10%H,0) /PDS 14 7 i Je e 1 #1943 86 GG 1 S W) &
W B 1 e e b ] 7 ) iR AT 1 — 20 ARG . S5 SR AN 1, IR P e LUE Y, MR8 B A rh (8] ) 1 m/z, 7]
RE R 233X M L S ARAERE 5l 19 LUK, HEWRT B 848 1 7E CIE AR R b 10 iR b 1l 7= 4. 43 51 X6F 1z
NRHEEAR ORI 1, 2- 8- 5-F AR IR | 2-02 5E-5- (4- B 08 R IR | 2-72 56-5-(4-
FABAR) AR . XA HE RN SRFRFEIR IR | 2-F B (4 ) R R | 4-(4-m BB EUR ) 4T Fl
4-(4-B A AR K. P52 8 GG 1E S 1A i DI AG I ) 8 7o B3 gk v (8] 740, 4 ) % 107 Ay i B | 2-
FRAE-5-G AR IR | SRR EEAR IR | 2-02 - (4 U4 TR | 4-(3- B AH 508 ) R iy | 2-F8 4k-5-(3-
TSR R ) A IR () i A i R G R Iy . (B T A 2, TR 1 NG 2R B P i R 2wkt
TE UVC/(90%ACN+10%H,0) /PDS {4 Z H 7RG I 1) 1 i 3628 | 2-F8 5L -5-2 SR H iR | &R 72 38 28 H iR A

2-55 - (A A 8 F IR R 4- (A~ B AR RUAR) R Iy 45 TR At v ) 7 0.
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FT 1 WYL 1 MIPE R GG T REMY P& P IR] =4

Table 1 Proposed degradation intermediates for alizarin dyes

Rt L S PR o~
Retention time SEbrE HGH Molecular formula Product structure Remark
Actual value Theoretical value

0.84 122.92 123 CH;sNO, IsE:5ZS AB
0.93 302.16 303 C,5HgN,0O4 iR ZE wiater o3| A
0.93 152.92 153 C,H,NO; 2-FR RS- AR A,B
1.05 287.83 287 C13HoN,O; 2-FRHE-5-(4- BB AR R R A
4.94 257.64 257 C3H N304 2-FRH-5-(4-F HMH A ) AR R A
4.96 138.02 138 CeHgN,0, PORTE S A
4.96 138.02 138 C,HqO; BRI R A,B
5.93 242.18 242 C3H,0N,0;4 2-FRHE-(A- AR R IR A,B
5.93 244.19 243 C,HoN;04 A-(A-TEFAB AR R B A,B
6.69 288.06 287 C 3HoN, 05 2- ¥ FE-5-(3- il BN AUR) A F iR B
7.51 212.84 213 C,H;N;0 4-(4-F I AR K1 A
8.44 139.66 138 CeHgN,0, (i) T B A e B
8.52 109.23 109 C¢H,NO X I B

TR ARG NG R, BAE R GG LME RN R

S5 5 IR PE 2 IS YRR A b (R P W O HE T, R XTI LR 1 RNPE B GG R b A = it b, &
MG R A YLBHE UVC/(90%ACN+10%H,0)/PDS {4 3 H1-SO; A I F 322 LU AL 5% 88 1w (SET) 2
R R BN 10 BiR.

10 P ERRYRHE QAR T il BE R R 52 L L)

Fig.10 Degradation mechanism of alizarin dyes in acetonitrile system
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SO 7EPE RAYRL T AR B — A i1, T — AN IR FRL AT 1 1 P 2 2 . A E AT Y PR R
TR LA, FER AR R T E A M FRVER T R E—RINV A R RO 24 (1) {5 U5
SN, A U T 25 T 1A i SRR R R Sk B W 7E PRI G 3 2 Rk e ik ol v 4 A DN 3]
(2) il FRE 30 T S N7, i 3 T i T o P e i v B0 7= 1 m/z=257 1 m/z=213 W 53551 o) 1o o i ik 2340 i
PRI RIS A R 2 S5 (R BE =15 (3) R BE N, 96 RS YR FR BE 1 (1 Al S AR X 1 A B RE A1 £
B SR S i L i i 2 L S, ek — 20 1 e A= AR T B B . 72 W H PR AL & 08 OB R iAR Z
YIRS T m/z=242 B =, R s N, 20 T XRRuE, R YIE R A s 75, &
FEBE ELHEI R, XoF N7 R A v (B] 740 m/z=243. FLAE IRl B AR Ak B P 100 B SO AR R R B AS DU E 5 (4)
JI A 2 s g, 9 R S LR A R B B S A A N, HEWTH 2 X Ci3H N0, I,
m/z=242 [ A ] = AR TR G E R T —4 N R

3 2515 (Conclusion)

(1) 0 B2 AT AR AT HLVE 7 P B R S A R oy, YL RS 1 A DU AS 6] R4 3R b B A A7 AR AR
By 22 5, HEBR RS I DL F M (90%ACN +10%H,0) 1k % >100%H,0 & & >100%DMSO A& % >
100%DMF {4 %

(2) UVC/(90%ACN+10%H,0) /PDS A& Z H i Ju i 1 L 96 2 8 GG H A o & 19 & by R . AN [H]
PDS | ICHIHR I | S0 T 1 B i 85 45 TR 38 6k Yl [ it 3h 0 2 44 B S5 B 52 ), e TR AR 114 5
SR A V6 B RL  RR A, T3 A PDS R R M B R AR 1 75 28 2 Yl i R fipe i R

(3)UVC/(90%ACN+10%H,0)/PDS {4 Z i B AR I 56 %00 96 28 S Yw b g R i o 98 3= A L i o
R IR R B AR 1 T A S B T B S - 0 MU 7 i A R BT 2R, A R R e g RN
RN A
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