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Degradation of alizarin yellow R using persulfate- cathode microbial
desalination fuel cell
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Abstract Alizarin yellow R (AYR) is a commonly used anionic azo dye. The long-term presence of
AYR in the aquatic environment poses a potential threat to ecosystems and human health. In this
paper, on the basis of constructing a persulfate-cathode microbial desalination fuel cell (MDCs), the
kinetics and mechanism of AYR degradation by persulfate-cathode MDCs were systematically
investigated. The effects of environmental factors such as initial cathode pH, PDS dosage, coexisting
anions, and organic matter on the kinetics of AYR degradation were investigated. Meanwhile the

degradation products and mechanism of AYR were studied. The results demonstrated that persulfate-
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cathode MDCs can degrade AYR quickly and effectively compared with MDCs alone and PDS
alone. The AYR degradation process followed pseudo first order reaction kinetics model. The
degradation rate (K,p,) of AYR was highest with the pH=3 and 1 mmol-L™"' PDS dosage respectively.
The coexisting anions had varying degrees of promoting or inhibiting effects on the degradation of
AYR. Both organic humic acid and bovine serum protein inhibited the oxidative degradation of
AYR. After 120 minutes of reaction, TOC was partially removed in the cathodic reaction solution,
and multi-step reactions like azo bond breaking, decarboxylation, benzene ring breaking, and
denitrification were the key mechanisms of AYR degradation.

Keywords alizarin yellow R, persulfate, microbial desalination fuel cell, kinetics, degradation

mechanism.

P5E 8% R(alizarin yellow R, AYR), X 44 5-(4-flFE R FEMER) KGR, &—FKmmR Y, BT K
PR A A YR, AYR #%) iz T2 A A v iy pH 8 s R A AE D gL a0 i T H A 40905
TR 451, Fo o P, B xfE B2 KDL AYR Bl R vh 2 B i s e A 2215 U, LAE A SRR 1
FME T #HASTT YR, A SRR T 28 L B AYRML H4h, AYR EA TR & 098 M AU v, T
HEBRGAASETRAAAEARFZ Y, F i, 7 828 —FPaeg @A LBk b AYR B9EAR.

Y& 4 A 1k, W RO TREES . Bt g UUTED FH fh 2E b BRO A5 OB IE S R A S A 9 = gLk, B
XFF AYR B R BREEA HGE . ITARK, 2T HARIR A H1 5 (SO, ) A # AR £k (persulfate, PS) i 2 A ML EL
K (Sulfate radical-based advanced oxidation processes, SR-AOPs) 15 F| P i & &, 51& 5% AOPs #H L, SR-
AOPs 1] P= A= e PR & | 2 1 KA SO, -1 PS AT L H 32 58 AL B V5 e W), i REWE I 1k r= A4
ZFh A i AU, PS A3 FE o — B R £h ( Permonosulphate, PMS) 13 — 7% i £k ( Peroxodisulphates, PDS),
PDS # PMS ® £ & . 5 -OH #H tb, SO, By S Ak id i FEL A B 155, BT : Eo(SO4 +/SO47)=2.60—3.10 Vg >
Ey(-OH/OH )=1.90—2.70 Vyyg. SR-AOPs fI: F 145 AOPs™, HAAFIANTT: (1) T =i [ i kA g0
(2) WOE W J5 T )12 04 (3) PDS 32 i AV A7 AR B

AR ) A K} L (microbial fuel cell, MFCs) 1y — R AR W) 3 & WL % 8 32 B 732 G0, UL Y
MFCs 5 i1 BB 3 A1 AR A9 20 6%, H Ta] o BT 52 46 55 ( PEMD) B UL 78 PR = o A W S8 Ak A AL 7 A
HL - FIB - Jii 288 PEM, [ FL 38 o 2150 L i 21k BIAR 2, DA A 50 2 119 B (0] #0170 MIFCs At 3
FA RGN K, SR — R [R] SEAT  K AL B AT BE UE AL 7R A 24 R . Liu S8US fd FH A R RME A
MFCs [ AR HL 732 1A, S0 45 501, 78 pH o~ 3.0 B, B LR (MO) | # T g I 2548 M YL B4 ml 7
B LTI BEARE . Li S50 XF K,S,0g B WY MFCs PEREHEAT T IFA, I 5 KiFe(CN) ¢ B AT T LR, 25
FH, PDS HAT IR H pH I8 RE T, WIAE i — A S0 DA FL 732 4. Wang G52 2 T —FPZE XL
% MFCs 4% i K,S,05-Fe? 4 A A 5 B AR 1], 7T A3 508 /= B L A3, K,S,0g-Fe? ) 5T 1 & LE R
2:1 Yy MFC PERERAE. 28 LTIk, MFCs J&—FhA7 85 i 25 S e ekt iy =X

ok 2 W 5 R 48] L Vi (microbial desalination fuel cells, MDCs) A& 7E MFC 1) 34l T & J@ i AR ik, 78
FHAR %5 5 FA 28 22 () B8 il £k ==, #E1 71 /KR 4621, MDCs i F FH FH 25 138 e I U PEM, Jli A FAIG 22,
H i, ffi ] PDS 1E 4 14k i 752 4K 5 MDCs 45 & 2 BRA8 A bt iy il 50 At se iy gt — A&
MDCs, 7E FHA 25 FBE R % b B 22 v, BEA %7 A2 00 HY SOk %5 i i CLiF A2 s, okt 5 FH R
% pH KA, 520 BHAR A= i 1. DL PDS Ry BAMR FL 324K, 4515 AYR BB 0%, [R]R ik 21 25 Bk FH AR
15 Y Ko it 8 7 L DA, — R B RS AR AIFSE A AYR VE ARG, ST HE T 8 MDCs., il PDS DA &
T AR R AR B A MDCs K BR7K o AYR RIS, 2428 TR AES W pH. PDS #&hna . A [a] v B A7 B 2
F UL KA WL XS B OR 52, L 183 LC-MS Al 25 S 43 T2 T2 A AYR A S LB,

1 MBLE 7 (Materials and methods)

L1 2y 5 Fpt Rk
76 B R(C3HN;05) W [ 42 i kA= A Bh 4 (i) e A3 BR 2 /) (36 1) . 3 5 2 81 (Na,S,05) .



3888 7N 54 1t 2 43 %

NaCl, Na,CO5, KNO;., KBr, H,SO,. NaOH. # /i 2 (FA) I 17 2 (1 (BSA) I [ Bl T AE ARk (1
) P A IR A ) P, AT B MR (HPLC 44, 4 HE>99.9%) Wy [ 22 o M LRI (1 ) I 45 R
DN AW f 2 R AT % L L W 1 T 254 TR A B0 R ). 191 B S - 5 e (o el 5
B4R/, Grion0011 V, BERFI 100 cm?) | B H LAk (BIB TP /K2, 50 mmx50 mm, E-Tech /A H ).

F 1 HEERE R MY
Table 1 Physical and chemical properties of alizar in yellow R

P ST CAS ST P

Compounds Molecular structure Molecular weight Solubility

HO/N 0
FEIHR \O\ \Of}\ 2043-76-7 287.20 TR Z R
N
N OH
OH

1.2 HEMENS5iaTT

ABFE R H] MDCs U 2 A4 4Y, F1) H1AG LB B A il )8 B 09 28 2%, )OI 2R 20 emx 10 emx 10 em, FHAK
R E R E AR =4 200 mL, & 2= A 30 B 100 mL, TS5 #E K F, aniE 1
JIE 7. BAAR (A TGS Ve I A T R TR I s TS K AR 3 0, SEAT IS R 2 R A A i
TR SR FIA  MDCs [ %6 8 F (25+2) C % N IH s RLZ 1T, MRAE AR B 52 05T, 280k PR AR AR
#535, Lh 100 mg-L™'COD ) i 25 4 35 7 FEAE R BHAR A SIS v B2, I 2 48 ) 15 ¢ L' A9 NaCl %W, %
v R INER B A R 2x107—3%107 A4~-L il ad 1] 200 mL 545 AYR(10 mg-L™) 2 b %5 3 Hoim A
— 0 70 ) e TR A A L, T %) B (] ] B 2R AT IRORE, R BT R, R R AT OK . B S HEAT
AYR 0 5E FIRESE =4 o3 B . A a8 o 52 P O, B840 Tl v 11858 2 A A0 T R 5 90 4 S P s A A 22

—I Ahi HLFH Resistance l—

- . .t

o) O = S0t .6
(@] 208
1o [ n S e
CO, ) O _ e .
. O —
%é T @ HHRHER
ﬁ.e O o Cr Alizarin yellow R
/I b FE
3 ¢ + ntermediate products
Organic Na O Nk
P . Chlorella
PR % Anode (Surge Desalination Bk % Cathode
| |
FH 25 22 et RS FH BT 28 e
Cation exchange Anion exchange Cation exchange

membrane membrane membrane
B 1 R MDCs %¢ & n B K
Fig.1 Persulfate cathode type MDCs device diagram

1.3 a¥rrik

AYR 3 2R HId H UV-2100 2850 0] W43 6O EE T T 2=374 nm b 2 WG . R EA HLER 5
HrA% (TOC-LCPN, H 7% 5 ) Il 2 B¢ 5y TOC BY{E. FA FI BSA 9 = 4556 %% H H 37 A 6] F-2700 %1585
A3 6GEEAGHEATIN A, Horh ik K R 250—600 nm, &SR 220—550 nm, I FE SN 5 nm,
HAAHH 2 1200 nmemin™ . ASHFSE LA EE (MeOH) . AUT 2 (TBA) FIUBEEE (FFA) 45 3 Ff AS ] A4 15 71
IR AT AL 2= T AE 2 (CHIG60E, L i RN ER A PR AR AE 0.2 Vs I3 B T A5 H
i JE AR M 2, 78 0.1 Ves™ A F 4 B BE T B4 00 A5 R 0 Ze MR it 2L 20 mmol L Y
MeOH, TBA Fll FFA %543 51l in A £l 200 mL 119 2 b 44 Z& 1, 38 2 %5 %8 MeOH., TBA F1 FFA X} & 4k}
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2 6 P R I, (] 2 9 DR 2k A R 6 B A 50 MIDCs 44 22 v 19 [ H SRR S LC-MS B3 Sl AH g 7Kk FiT
P A A BE R : 7E 15 min Y, FHEE M 10% FHE] 100%, I H.4E3:: 10 min, 335 0.2 mL-min™", %
Sh{F ST ERE R R 0.3 pL-min!, EST ¥, 1F & T2, i L TR 50—400.

2 25 59718 (Results and discussion)

2.1 i ERERER I A MDCs A9 P fE

FERL R R EL B AL MDCs Ji 8l , VAR BB s 1, 2 R R 500 mV LT B, 58 46 BHAR IR
VIS FE AT T 2 MR E 25, iR R i85 1310 mV, &4 MDCs B W%, 4387 I KA 7
ANJ7 TR 2, — 7 T2 B R B4 DL PDS 4 MDCs By HL 32 44, ) Kb 38 8 7 B i s i i 34, 5
Li " IR 45 SR — 80 53— 7 I, 28 W AR AR A RN T PE pH AR A5 100

ME 2(a) AT Y, BIAR B PDS J& MG IR 2 ih £k, A0 R N, A0 Akad J g ek B b, 1 g
e 2 1T HL A2 B BH T /0N, BH R B4 AR Ak P BH A 35 B /N2 (6] 2(b) #E-1.5—1.5 V (vs.SHE) (3 4 Fi &
90 BB P, AN [) BF AR A5 21 A B 37 6 1 v AR 40 R« 4l 7K +PDS=4Li 7K >AYR+PDS>AYR, Pifi %5 FE I M IE 1
T, A AR A0 TS I 1 2o L A7 S8 T T v, L 28 U 2R A A R, L I R, U I L AR A SRR
R P, MDC H A [R] B4 20 43 (%) 48 Ak D B 7 1) e AR A Uk Ry : 47K +PDS~4fi /K >AYR+PDS>AYR.
RI#E MDCs 19 FIAR A i PDS A3 F F B4 2 o i 480 Ah 18 J5 R By i 4T, PRI, AYR ) 48 Ak R i F 9 R
Mt iRk FI A & MDCs Jé .

0.081 (a) 0.06 (1)
0.06 - 0.04 -
0.04 002
0.02F ol
0 L
< < 002t
5-002f H
= E 0041
S -0.04F S
;o -0.06 ;.
-0.06 [ .~ — AYR ° — AYR
1 N L “ e
~008k _’(: :Y(})HPDS 0.08 P :Y(})HPDS
A = Hy ~ L = T H
-0.10F - - < HLO+PDS 010 t — -« H,0+PDS
—0.12F / =012 | ,
1 1 1 1 1 1 1 1 1 1 1 1 1 1 ]
15 -10 -05 0 05 10 15 -15 -10 -05 0 05 10 15
Potential/V Potential/V

2 (a) AR T2 R0 CV A (o) AR BT L 7 2 AR LSV
Fig.2 (a)CV plots of different cathode electron acceptors and(b) LSV plots of different cathode electron acceptors

22 AYR WFEfRS) 1%
22,1 ARREIRBAARZR AYR REfRBCR

SEH AR AYR W EE R 10 mg L™, NayS,0g 9 #] 46 V¢ B 2 2 mmol- L™, [ i 4K & 9] i pH (A A
3.00+0.02, i B (2542) C, [ 3 [LH T AYR 7E 50l MDCs., 510t PDS Jeat g 5 4% 4 MDCs T. 2
TR AR

fifi 8L — 28l 1 2 I D AR, 010 B R B A ) MDCs [/ AYR B9 BE AR 1k, AYR f4 & B A
1] EEAEL A X B AT AU ZR PR C R, M EE T AYR B (4 30 7 2480, an &) 3 B . Bl fifi H MDDCs, 5
Ml A PDS, DL K ad R £E B 5 MDCs #F8AE U — 25 8h 11 2B 7 (2 1) Bl PDS X AYR [ RR ik 5%
R AN 17.6%, Fil MDCs A B 4F B REfEAE I, Z5BR 311K 59.11%, i & 2 £k B 4 MDCs 2B
RN 72.54%, FEIRH B 0 PR IR] RO E AR B R ROR TS A R (5 2), nT LA 2 2k i R £ [ 4% 7Y
MDCs X%} AYR {9 P [G] 200 o4 1.27. AYR FE 3 AN AN ] 5Bz Hf B R i 3o 23R kg E 23901 24 0.0112 min™,
0.0077 min™", 0.0012 min™", i & B2 $h B % %! MDCs [t AYR B33 5 bR, 23 51 A 5o MDCs #1280
PDS ) 1.46 f5 41 9.3 f%.
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3

In(C/Co)

= MDC R?=0.6423
» PDS R?=0.9888

-12F )
a MDC+PDS R*=0.9607

14 1 1 1 1 1
"0 20 40 60 80 100 120

B3 AFEIART AYR BREMHECE
Fig.3 Degradation effect of AYR in different systems

Bl MDCs. 7l PDS 5 28 i 2 45 B %) MDCs b BASCSRA7 76 B 35 22 57, HL R U7 s S AL R i
LA SO, I . NayS,0g A SRR R, 27 AR AR R SR R 3 2.01 VI S04, AT i 20
AYR B[P MDCs 1K £ Bk AYR BUALELR 8 4> AYR 15 3 L 1, & A 3 Jt s i 5 Rt €5
MDCs 14 2 H BA B A% 338 1 R i -, H AR5 AYR A 2B R, W 240 U8 (X 3) . o ik 2 3 B A Y
MDCs A 22X AYR Bip ) R0 52 K R B b L 52 1728 5y S,097~, TR R T ANMUAFERR 7 AYR 7533
HL T T 2 U S,057~ A B B 4EARAE T, 38 5 8,057 15 B vl 77380 ity A 5 S AL R B SO, 35 H

H(X 4). SO, Ml S L B g ELASE M, vl A 3B A AYR.

—ln%):Kohst (D
synergy index = _Reswoes (2)
ps + Knmncs
—N=N+4e” +4H'—>—NH,+NH,— (3)
$,0% +e¢ —S0; - +S0% 4

it — 2D AR W TRl R 5200 AYR A R i 7™ A2 22 S 4 DR, e )l e A 292 26 0 v, 3 T 3 A
(EPR) i % i B AR h I B MDCs FP % I i 250, i T SR-AOPs 237 A i M A ph 28, Q3 A iy
F(-OH) | BilRER A 3L (SO, ) ML A (10,) B, [N AE 2% BRA AL TS B T T 3803 v HL.o) T 580 A
5T 53 1) 1 £ F i (MeOH ) | AUT B (TBA) | BRI (FFA) KK -OH, SO, LA K'0,*, 45 3R 4015l 4(a) Bir
. PERSYIEN] T S SRR R IR B MDCs & & Hh 7 76 -OH., SO, - LA '0,. EPR #— 25 Wik i B R £
BAR B MDCs 19 B H RS, W& 4(b) FR.

0.006 | @ (®)

00057 \ \\\ \\ mlhoi—/\/—ﬂ’/\/-ﬂj\/w
\ N

0.004

. [ 1min'O
5 N N \ e \p««i - /\[
A N\ \ 2
0.003—\\ \ N Z
\ . & |30 min -OH+S0;~
0.002 - \ \ - . V¥ \j v e
\ \ \ \\\ 1 min -OH+S0;”
0001 F \ \ WWMWM
N
0 \ | 1 1 | | |
Blank MeOH TBA FFA 3460 3480 3500 3520 3540 3560
X[G]

B4 SHRER AN A MDCs /R R H 19 H 3R
(a) [l LV K 52455 (b) EPR 4]
Fig.4 Free radical species of persulfate cathode MDCs system

(a) free radical quenching experiment, (b) EPR spectrogram
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EE AR AE-OH. SOy - LA SO, iU, HL 1A ph 56 05 i Bl f [R]85 K S22 184 M 34 5k 8 BH A ) g oot A v
JPHET -OH., SO, LA KOy, IRl SN 5 WIAATERY F H R TR . HIG IR, 5 VK 5L 48 R AR — 5
222 WWWILG pH R

FE i AYR IR IAVEEE N 10 mg L', Na,S,Og BIHJ 4G B2 4 2 mmol- L', i J& (25+2) °C, ¥] 4 pH i
i 10 mmol-L™" NaOH Fl 10 mmol-L™" H,SO,4 ##75, 43513475 pH {64 3.0, 5.0. 7.0, 9.0, 5% T A [FH)

B pH {EXT AYR 23R (200 W14 pH (EXT AYR A FEAR AR AN TR 5(a) BT/, FA ik o R0 B K s 78
L 5(b) fr 7. 120 min J& , 76 pH=3., pH=5. pH=7 fll pH=9 % 1 &, AYR ) [% fift % 5 43 5] ik 5]
72.54%. 13.17%. 11.19 % F1 7.13%. H— 2 ) i 3 %5 £0°h 0.01125 min™', 0.0011min™', 0.0005 min ™',
0.00085 min™". 7] LI i, pH=3 I} AYR FEARCRfR I, S o i R a b

o 0.012
—02 0.010
i a pH=3 R?=0.9611
~ 04 o pH=5 R’=0.6925 0.008 -
= o6 a pH=7 R*=0.9558 g
T v pH=9 R*=0.8666 5 0.006 -
Y
0.004 |
-1.0F
@
1ok 0.002
: |
4 ; y ) . ) L 0 i i T i |
0 20 40 60 80 100 120 3 5 7 9
{/min pH

B 5 AYR A pH T HIREARRCER (a) A 18] (b) pH X S 33 1 5% 1)
Fig.5 Degradation effect of AYR at different pH (a) linear fitting diagram (b) the influence of pH on reaction rate
MIELS T LUA Y, ook St 2 AR T AYR BYSEARREAR, BRIE SO R T R oEA T, SRR 25 1
TRCR B WEFE SRR, K P A S8 00 5 1 BEE pH BUFR IR T F%, 15 PDS S5 il TR LA &
FEAIK, PDS A LIS 2 52 A9 H 1 A2 i SO, -, BEIMI#R R AYR KRR, S g an=X (5) Az (6) Fr.
S,02" +H* — HS,0; (5

HS,0; —80; - +HSO; (6)

2.2.3  PDS it i 5 m

PDS J& i Bt 2 £k 4% 9 MDCs 4 i [ i JE 0 =224 5, Bk, PDS 0N 76 AYR B f# b
RIFBEFEEREM. N T RIS MM ER BB % MDCs 414 T. 25 PDS ¥ 4] AYR [ A# (9 5% 0, 8 1
BN TR] e BE () PDS, 75 ri fth AR % 75 90 Hh 48P0 70 B9V BE 43 518 0.5, 1.0, 1.5, 2.0 | 3.0 mmol-L", 5
B AYR BIRIER U 10 mg- L™, pH=3.0+0.02, i & 24 (25+2) °C, PDS HIHEXS AYR FEfif )52 i 4
B 6(a) 71, FLRR A7 305X Ko B AL AN 6(b) FF7R.

= PDS=0.5 mmol-L ™' R?=0.97703

02" (@ » PDS=1 mmol-L™! K2=0.976024 RL
ol = 4 PDS=1.5 mmol-L"! R2=0.98002 1
vPDS=2 mmol-L™' R?=0.95993 0.014F T
02 » PDS=3 mmol-L™! R2=0.99836
’ 0.012F I
3 04 , 0.010F
> S
L 06 0.008} T
-08 0.006}—=
-1LOF 0.0041
-12F 0.002}
_14 1 1 1 1 1 1 1 ] 0 I L 1 1 1 ]
0 20 40 60 8 100 120 0.5 1 1.5 2 3
{/min PDS dose/(mmol-L ™)

Bl 6 AYRTEAR PDS B T AUREMACR (a) RAEILE 1B B (b) PDS ¥ BT SR 3 23 1 51
Fig.6 Degradation effect of AYR at different PDS concentrations (a) linear fitting diagram and (b) the influence of PDS

concentrations on reaction rate
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M 6(a) T LA HY, AS [R5 09 2 BRAR R X AYR Y 22 SRR % 72 LR B RS . & A BFST 2 BB, H4
K PDS 18 ¥ B2 AT DL 3 B AR AR A7, PR L A% 3B 0%, HE TNl T SOy~ MY ZE . AYR 1Y LB 3
FE PDS #5242 mmol L™ [ #5cmy. B2 PDS ¥R BE 93, He Az sl i) SO, ¥R BE & i 1 m, AYR 422 fi
[ SO, - £, AYR 2 BR3RBH 2 Tt = . SR, #E 4 &5 1Y PDS ¥R B2 1 0 T, 3 A6 28 i Kt B iy
(SO, 3 ) £ EAR 0 1% I ] P AR ECBE KOV, (R b, >4 PDS Mk BE ok w25 INF, — 7 T ok B ) SO, 23 kA= [ 1
KN (K 7), F5—J7 1, i # 1) PDS 2{H#E SO, - (X 8), HEMidm il AYR Y22k
SO; - +S0; - —S,0% €))

S,0% +80; - —S,0; + 802 (8)

WE 6(b) FrzR, 24 PDS ¥ & 4 1 mmol-L™' B, K 7 0.01415 min', PDS ¥ J& & 2 mmol-L™ A
Kops M 0.01188 min'. 7] L& B PDS ¥ & 4 1 mmol-L™" B, AYR A& R fiff 8 R 5 Kt i
224 AFBE R

FEGRH & AV A R, B AR R W TCALER, 1 % T YRR K 4 2 2, 45 1R
AT T MERE, BESE R, Cl L Brm. NOy~ . CO» A5 A7 [ X 1 i 2 5 D14 4 MDC & B A7 HLis 4
WIAEAEAS [R] AR A 52 B2, PR 9 A B B T4 AYR RO A0 B B & . S i% B AYR 4
IR EE R 10 mg-L', PDS #1242 mmol-L™', #1147 pH 4 3.00+0.02, i FE 2k (25+2) °C. & & ¢ fin
ARV B B TEALBT B F (Br, C17. NOy~. CO3%), HEIHXT 1 i R 45 [ H% %4 MDCs F#fi AYR F52 0.

HE 7 AL, X Clm, Br. NO;~., COs> TTHLIE 719 & 5 0.2 mmol- L™ Bf, AYR i KBk %
R 61.60%. 52.85%. 67.04% Fl1 63.59%. Ffi Cl—. NO;~HJ& B, AYR A 2= BR 14 5 Bl JeAE dh )5
T B VE . AEARBFSE b, SRR BE Y C1-XF AYR (0 R A (e A, LB INAE T, CI7E K R Al LR
R R SO, B PR, TN LT AYR (. VR EE G CL ] AYR B9 2515, X 5 5%
fif i FS LT 4BS (9 RS AW &, IXOZ R T Clo S THFEIR R SO, (X 9), MR35 YL Wy 1) Wk it 7 1 5%
M. NO,~ [R] ¥, NO;~ /4 #E SO, - #1k A NO;-B4(5X 10).
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Fig.7 Degradation effect of AYR under different anions

BB Z A7 B CO5™ I Br= X AYR 2B 3 S B 5 fie 2F, (HRE PRI g il a2 A
CO;* Ml Br~ 4 Ml SO, - i, CO5* 4 14 #E SO, -, #54k by CO5 -, W= (11), FEAK i i B £k 9 B 7Y
MDCs & N SO, Vi £, M52 AYR F#A#D. COy /& H SO, -l HO- 38 Bk £k 1 ALk 571, COs™
o —EWRE IS, 2 KEHAE SO, - Fl HOAE JRBE 2 1 CO5 P Br I B2V bR SO, - LA™ A 2 vy 1 B
/NEITR B R EE (S 12), BEMTRZ MR AYR [, A WFFE R BIPUV/PDS R RN LB P iR 1 1] TR R
AL R IK 100%, B Br- $ N i34 0, Br- ] 5% A fy B iE— 20 5On A i E] & HOBr/OBr— &
TRIRER S, HET AR T4 SO, - BT #E.

SO; - +CI"—S0;™ +Cl- (D

NO; + S0, - —»NO, - +SO? (10
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CO; +S0; - —CO; - +S0;” (11

SO; - +Br —S0? +Br- (12)

22.5 HHLWIHEZm

PR Ry B SR AR A L N A 4%, R T R AR AL (NOM) X i B ig £ B MDCs b3 AYR 11
Rif it () S W), AR AR SR 8 8% T DA FE R R AR R 1 AR ML, Hoh B8 R (FA) J& P iy S22 4y, Hoy
AEL . R R MRS, B TiX SR 5535 A i, TR G AYR B LR, LRKE
AYR FH B Ny 10 mg- L™, 2 W & & 9] 4f pH {H M 3.00+0.02, PDS A4 %] I e By 2 mmol-L™', & FE N
(25+2) °C, &l 8(a) W/ T AN[FVR BE ) FA XF AYR i (1) 52 . Mr&‘l 8(a) AT WL, AYR F i 50 R Fiti 7K
FA ¥R (38 i A AR, Kyps FH 0.05 min™' T [ % 0.0025 min™'

AHIFGE LA AR 15 25 11 (BSA) Rk th 2 1 48 32, XTETKIEJ/J&FTXT AYR PRI HEAT T
W5, &l 8(b) fryR. LE %48 T AYR MW A 10 mg L', PDS MY 4R M FE R 2 mmol-L ™, 41l
5 & RO & X AYREGFMH%&%;EIJLM%M’EFH BSA WK 1 mg L B 40 il RCSR e B 3, Kigps M
0.0112 min™' FPF&Z 0.0036 min .

CJCy
o]
wn

—=—0mg-L™"
——1mg-L!
02r —~—5mg-L!
—v— 10 mg-L™!

0 20 40 60 80 100 120 0 20 40 60 80 100 120

B8 AYRTEA[FRAA YT HIFEMSCR (2) BEIR (b) 4 ML & H
Fig.8 Degradation effect of AYR under different natural organic compounds (a) humic acid (b) bovine serum protein
B AYR BEAS ¥ A5 28 638 &, T FA R BSA 19 2 06 5 J 48 8 3, 43 5l X &% AYR+BSA K&
AYRAFA PiFp K FE AL RIS 73 3£ 47 T 3D-Fluorescence. MK 9 1] LI H, FA, BSA ¥4 I # 1928k
ARAE. FEIMA PDS J& 5 min, 5658 B 23 R B H AR, Xk, S AR ER B A 8 MDCs 7T AR 47 3 2% R
K FA FBSA, X BEH] T FA il BSA 55 AYR ZIRIfF1E5 4435 [ LAY S5 0 R,
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Fig.9 Three-dimensional fluorescence spectroscopy
(a) and (b) are before and after AYR+BSA oxidation, respectively, and(c) and (d) are before and after AYR+FA oxidation, respectively
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10 7 T i iR £E FHH: 5 MDCs /& 2 %F AYR 1 TOC LBRAU52 M. 4558 BN, TOC 18 ) v it [A]

[ 20 min FEA A A 4L, 60 min B TOC K BRZFEAUA 3.33%, 120 min B &N A9 TOC 15 25853 LBk,
TOC 2= B RA 8K M 21.56%, Ui B AYR 78 5 i B2 P i & £k F2 B8 A, Bl 5 0 I 1Y) 5 &2 0E A7,
AYR TE At 2L B2 R i A i = A ) A B P-4

8 -
B 4G W nitial fluid
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6l
Q
&
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Fig.10 Change of total organic carbon for AYR degradation by persulfate cathode type MDCs system
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Table 2 Analysis of AYR degradation intermediates
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Molecular formula Mass spectral(m/z) Poss1b1e structural formula
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O, OH
OH OH
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Fig.11 Degradation pathway of AYR
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VoA B A2 2 B0 2%, AYR 25 R A2 8 JBURE miz K 257 1 Cj3HoN; 05, 7E-OH., SO, LA K2 'O, F1EH]
T o 20 AU, 2R R m/z 108 BY CqHgN, Fll m/z Ky 153 B C,H,NO;, CgHgN, & A= Ak K2 A2 )i m/z
J 168 1) CgH N0y, 15 5716 CO, il HyO; C;H,NO; T8 it Wi ZL 8 B8 | it 8 %5348 40 W B AL I, )
A1 CO, #1 H,OPL

H T L ERGE AYR (R AR AL, SR P2 T % B2 RIS (DFT) (AR sR & () $0 1 el B
A7 5. il Gaussian 09W 3K 1 7E b3lyp/6—31+G(d, p) B /K ¥ E#EFT T AYR WL AL TTEE, I
FHT 2F H SR EEHLE (NPA) 4387 A FL T [ E % B 5 Multiwfn 2078 % 48 - iR 50 () R4 7 20 BT, FFAR B
SOBUEE B B3I AYR 4309 XSGR B, WAL 12 B, A i3 SR m 20 A R R B R
A7 B RG2S 3, N1S(f°=10.1273) . N16(f°=0.1192) . 021(f° = 0.0628) F1 020(f°= 0.0624 ) {37 & G /%58
1R 18 0 AL, 33X 6 WX S 37 AT BB 32 BT PR ) S5 %) it , ALt 150 18 Pl R 2 i S A i ZRUOUUSHE N A
X 5 LC-MS PEH) 0 B A i 4518 — 3. 25 E TR, AYR (9 32 SRR AL EE (0 45 1 U R 24 . AR L 2R 3R
W4 % I R A 22 28 I

Bl12  AYR ORI eR () SR 3 A 1]
Fig.12 Isosurface distribution map of the Fukui function (f°) for AYR

£ 3 AREFIRAET AYR 1Y Natural Population Analysis(NPA) B, fif 4345 Al R HF8 80 () K
Table 3 NPA charge distribution on AYR at different electron state and calculated Fukui index (f°) levels

ﬁ‘ j; N?mir qn qn+1 qn-1 S AYR

15 -0.0544  —0.1456 0.109  0.1273

N 16 -0.0723  —0.142 0.0963  0.1192

0 21 -0.2092  —0.2929  —0.1672  0.0628

0 20 -0.2101  —0.2937  —0.1689  0.0624

0 18 -0.1803  —0.2204  —0.1321  0.0442

C 12 0.105 0.0603 0.1415  0.0406

C 2 0.0303  —0.0092  0.0647  0.0369

C 4 -0.0258  —0.0651  0.0008 0.033

C 13 -0.0476  —0.0746  —0.009  0.0328

C 1 -0.0248  —0.0559  0.0032  0.0295 3

C 8 -0.029  —0.0641  —0.006  0.029 o

0 14 -0.2708  —0.2972 02412  0.028

C 6 -0.0125  —0.0413  0.0123  0.0268

C 3 -0.031  —0.0653  —0.0135  0.0259

N 19 0.2446 0.2024 0.2538  0.0257

H 28 0.0559 0.035 0.0835  0.0243

C 11 -0.0166  —0.0485  —0.0014  0.0236

C 10 -0.0429  —0.0624  —0.0166  0.0229

H 22 0.0572 0.036 0.0794  0.0217

H 24 0.0575 0.0342 0.0776  0.0217

C 5 0.0398 0.0094 0.0518  0.0212
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2k 3
ﬁjﬂ NJu]:rier qn qn+1 qn-1 f AYR

H 26 0.0537 0.0308 0.0708 0.02

H 23 0.0492 0.0293 0.0627 0.0167
H 29 0.2025 0.1869 0.2192 0.0162
C 9 0.0156 0.0077 0.0396 0.016
H 25 0.0562 0.0411 0.073 0.016
H 27 0.0516 0.0352 0.0668 0.0158
H 30 0.1486 0.1345 0.1644 0.015
(6] 17 —0.1468 —0.1592 —0.1324  0.0134
C 7 0.2063 0.1946 0.2174 0.0114

3 458 (Conclusion)

(1) 55 MDC 1505l PDS A ALFEfF AYR AH HE, AYR 7628 i iR 55 B 7 MDCs =2 b 14 2 i
LBRFN] IR 72.54%, H N 3 20 B =, 430 B MDCs FER il PDS (% 1.46 5 F1 9.3 . i iR
R BAM A MDCs 1I A3 50 2=Bk AYR.

(2) B R R B B MDCs 1K 5 2:B% AYR W 5cAE pH {H° 3; Bl PDS 00 & 192 #r35 in (0.5—
3 mmol-L™"), AYR AR # R 75 PDS F 4 Jy 1 mmol-L™" I3k 3 55 s S ik £ ip A2 i 19 88 7 ¢l

. NO;™, CO? X AYR I B fift A7 76 N [ A 32 10 412 0 sl 41 il 4 FH 5 AR HILA) FA X AYR B R L.
A SR A R RONE , T A AL A I A 1 BSA X AYR B9 = BRAEAEMRIAVE FH , 28 B0 2818 K5 /iy
R

(3) 23k 120 min WYFEARE KN, TOC 1 25 BRBATEARAL R 21.56%, F W] AYR FALRE M i 72 ™= Az

TRZ TR AYR (Y 3 2R L PR AL A (0 U T 2L . TR . R IR 2 S I R S 228 I
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