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IR R T 5 PN A SR L AS SR A0 A T R AR S BRI FH K LR BT, O T AR K B R
[, UV-PS T.A—E IR KRZH ALY R, (B AR EEEHHE S TRy G, &
WFFE LA ZE 75 e b6 7R T KA FF R B SE X 52, R FH R MR & i B R 3 AT K h R I AR i K 0E , %
L T AR K AT B A KBS0, FExF B h UV 34 75 1 UV-PS 2 R 8] 5 ¥ 1 2 5 K sh KT
WG G RE AT IESE . 38T UV-PS BB T 5 0 /K K FF 181 6 230 g 1 s il o
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1.1 SCIGEM R

TR RN KIGFFE, B R M RS AR B 2 TR 5l B R 2 i e B 4 4t .

SEEG KA K580 °C UKAR R AE I VKR TR B AL S R 10 ulL T S mL E R R R, T
37 °C. 100 rmin”' FHEFHFE 16 h, FELL 1000 rmin ' 8.0 1 min, BFTTE FH & T T K B 2E B K
v, B 2 AR BRI R K R UTIEE T 100 mL K B /K Ao A5 2 B B R . AR B 50 56 SR A i
W HE A FE 2494 107 CFU-mL ™ (B B IR AE 5286 K RE
1.2 FERAFNEMNSE

AR (K,S,05) . LKA HERIEL (FeSO, TH,0), “ AL (NaOH). #ilk (H,SO,) ¥k 53t 4t .

BOHL BKLS, VUSSR E A (1) R A BRAR); O R A B (LSM 710, [ F
IREER AT & BHAM B T B A% S (Hitachi TM-1000, #2454k B S HIVERT); B AKIR 7KAH (DW-
HL398S, KILEZEMMA WA 5 TIER AL R RS 6l & A R AR, ZEX pH it
(RPB10 A, i AU ARANRARAF); EKLT (15 W, 0.104 mW-em ™, fif = 2 5% CHIH A
Hl); £ R AN R UV-MGT TR RS A IR A 7).

13 ZIINRREE

SESME MR AAT . SESMT £k K4 254 nm, ( ( ) 0
DA 1S W, WE TAERLE Y 220V, 3L - —

i 1R o %A R R P25 83 0 5 51 R WHTE ww o
UV-M(L F J6 T KR A B2 7)) W P H‘, 9
14 HEZR | | e

UV J UV-PS {8 8 55 50 o 4% 90 mL 55 55 K B 1 S R 2
f?%ﬂ(ﬁﬁj]l]/\ﬂ%%i%??ﬂ]lﬁj(d:u cm), PN ZEis Fig. 1 Schematic diagram of the reactor
B 1Y S B e BE 2 107 CFU-mL™", B 18] 3% % W
A 5 mL s v BE Y PS 45 W LA S 5 mL U 75 Wk BE 19 FeSO, TH,O 45 W5, S EVE TRAMT T
FE R 5 A3 M pH X S OS2 IR RE, 131 548 A H,S0,(0.1 mol-L™") 5% NaOH(0.1 mol-L™") 1 ¥ L)
WG pH; £ T PS 8¢ FeSO, 7H,0 My 5245, it AR I A BRI 28 1R A AR o 35 35 1L v 4t A8 77
FITREE N 1 em. HAHLE TR 3K,

Hph PS TH LS o K 90 mL SEIG KA AT KRR A B R B FR ML (d=12 em), KIGHT 3 19
BEHE 299 107 CFU-mL™, Bl [ 3% 3 W P A 10 mL i 55 W B8 4 PS A 25 W AT 3R 2 v, 85 3% 1
HA B TR IR B TR R 1 em, BEALSCIG AR 3 K

25 15255 o B 100 mL SE 50 KM FF 1R K FE T IR 5 3R LA (@=12 em), AH R B ] £ BORE 11538 K
FRe . BETRER 3K,

1.5 XEFEZR

RIS B K REST BTG EIG S8 . DL 15 W HOGKT KOG, TEEOGIE 5K IR, #F5%

TE 365 nm"™ b 0. 8. 20, 42 pW-em? SRR T K P AR AR I O, 6 IR R R 22 i A
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LAME IR UV-MOL T 28 W TR A BRA R W o SRR BEFE T KR, 28 4% IR 8] 43 5]
F0. 2. 4, 8, 12, 24h, WA [RIG 5T B ) I 7K Hh 8 R B A R v
1.6 AEITH A
FEBTHURE 1 mL, JFFICHZK DL 10 4% v B2 40 B 3% 28 B (DR UEF- B 4 7 5 7E 30~300 /> 22 (1)),
SRIG S BV 1 mL A2 15 mL @iAL 5 5B AN & T 40 °C IS REUR R R IR A, s, iR
T [ 5B R S T AE 37 C B FRAA T SR 24 h, TR, BARER S 3 NPT RE . SRR R
K R 1 CFU-mL ™,
KIGAT R E L BR a4 =X (1) A
E =1g(N,/N,) 6]
K. ERAELBRE; N KGRI RE, CFU-mL™; N,k ¢ B 208 W b K AT e ik
&, CFUmL™,
s A TR IE (2) 115
R=(N,—N)/(Ny—N)x100% ®))
K. RABTEAZI; N, WEE P KIGATEWI AW B, CFU-mL™; N oA H Sk BG) 5 KR
IRIBFF R %, CFU-mL™'; N, AOGE R KB RBAT %, CFU-mL.
1.7 HENEBSHEX
FEAE DY ST H 5L T IH B AR SRR AN B A I . 7F 15 °C LUF LA 14 000 r-min™ B0 10 min
WK BT A0 B AR o KRR TR TR R K R LR BUR 0.5 mL. K SRR (0.5 pL) (19 SYTO9

PT GR350 I A 21 52 56 25 R0 B 28 A ol b o R R 2 SR IS PP 30 min )R, RO R
A CS W PVE o

B R (SEM), WSS T AR B A48 4k, 7E 15 °C AT LA 14 000 r'min™' &0 10 min
WK T A AN RE i, 37 LVE R . A 2.5% I 8 4 °C 2t B2, 1 0.1 mol- L' (1% PBS BB iy I vk
3, IR 15 ming FEHHE LEIBER 30%. 50%. 70%. 80%. 90%. 95%) X #E i ¥E 47 I /K Ab
B, £ 15 min, 5F 28505 B SCER FOTR A AL BEEE 5 30 min,  F e FH 4GS R 5 IR AL BEAE & 1 he
I S R B, R AR FRAFAORE Sh7E SR B B P K
2 #FR5iTE

21 B PS M A BT EIH 5 R R .
SCUS B T % 45 PS A K B AT B ) R KRR 0.20
o EERFMET, REFRNAKRYG pH N
7, KW AT T 9 01 46 vk B A 1.2x107 CFU-mL ™, §;°'15'
2 BN TA] PS W) 46 Tk BE X KB AT T 6 B2 R R 3 0.10
BYRZ0R , B2 30 min 5 45 B ANE 2 R . AL
F Sl PS 0K AT B A KA AR, 00T
PS ¥ £ M 0.1 mmol- L™ i ] 0.5 mmol-L™" i, 0 . L . . .
K i KT T 6 250 2 0 5N 0.03 4 X e 4 44 o % et
02 X RS . X F B T S,00 A & BAT — B2 g PS % FE 2 TR B
ERALRE ) (bR AR HLAL 2.01 V), R AT Fig. 2 Effect of PS alone on the killing of E.coli
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UV I 8 %l ¥ 180 10 K % 40 P 3 BT s . B 2 8r
IR RGN, AT T K, 2 255 7 e
HEIAE) 15 mI-em > B, S R B 0 3800 B % ik or
F) 5.6 DXTE . ARSI R, UV XK 95'
R T 1) 35 1 AR B B o BV IR B — 2 45 A1) =1
BEIG S 0 5 SN G I T T B B AR =3y
KR ARAE, Hi R R T d
TR TR 2 2 7 A A 1 TR R AR 4 B ke g U1 '
MW AN F B A 2] 40 mJ-cm ™2 FT 80 mJ-em 2 B, R 00 10 20 30 40 30 60 70 80 9
T FF 18 X B 25 B % 4% 05k B 6.7 AN 3 B R UV R{(m] + cm)
6.954%‘]‘%&%&, JL%Z%%DZ{%:O B3 M UV XK AT AR KRS s2m
23 UV-PS BE A 5 o B AT 1 B 3 IR 22 Fig. 3 Effect of UV alone on the killing of E.coli
23.1 UV.PSAEUV-PSEA XX XMHAFH 8r
P 3 7t

95 T UV. PS LUK UV-PS Bt % K K FTE or
B, SIS R [ E R AN EEE S 0.104 mWeem ™, = 3T
{5 B 0 6 pH K 7 KT K 8 000 0 o =4 .
FE4 1.1x10’CFU-mL ™", PS #IL&EHREH 0.3 mmol- L™, 3T :ﬂﬁvz:ﬂpf’ss
ZERANIE 4 BT . ATRLAE . 0.3 mmol- L™ PS X} ar
KIGHF B LT TE 2 KR s UV-PS B4 1l 3 808 :
WEFRMUVINTE, XFERHF UV 5PSF= N R T Y
T BN RLAE . 52 A R A0 S B B 2 A0 T i
DNA 5 RNA {353 T 25y, 346 T 5% 0 52 4l i AR P4 AT ZRRIGHT B A KR A

Fig. 4 Comparison of different processes on

T R FLAI M 0 K 14 19 L B0 T UV-PS g e Wl of Bont

AT RSN A T BCE BT RIS, L6

LR 22 ST P SO, Mk (3) BT , SOy FLATEERS M UL I (2.6-3.1 V). U fE s
RS CRICRRATNIRE . AR, GRS R ATN YA, X IL %70 B DNA HEFT ARk
SR G, UV-PS B A HAECRE T HO UV M ERECR.

$,0;” —2S0; 3) .
232 PS4 IRE M H A 7t
e % R F T, [ 5469y 0.104 6F
mW-em?, DREFVIE BB 4R pH 2 7, KIBHE 5t
(9] &3 ¥k BE S 1.3x107 CFU'mL ™, % %% PS ) f Uik <l e PS0 mmol - L
J £ 0.1~0.3 mmol-L™ i FBl P4 25 £k B X K s 4 1 251 et
XTEL LB R, SR E S s, mIE ST oL —v— PS=0.3 mmol - L
PIFEH, o a AR, I AT 52 B % 1
Bl & PS F) 45 W BE (3 R MG K. 15 mJ-om™ 1 %5 o
SMRIET . PSWIEREIE N 0.1 mmol- LI, i O By
FFE X B 5 BREH 6.3 Xt 44 ; 7 0.3 mmol L™ 5 PS A0t v JiE e M 7 A% 2K S

WA T AR 2 6.6 XA i Sk UV LA Fig. 5 Effect of PS initial concentration on
5.6 X EL R R B R R R . X R WIAE — & [ the killing of E.coli



55 8 1] IRIEAE  FANR A I BRIRER R IOK PRI 1851

P, I PS B A6 W B RE A 4R s R AT AR KSR o X2 TREE PS SO AR N, ROV AR &R
HOT AR T OBOR B 22 B SO, AT AT LS A A% B 3R KR AT A

AT R, R B R 2 AR F R TS S i R A aa R, RO Al BE R SO 2 5 SO Bk
BSO8RV, JHAE—E SO, FEUFEM TS Y MSOE D, 5 YW R E R TR, sk
(4) M3 (5) From o HAEARSLE ORI E PS B X K AT B A0 KR I B4, X nl Bt i
T PS [ fe i BON R (0.3 mmol- L) A< 18 EHI ] K B AT 18 A% KR Bl 6

SO; +S0; — S,0%" )
SO; +85,0% — $,02™ + S0 (5)
233 A% pH 8% H .
TEERAT, FEE MR 0.104 mW-cm 2, Sl L .
PS ) e 1 g 0.3 mmol- L™, K I FF 14 9 40 i ¥k i
29 1.1x10" CFU-mL"™", 43 |3 %5 % W 9 4 pH 73 5|
WIS, 7. 9 AT . B HIE AR pH A1 =1
DR SCPN LR b b ex = AN S £ e pH=S
V6 6 7% o T BL L SN AR L pH | D
7 IR R B R H0 PR R B, 15 ml-om ? F 2251 a
RIS, 3R] 64 DRES . X E TR b TR o
PEA&IE R . 3 B R £R IR AR 1 SO i A rh 4 37 O ey
B KPR B T, A SRR 4 K R AR AR B 6 ol el A B
B ST RN, WO R T R, Fig. 6 Effect of pH on the killing of E.coli

FERMERET, RART SO Mkl -OH, KR

i L-OH i 32, Wk (6) Fras o /2 (7)~X (9) ' -OH F1 SO, 114 4 Ak 38 5t v 47 {5 7T 241, PR IR A4S
T -OH By HL AL (1.8 V) B /N TR P 4 7F T 9 -OH(2.7 V) F1SO;(2.6~3.1 V) By HL v, T EU KA 1L fiE
FIRREAR . BT ATESERRSE I, 24 pH Ry 7 B AR 06 K T B 0 2R KRR e

SO; +OH™ — SO~ +-OH (6)
.OH+e™ — OH (1.8 V) )
OH+e +H" > H,0(2.7V) ®)
SO; +e” — SO> (2.6 ~ 3.1 V) )

234 Fe* #h%w

of U 4 8 B R B RIS AL PS PP AR SO B ML, R T Fet TR R IR A5 AF T B AT PR BT
PS =80, HHBEM G, M IKRRG S BoL, AN 8888 s 25 14 1A BLIG L 80C% & i
Fe” VE MG L], %48 Fe AT UV-PS 1k & B2 .

TEFIRZMT, B2 LA N 0.104 mW-em™2, F45 K 2014 pH N 7. PS W HAE M N
0.3 mmol-L™', KGFHE W LM 0.9x10" CFU-mL™", % %< Fe? i & 7£ 0.1~0.3 mmol-L ™' 78 il P 2%
A B X R T B8 6 B 2 BRI, g5 R ANE 7 s . ATLAAE M, AN R AR R, K AT B X
LB RBEE Fe? W FE AU MM B . 15 mI-em? RYEANFIE T, 24 Fe ¥ £ M 0.1 mmol-L™" 3% Jii
) 0.3 mmol- L™ I, KT BB B M 4.5 DX ELHFEARF 3.8 DX EL . Fe? % K 1 18 X %k
KA FR 50— J7 T T 8K 8 7E K MR 43 52 A 6, R b AE K0 o 78 v SR A R Bk R Y
BRI, (AR RUE Y2 AN IR b, [SBORIEROR IS ;. 5y — T H TS B K
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Lk, ZFL A T RT L A S A g ke e
ZE R AN B EY fr DUAH H TS Ak PS 7R A
SOy, Fe'MMmEHITE %, SEBEE Fe'
VB T BN K A A ) X B B R A1
24 UVRUV-PS TZHBRAEFTERITLE

R AR, [ RS 5E R 0.104
mW-em™?, [R5 VAR R YILE pH o 7. PS WILR
W FE 4 0.3 mmol-L™' . K FF B8 A9 00 4R e FE A
1.0x10" CFU-mL™", SZI6G/KFE/ 51254 20 mJ-cm™
Fph UV 120 mJ-em 2 UV-PS &b B )5, B TR
) 52 1% D T AT R, DA A5 2 K AT B
FIEE O, &5 8 fE 9 s . nl LA
F i, KBB4k UV fUV-PS 4% 5 YA
JEEWE kA, HE WL R, &I
P X FEEHFARBRAEEERET, A
DAVR 52 32 408 240 WL 46 /) BT 42 52 A g bl sy, DA
TS 17 A P 2526

{H K FETE 23 0l 28 2ok 5ph UV A BRI UV-PS
WS, KIAFFR ARG I RIAR, &
it UV-PS Zb # f5 KA w6 B id 6 ) W &
e TEHM UV fEST IS, KFEFE 20 uW-em™? &
ORG24 h J5, KIAMFREM R KREE A 7
bk $] 0.38%, 55 3515 % P10.4% B e KB i
Bl —3, WiAE UV-PS & 55, /KEEAE 20
pWeem ™ G AT 24 h J5, RGFF K
S E AR 0.03%, B SAR T 8l UV ik
M5 B RETE A5

PRtz 4k, FEBph UV RSN, KEE
8. 20, 2 uWem > B HLR N AL
JEEWE, HiR KEW E B NEE, 4000k
0.3%. 0.38%. 0.45%; i £ UV-PS Ik & 1M &
B, R 23 Sl i X M A 1R e KR T Ay
FEO B B R TE . 9 BT, JKEEZ UV-PS Bk
SWEE, 720, 8, 20, 42 pW-em > (YA 156
ST, KA K& W E 2 45 0.001% .
0.005%. 0.03%. 0.08%. fE 0 pW-cm>7Fl 8
uW-em > [fIE & 76 650 T AKRE H K AT T B
A K . X ATRESE FH T UV-PS 3K IH 5 0 4t

L 14 #13 %

8 -
7 L
6 - =
5 -

z 4 G

\Zj £

2L —=—Fe?*=0 mmol - L'

—e—Fe?*=0.1 mmol « L'

2r —A—Fe*=0.2 mmol - L~
| —v—Fe?*=0.3 mmol - L'
0
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Bl 7 Fe™ 9 If v B X K WA B 2% K (4 5% 1

Fig. 7 Effect of Fe?" initial concentration on

the killing of E.coli
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Fig. 8 Effect of light intensity after UV disinfection on E.coli

photoreactivation
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Fig. 9 Effect of light intensity after UV-PS disinfection on
E.coli photoreactivation
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TH X R AT B KOG RCR = T ) UV H .
2.5 UV-PSEX&HEHIE

Xt UV-PS B & B MALEL AT TR0 001, B 10 4350 25 (U SE 5 . Bl UV F1 UV-PS b #L 5
KIGFFHESEAE DY LR as R . v LR, M T AR, S0 UV b PR 1 a8 ™ & Y
YR 0, T 283k UV-PS WA 75 05 09 K AT B 0% 25 7 4B LR 8 3 v . Rl Syto9 J& 1 IR 4%
FRs PR gk, X AU IS AN M AR YL €, T PL YR AS RE 38 12 16 20 MR, {0 R 27 3 A 453 19%) 40 J6S i %o A%
o, X FEERM T UV-PS B T B B v 7= 2R 1 SO, WK 1 4 B8 40 I A0 52 6Pk, DT PT e}
R 20 M AZ AT Y 5

(a) 254 (Syto9) (b) HUV(Syto9) (c) UV-PS(Syt09)

PI PI Pl

(d) =2 1525 (P1) (e) HIUV(PI) (£) UV-PS(PI)
B 10 KM i K% i I BE /G 5 6 3 ([T 1R

Fig. 10 Live/dead assay images of E.coli before and after disinfection
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Fig. 11 SEM images of E.coli before and after inactivation
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Y5 DNA AT AL, i B E T 0 EAE A REAET, AN A R, TR
TEAMAEATIE T, 5640 R i £ HL A b R4 Y
3

1)UV-PS 1A R A 70 AR & T 5l UV K3l PS R . 15 mI-em™ %8 4h5f) & K, 0.3 mmol-L™
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2) FE—sE MBS IR A, KM AT B X 5 2 B B PS 0 i e BE R B I ni s 5 etk 2% 1R 5 A
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LRI
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Ee T MR, (AT M A R A, AR AR, i LA A AT AR, S A
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Inactivation effect of Escherichia coli by ultraviolet combined with persulfate
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Abstract In order to improve UV sterilization efficiency and solve the problem of photoreactivation in UV
sterilization, ultraviolet (UV) and persulfate (PS) were combined for Escherichia coli (E.coli) inactivation. The
effects of different factors on the inactivation were investigated, as well as the effects of different
photoreactivating light intensities (0~42 pW-cm ) on E.coli photoreactivation. The sterilizing mechanism was
briefly analyzed. The results showed that E.coli inactivation by UV-PS was more effective than that by UV or
PS alone. The addition of 0.3 mmol-L™" PS elevated the logarithmic removal rate of E.coli by 1.0 Ig compared
with UV disinfection alone at the dosage of 15 mJ-cm . And the logarithmic removal rate of E.coli increased
with the initial concentration of PS. The neutral conditions were more conducive to E.coli inactivation, while the
presence of Fe’ had the inhibition effect on E.coli inactivation. The photoreactivation rate of UV-PS disinfected
E.coli was much lower than that of UV alone, and only high light intensity could cause the resurrection of some
UV-PS disinfected E.coli. The morphological damage of E.coli cells in UV-PS process was more serious than
that in UV process. Sulfate free radicals produced by UV-PS first attacked the cell surface, broke the cell
structure and ruptured the cell membrane, and then oxidized and destroyed the cellular contents, eventually led
to the death of E.coli cell. UV-PS showed high inactivation efficiency and strong inhibition effect on E.coli
photoreactivation, and had a promising prospect for practical application.

Keywords effluent safety of sewage plant; ultraviolet sterilization; persulfate disinfection; Escherichia coli;

photoreactivation





