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Oxidative degradation of perfluorooctane sulfonate by a sono—activated persulfate system in an aqueous solu-
tion

LI Bing-zhi , ZHU Jiang™

(Shanghai Academy of Environmental Sciences, Shanghai 200233, China)

Abstract: A sono—activated persulfate oxidative system was built to remove typical perfluorooctane sulfonate (PFOS). The effects of ultra-
sonic frequency, persulfate concentration, initial pH value, and the cavitation gas of the system on PFOS degradation rates were studied.
The generated radicals and degradation intermediates of PFOS in this process were also captured and identified. The results indicated that
99.5% of 18.58 pmol - L' PFOS was degraded under a reaction temperature of 30 °C, pH of 7.0, persulfate concentration of 0.93 mmol - L™,
ultrasonic frequency of 400 kHz, power of 100 W, ultrasonic density of 2.67 W - cm™, and reaction time of 8 h. The PFOS degradation rate
of the sono—activated persulfate system was 4.77 times higher than that of the single ultrasound and persulfate systems, which suggested a
notable synergic effect. Further investigation also demonstrated that the apparent pseudo—first—order rate constants tended to increase with
both the increase in ultrasonic frequency from 20 to 400 kHz and persulfate concentration from 18.58 to 930.0 pmol - L™, but decreased
with both the increase in the initial pH values from 3.00 to 11.03 and with the order of cavitation gases as argon, oxygen, nitrogen, and air.
Electron spin trapping experiments showed that sulfate and hydroxyl radicals were involved in PFOS degradation. According to the seven
types of degradation intermediates detected by UPLC—MS analysis, a tentative PFOS degradation pathway was proposed.
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50 °C, #EFE 10 wL, HL 25 U5y LT 55 H 8 U 6 IR
(ESD), BN L 2.5 kV, & FURIEE 120 °C, A%
FR B 350 °C, #7144 X MRM, if $8 BE 5 7.0~45.0
eV, #ff L H1 £ 15.0~70.0 V. PFOS H 2 kALK I,
PFOS 42 78 A5 A6 I 4 % Y Bl 0 0.1 pg - L7'~10 mg -
L SRS R A 0.1 g - L7101 AR A v 1) 7 0 1140 4
BT SR 361 AH A5 R Ah P PR . LR AN T 4
SILLS mlL B RN 407K % £ HLB [ A 28 B0/ 5 B
100 mL 7K FE3 pH A 6, LA 1.0 mL - min™ i £ 06 10 )5 10
/N TS mL 20% FPBEEK AOMR R E L AR, E A R
mLo AT AN 11 B4 30 Ak G KR 8 S AR D B A
F0.011~0.089 pg-mlL.™, [ AHZE B 1) - A el i %
6 Bl N 72.6%~144.7% , K X A5 HE i 25 A F 1.2%~
9.2% 2 [a] .

LI DMPO 2 H Hy & 75 4l 7, >Rk 72 [ Bruker
EMX-8/2.7 B v, I 0 38§35 A3 21 2 32t 40 Bt B oy A4 3R
774 DMPO- A W& Y55 o M40 - 24k
i 2% 9.77 GHz, 0% 2 2% 20.02 mW , 3 16l 4% 2% 100
kHz, JHIPRIE 1.0 G, IR FEE 200 G, B} 8] 7 %% 40.96
ms, F1FH T[] 83.87 s, FEUIE 5 4 10 000,

TR VR B R P 36 R B2 8 W] 1CS-3000 B 15+
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(4.0 mmx250 mm) , TonPac AG15 %3+ (4.0 mmX
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min”", AR 200 wL.
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Figure 1 Logarithm concentration versus time curve of PFOS

degradation at different systems
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Table 1 Pseudo—first order reaction rate constants of PFOS at

different systems

PROS [ fift 2 WL THE — 2% 52 ) 3 5

FANALSN W min- R’ PH
Control (4.362+0.397)x107 0.941  5.975x10°*
PS (6.409+0.229)x107 0.982  5.308x10™"
Us (1.920+0.056)x10* 0.988  4.441x10™
US+PS (1.144+0.016)x107 0.997 <0.01

h N PFOS B 224 K 62.7% 5 SR, 25 88 75 K 2 4%
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Figure 2 ESR spectra of PS,US, and US+PS in the presence of

0.09 mol+ L' DMPO after reaction for 10.0 min
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Table 2 Pseudo—first order reaction rate constants of PFOS at

different ultrasonic frequency

A PROS FEARR ILIE— R A

K /kHz HE min™! K P
20 (8.313+0.480)x10™* 0.955  2.296x10™"°
100 (1.400+0.066)x107 0.970  2.002x10™"
200 (2.210+0.111)x107 0.965  4.318x10™"
400 (1.144+0.016)x107 0.997 <0.01

3 W HIER £ R B XF PFOS B R R 220

P2 il PFOS W Ui Wk JEE 249 4 10 mg - L™, W 4fi pH A
7.0, 30 °C, AR K 400 kHz, DIR 100 W AL =
B 2.67 Weem?, i BRIRER BN 4 5 PROS Pl lRk
FEREE /R HE 1:1.5:1.,20:1,50: 1 /1100 1 5¢hn , 54
I8 1 2 B Rk B 0 v BE Xt PROS R fift 1 BE 1R 52 i
PFOS V& XRS5 0 (R A 3L A i g 4 SR AN 3R 3 s .

3% 3 Frn , A [ 3k R &k Wk B B PFOS 19 [ it
WIRFG FWMME— N B 1A, H 5 525 A 4
A RIF(R>0.969), il iifREh S PFOSEE /R 1:1
B2 50 1B, PROS Ré fiff (1) 2 WL THE — 2 5 iy o 46
B 2.470%x107 min S & 1.144%107 min™' . 4R, 24
T EEIR A E 100 LI, FEUHE— RN
R H BN T SR

H T BRI R ER R 5 T PROS B A7 (1) 22 0
T — S N R 2 FOT B S AL s 1) ESR I

#3 FEETTEEL R BERS PFOS BRI R WA — 25

5 R % A

Table 3 Pseudo—first order reaction rate constants of PFOS at

different persulfate dosages

HRIRER S PFOS Ffip 3 W — 2 S 7

PFOSEE/K E A H U/ min™! e P
1:1 (2.470+0.117)x10" 0.969  1.932x10™"
5:1 (4.230£0.167)x10° 0.979  1.953x10™"
20:1 (6.380£0.113)x10° 0.996  1.110x107'°
50:1 (1.144£0.016)x10™ 0.997 <0.01
100:1 (7.720£0.036)x10™ 0.999 <0.01
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Figure 3 Effect of persulfate dosage upon the intensity of the
formation of DMPO adducts

HE 3T AE Y, R £E 5 PFOS BE /R LA 121
A2 100: 1 B, DMPO-SO0, LA 2 DMPO-OH I 5 J&
FE F e AR R 3G I AR IR 25 R AR L S
WAV L Y PFOS SR AV AR IR 52 o e afEill , P RE Ay
J KA

(DBRERHR A i JEREE L [ 3t — H AR B BE >
KA — R SO, A& WGP I AR . A
T2 DL R aod it R R R K R, Ay R 2~ K 10
FrRe, AR A 3L (E=+2.7 V) A AR R A
A (E"=+2.6 V) B¢ i B S8 A8 St v A (7 (B P B
PR AR 1 H 38 AR 5T 77 A 1) A B A A0 2 D ol
RPN B SN PR

S0;++H,0—S0%+-OH+H"

k>,=3000 min", k_,=7.08%X10" L*mol " *min™" (2)
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S0:+ +50:*—8,0%

ks=6.0x10"L-mol ™" * min™ (5)
$,0% ++OH—S,05-+OH"

ke=7.2x10°L*mol " *min™ (6)
$,0% +S0:-—S0%+8,05-

k7=3.66x10" L.* mol ™" *min™' (7)
. OH+SOZ'HHSOZ+%02

ks=1.0x10" L-mol -5 (8)
PFOS+*OH—products

ko=1.0x10°~3.0%10" L.* mol ™" * min™" (9)

PFOS + SO;+—80,” + PFOS"*

LRIES iy F38554H
k10=5.0x10*~2.59x10° L.* mol " - min™' (10)

() BiRMR A %A S EA N (X 5) FR3
B3k G B B (2 4) LK 3 22 a0 S (2K
8) MU PRI [ Hh I BRI AR 4301 5 PROS 19 )5 v LA
Kl iR e K i (259,28 105X 6 FsX 7) 20
I~3 B e, [ RS2 8 A 5 A v T AR
YRR, 24 ] Bt R £ H8 Mok s 3ok 2 iz iy 25 3800 ey 3k
BRI AT o (3) Hofth th A 28U 5T B, X T4 L
WEALT S |, A — A e R R AR B A,
e T A 1 e R R A 2 52 B — e FREE
P,

2.4 RPEZME pH EXT PFOS P& R A 220

KT 25 B pHAEAS AL A5 TG Ak AR R R 1A
Z [ A PFOS #2152 i, 28 158 45 1 - B0 1R
PFOS ¥ FE24 10 mg- L™, ¥ i pH {EL 535714 3.0.7.04 Fl
11.03, It & 30 °C, A 451 % 400 kHz, )3 100 W, #
PR 2.67 Weem™, R AR L 5 PFOS W) I ¥k & 119 &
JRLER 5001, PFOS ¥ B2 X 45 {15 B[] g R v — 2
J Bl 12 A I A5 AR an 2k 4 TR o

R 4 Pros , BEE W W Y) 6 pH (H H 3.0 38 &
11.03, FHIE (1) PEROS P2 i 1 2 081 — 25 S oj 3 23 5 4
1 0.013 75 min™' F &% 0.009 47 min™'. Z F LA H L
RIS, X T RS R (1) BRI A5 1B, i F
iR AR 2 A RS 2 B B e Al 1 el 325 (2)
TERRIE SRS AR AR A S 5 A A 1 vk
BUOE Z iR B AL, oy B (3) FoR s R 58 H 2
W E I A H R A L oy o A K
PFOS 73 A B AR H IR T, Joik & A4 H R FHl3 2
TN, 7K R A TR ) s oy T PR 22, AT g T
PFOS [ fifp 358, BOaE 25 AN R T R AR el AR
X} PROS (YR o Bl SN P ET T, AV W pHEE
T B (5 an ) 46 pH (EL 4351 24 3.00,7.00 A1 11.03 B,
283 I 500 min, V28T pH {ELZ #40 BF % 270,
6.42F110.38) , HIZ ¥ V) iy pH {ELBR &7, S E R 251

=4 AR pH{ER PFOS FERREI R IE—ZR
RMREREHE
Table 4 Pseudo—first order reaction rate constants of PFOS at

different initial pH values

SONHIER  PROS P A S —

pH {i R min R P
3.00 (1.375+0.048)x10 0.983 3.815%107"
7.04 (1.144+0.016)x107 0.997 <0.01

11.03 (0.947+0.018)x107 0.995 1.110x107™"
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VR R, W LT AR M B R AR 1 Pl SRR 22, AT )
559 17 SO AR R EAAE R o
2.5 BUSMEFIEIT PFOS PR RIS T
2T (AN AR 2 O RS ) X
FE R SENA F2 LR I SOWAR R TEPEY) BT (W H- .- OH |
H,0, Hy \HO, - 55 ) R s K H 7 22 10 22 S, g i 0
VI RERRA T R 7= A s ), 4 s A SRR 5 6 Ak
1 R R IR R FEAR PROS R (52 M 25 3 IR S .

R5 AESUSEPFOSEMBIIEHRWE—F
R BLR R EHE
Table 5 Pseudo—first order reaction rate constants of

PFOS at different cavitation gas

PFOS [ it F WL HE— G2 Jii

AR A M min R PE
=R (1.1440.016)x107 0.997 <0.01
AR (1.447+0.053)x107 0.981  7.976x10™"
e (1.935+0.024)x107 0.998 <0.01
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Figure 5 Proposed PFOS degradation pathway in the sono—activated persulfate oxidation process
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