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Remediation of pyrene-contaminated soil using electro-Fenton in a slurry-phase: the characteristics analysis. XU Wen-di'"™",
WANG Yi-han', GUO Shu-hai®* (1.School of Environmental and Chemical Engineering, Shenyang Ligong University, Shenyang
110159, China; 2.Institute of Applied Ecology, Chinese Academy of Sciences, Shenyang 110016, China). China Environmental
Science, 2023,43(10): 5320~5327

Abstract: The electro-Fenton (EF) process is a promising technology for removing contaminates from soil or water. However, there
are many differences between soil and water during the EF remediation process. Therefore, the effect of EF process on the
remediation of pyrene in contaminated-soil by a slurry-phase was investigated, especially the effect of the optimum parameters on
hydroxyl radical (-OH) generation and pyrene degradation, including soil organic matter, soil-water distribution coefficient (K,),
surface tension and different soil particle-size. The results demonstrate that under optimum operating conditions (an aeration rate of
500mL/min, initial slurry pH of 3.0 and voltage gradient of 2V/cm), pyrene degradation of 81.83% and -OH concentrations of 36.65
umol/L were achieved. Both the content and the composition of the soil organic matter changed, with the changing of distribution of
pyrene. Moreover, it showed a lower degradation of pyrene and a lower generation of ‘OH during the latter period of the experiment,
because of the change of pH and H,0O,. In addition, the mass transfer of soil was enhanced by the slurry-phase system. And the high
degradation of pyrene (89.26%) on the fine particle-size (< 0.005mm) of soil had occurred. Ultimately, these results have shown that
incorporating the EF process into a slurry-phase reactor will create an efficient technology for the remediation of organic-polluted
soil.

Key words: electro-Fenton; slurry-phase; pyrene; hydroxyl radical; mass transfer
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A AN

Z 375 )& (PAHs) & — K HEA M4~ Lk
RINFIMLE D), L 16 Fh PAHs [RIILEUE . B Al
BOSEAR [ R T A S RO B A A 0 5 4 g g
P11 PAHSs IR P S A7 A G A, TR
A, PAHS % 2 W i E AR 1 IF g K B A
{6 AP A 2 B AR AR A& R G
PAHS (15 &AM R b, 535k —Fh i 2% ) PAHS 15
Y358 S UIRRIINE 52071 R R UL RS PAHs V5 L1
DA

ASCLL PAHs H A H ARG 34,k S-EF
BRI X pH . B E. MRS
Wi H bRy 44 22 bR 2% ) B B2 E ATk, I
SUID I B S W O o 1871 Vi X W we= £2 =3 e 1
Jis MK . BHERAR AT S AT
S—EF [ iR, oA FEAE AT ALY G 338 o g 3 42
5%

1 MR575E

1.1 #E

TE(ZlJE 99%, 1 [ Sigma—Aldrich, 2 [), i |
LN A i 20, A AT R 00 4 27 3500 24 02 43 B 4l
g At I E A [ R B B AR 2 52 560 i i 1
W, LR R EP R A S SRR A KT G
0.25mm §iii, % H. 3% pH {HN 6.8, LIFE N & =
N LT3% 0K MR, BRLSH 12.6% 62.6%-
24.8%. ¥ B 38 g N TSR T A S e i
WAZHIS IR 100mg/kg 7 AR BB S EE T
0 XUHE R 7d, A5 A LS AR 58 A 4 O, I BRI BE R
92.24mg/kg.

1.2 RE Tk

121 SEIRAEE  SURTEABUN 1L AL S
J N B8 T HEAT B N B b B AT BORE 1. A [
FL MRS AR BRI S IR (R K 17em, B
£ Tem) X E T S N g i 24V B AL E B
PR AR, LA I 5 S FELAL. I AW B 20 g <, -
b A AR T R R, N e g
YRR BT B, B AR B 1 s

K1 SR B
Fig.1 Experimental device
VBB RVE 2 BkBIAR 3 ATERIIME 4. B0HRE SCEVRFLIE 6. IR 7.
WA 8RRV 9. BB A HIIER 1018580 1LBHEEAL 12.
WS 1347 RPIRAL 14 8BHARAL 153U

1.2.2 Sl SR E Wk 1, 8 HEBR BEX-OH
TR PRSI PRI HEAf - OHL 4 3R SE 50 R FH ¥t 1 4. e
PR IARE 600mL(ZK - EE 3:1,7K 42585 1K),
SR 1) A 5 43 ) e R AT B B 5 B A Ak i < A
Hf) Fe*" il HoO,,1mol/L H,SO4 % NaOH i i Ve3¢
PH A 2 8 8 A8, A 1K BV 2K (1) 35 vk R RE B F 340
“h 380r/min, 7E38 FLHTSEMES, 10min fREFFRE T O,
WIS,

F1 ARt

Table 1 Experimental design
Ere it gk A bz
e okt B £:100,500,1000mL/min pH 4 4.5, B8 AR 2V/em
OH B ng pH {:3.0. 4.0, 7.0 PR M i S A8, P PR E 2V /em
=]

R BRE:1,2,4V/em

WU S pH B3 A NE Ik {E

1.3 MRS Hr ik

1.3.1  PRIREERIN MY 30mL VR E AT (KIVE AE
+ 8000r/min [0 AR IR B 5 [ AT -85 53
IR o AR B v AT S AT BT

BE . 3 0.25mm G J o5 F LB FE i e IR O v
ZWEFRE HI 478-2009 Hb [ A2 HE )k P AR Y
VR E A e (T IR R ] Waters i 3GH
FHETEAL (2475 23 KPR AR, 1525 WA (il —
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JCHE,2707 HBNHEFESS) I E, (35 45T - PAHSs 73 A
(Waters), it I AH & /KA1 2, 58 /2 1.0mL/min; i 8))
AH R E L AF] 2 :10min, 10:90 7K/ Z fiff ;1min, 100% £
it;9min, 10:90 7K/ Z i 4 25°C 3,

1.3.2 -OH Kl -OH W K s s ik (e
WA S [A] 1.3.1), KRN -OH HiZk AN 60
umol/L), M 52 /KM BRI FEA =4 (2,3- — FR 3L 2K H IR
H2,5- “FR IR R K R IR A 400umol/L,
EE AR :Crg SIAAE VBN AH A 30mmol/L Fi R -
FETR BN 2 S W (pH {4 4.9), 3% 4 0.8mL/min, A4:
i 25°C.

1.3.3 RS HHERAA SN R E i
B vl VAR ) e e e B RN R B AR
BERURE (<0.25mm) (1) 3T 5 I 1), o A8 o 20 20, W 7
I3 A — T8 R W A5 R CRLAORE 234 0.1~0.25
1 0.05~0.1mm, 41 $i ki 4> A 0.002~0.05 Fi
<0.002mm )z 5 Bt FR L IF I E BEAS KA 4 53
TR B R IRIR

1.3.4  TIEFMZ R HIE  1.5g KA LAEE
TEOEP AN EE /K 30mL IR 24h J5 K5
TN 0~400uL ) 1mol/L HNOj; 5%, NaOH %K. 22 Jii
PR 24h J5, 75 BE PHS-3C B pH -5 pH .
KT B2 e AR 7 VAR ).

1.3.5 RIskIHME B 0.45um I8
Ji, E 358 V0N 5 2% i 9 Ay 1O 2 i Ak A T 5k
K JZYW—200B RUds 4> 5 3 S ok AT
JE AR 0 2, 00 S R A 0~200mN/m, 7 {8 514 7 5%
ZAKT 1%.

1.3.6  HAbFEARHT LA HLT(SOM)M & K
AN PR AR R AR AL B Fe” U B R T 4K
SE LI LE (32, Ho 00 W5 I 5 SR TiCl, b gl

1.3.7 R S RSB 3 AT
TRIG (K- 418, 3 1] SPSS 20 #AES 20 #r.

2 FHR51E

2.1 S-EF & teis g el fe b S S 5tk

211 BAE B2 % T AR BRETEXOH Wk
JEERA K H bRv5 e i i) W R0 T LU H, PR e A
e E-OH Y 5L IEAR DG I O 3R, 3 Bl I [R] S i g 7
R A I B OB T B (R ARAH R R 0.742,
P<0.05).-OH 5 KA B2 A EE B K A figh 24 1) HA IR £ I

A8 500mL/min I, 55 K AE 43 51 24 35.83 pmol/L Al
24.40%, H.ip RAE I AR S N AT 24h .24 5
S F2h 100 A1 1000mL/min I, JGi8 /E-OH I8 & F#
R EREAL T 500mL/min [ &b B (H 2 f5 RAEAK SR
HIAE BT P 1T 24075 S5 45 AT AN [R] A B F)-OH
WL AR BT 10pumol/L.

7E S-EF N ILFEH,0, 242 HaO, A EL 4%
P2 — AN TR RSl T 52 M -OH 94 5 1T 52 i
IR ECR!Y 2 0, I AL HL0, [RI2E R
#/DS-EF RNVATI, OV E A, OH K FEAIR %
EE IR B A s D AR M IR R K0, L HL0, A
R R HaOy S ECH-OH (195 5 771)7(H,0,
+ -OH— HOy» + H,0),ffi#3-OH ¥ & S /b 5 B
(1T B AA D> T pH (EPREE . R8I A2 DL Ak
(11 6 55 B A I R REA T T 8 R A 50 A
TR PN DR S R H BRI R A
fiff AE NI A IR S S R A K
2.1.2 WIdHpHE M 2(0) T %, 58 i A e i
KPR T SN i W, 120 IR A A 600 B gt v A, 2
Ji B BTk - OH IR JE (17 Ak a3 5 EE AR 4k
HEAFEAR —F( R BRAHR RECH 0.571,P<0.05).11t
ANV pH (N 3.0 B ,-OH MK ERCK, T
Boe A P e e IX 5 R 2 B I U R — 3
SRR IS B pH (S AT 2~5 2 0], T a1
XA BB AN T e ) A7),

1 M 4% AR AT R T 40 R Y (R AT 1 AT
Fe® F HL 251 5 W A U (6 DA 0 B B b 13
LU IRA S Ho0, (BRI B % (1 7 120,
Bt Ah FE SRR TE S AE R, Fe® HA J5Um Fe™ (11 %
[ (Fe* + Hy0, — -HOO + H™ + Fe* )i 75 5 4T,
TR N, OH YR AN T 1) 7= A= HE 1R IR B FE S B A
{024 pH {HAE T 2,24 b & [Fe( 11)(H,0)6]*,
HAR AT LLS HyOp S W (H 2 S W3 R EE 1) 22,
R H-OH (94 et g/, 5% M T S—EF e WX H b
V5 G I B AL AR P AN ZERRAR pH BRBE R A
BTN -OH SRR A BRI 2,0 H Fe’
HoOy (19 5 I AR 52 31— 5 B BE A il 55— J5 i, >4
pH fH KT 5 I A AR 2 s B IS, AN U2 DR A
Ho0, 153 fR A 28 AR g ) BRAR, 18 TR O 25 7= AR AR
B UTTE ,-OH 2E il it ARk b, H A v Jedly 2 B Rl %
BEAR,
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Fig.2 Effect of relevant parameters on the concentration

of -OH and the degradation of pyrene

2.1.3 HEEEE M 2(c) AT LAF H A AL B
[ 1V/em [FREAb BEAE e BV BEAT 12h B AR
f)-OH WK 10.93umol/L. >4 i s B & T & &
2V/em If,-OH 5 K FEAE 7] 15 3] 35.62umol/L, ik
B &5 SR W L, R B B T v — 4% ,-OH IR N T
2.5 fE AHAR LT A 4V/iem, OH WEH KA
38.80umol/L.7E & MY Ji5 #1,1 F 4V/em #3046 Ak 22
[)-OH ¥ [ # B 21 6pmol/L A 45,1 2V/em ) 4b

FEAAR AT LUK F) 21.27 pmol/L. [ I, AN [ F) H, s A6
FE R -OH A i 5 18 FE I A A7 A 10 3 22 v L R
JE B ,-OH ¥R 5 Jod I 1) 3 BESR L TH 5 X 2dl T B,
T ARG H, s o i A 7R 1 -OH A2 4k B W AR 15 2218 1
i Ak 2 B A S N2 I TR) PRI 64T 55 -OHL IR BE (A8 4k &
I — B0 A B R R AR R 0.712,
P<0.05).

M B DL pH B IR FE— & I e b Re v i
AR EA ROEFIEARE), B A g H0, ik
JEEAN 2 DR DAy H S 66 R AN T T A T o AH > F e
BBt 1V/iem TH4 2V/em I, 9 R TR) 1) HL U 25
B0, TS B 22 (1) Fe® Bk ATIHE B F_E R ik 3]
P rh Fe™ 5 Hy0, B LI K SRR S0 Bt Fe™
JSE (R T v T S ™ R ) Fe LA 25 1
SN HEAT, B2 [F)-OH 78, B8 2 ¥ HE i AR AL B
SR, AR L R B EE A 4V/em, i 1 Fe? M
S HE-OHL 15 365 A HLY5 YL i) 22 B o AR R 2,
DALkt Fe™ 1Rk 38 ok o Bt AR A AN A i 25 W 4 Ak
BV EAT.

M4 LA L 20 A7 26 $E < /& 500mL/min,pH {H
3.0, H SR BR S 2V/em b e e v 2 5
2.2 S-EF RN KE 5T
221 ek pH HZMEEJIN S-EF RN
3 WoR, R 12h P, T8 20146 pH A 3.0 I
4.0 K 5 5.45 1 6,19, )5 pH 1 4k L: 2848 -
T AE S5 45 A pH B IR 7.0 4)45 pH {E A 7.0 B
(107 Kb B 7 A s W 39 1) UK AR 3 ke 2. mT L e
EI’J pH ﬁ%ﬁ%ﬁ 7 AR R E, S BT 5 IT““

A LA 53 ) iﬁlz OH %uH H %I”/%ﬁﬁﬁ T i H0,,
2 Fe LA 1-OH 1 OH™ (O, + 2H + 2¢ —
H,0,, Fe*" + H,0, — -OH + OH + Fe’"), B4R 7 Fe’*
B AR Ol Fe’ (il B b & 77k HI((FE + HL0,
— “HOO + H' + Fe’") (HIFERIF= 25 H 158K 7 %L
HIFHZEIR K, 235914 70/M-s F1 0.001~0.01/M-s K
HRIHAE H AR pH (E7H m.pH {549 S-EF X
MR PG pH ok 7 FOAREE H STk AE A
HLH A OH ¥R B 2 PR /N pH A — ELAE 7 BT B 30,
oA YA AL B BE S N HEAT pH B8 T v ABAE SOV fS
W1 pH fE AT Pk LR, IR LK 22 e B
98,48 N 400uL () Imol/L NaOH 1§ Imol/L
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HNO;(400pmol OH /H )X e 4% 14 pH {H£Y 3.54 4
BTN pH 5.68 F 9.22), 1 /K1) pH (HEKAZVT T 9
ANFAL N pH 1.90 3] 10.93, K41 F K&l ), K1, 24 5
g8 Vs TP e S pH H REORFFASE .pH H
Th i AR T AR T R AT, AT A 15 I 1 s 1K
AL RS Xk nT AN pH (B A AR R AE S
W1-OH ¥R S8 R L B At 280/ 1) J5L DR A IR K Ak B
WA FH AE SN S 3R i R R A 5 A s TR AR A
AR T IR S R R v e ), B I AE S-EF
SV JE AR EE pH AR 7 1Rk EE 1 AR T AN 2
—MRAEMIEFE.

HNO,/NaOH{A#! (mL)
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Fig.3 Change in pH with time and the buffering capacity of

the soil sample

2.2.2 SRR N BEARCE I S-EF i
FE A A (R 25 ik 751 A S A7 A 1), 2 5% S—EF 4%
KIS AN 4 B8 T HO, 1 Fe IR (148
WEAE S-EF IR MIHIEEH B H.0, R Fe® i 3538
TN AE AT RE e (9 15 LT AR TR, 1 Ho0, 3K
M\ 36h FEUf T B HL00 3R B AR A6 5 TR A FT-OH
PE A SR ABL. S 7 P bR HoO, FT Fe fr 3
B

M Fe WK IR HaO, ¥R I, 35 Wit ) ) 3= 2
S AL 2 B R A AL AL A B HL0, 78
SR M BT 7 A T 2R R Fe® e 7E Ve 38 bl [ A
FAM R A 7 o F R R T 1K 5 30 HL0, R P FE
1%, S N T8 B A2 PR G, 78 S-BF I R 1 )i i 4
HL0, [RIR FE A PR FRF 55 3R 11 O e, i R A5 1A 7K Ak 3
HEY pH {H.

500

IHo,
CAre

400

[
=3
S

W (mg/kg)
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2.3 IEMTEI R

2.3.1 SOM SOM & T3 ¥ T 2L oy, A HLTS
YW AR IS IRV 2R O, WA AL
Y5 G ) (10 W R 8 8 g POL IR ke, AR BT S s T
S-EF 4bPH)5 SOM & & & UL =N 7 (R, &
LR AR AR (R 2). 5840 5 5 SOM. 7t {2 2%
T F%,SOM i 1.73% 4810 31 1.25%.

F 2 [RFiFIfE SOM EEMMEARAITL
Table 2 Content (%) of total SOM and different fractions

before and after oxidation

Jup SOM(%) BIR%) EHEMR(%) AEEE%)
SE LTy 1.73 0.68 0.50 0.56
AbE ) 1.25 0.20 0.13 0.51

BT 25 AN ], 3 SOM. =Rl 43 1 =7
S—EF [ Vi (R3S AN ) L B i i B Ay %,
BB ) & AR D, LR & s A e X
7 R RO o — ol LAg-OH. B (¥ K70 1 IR,
HEii 5s BRARLLES TR KT E B, = 2R
M S5 Hy AL . COL. BRI, B8 2 AN 58 A S AL 1 1]
FECR R e A D0 7 LI, P AW BB 5 il /D e
KT IR IR M SRR, 200
Y& £ Mg AN R 2R S I B2 o, IR B AR R UE AN
Dh P74k, SOM AN 4L 43 FAT AN [ (¥ £ g
UK G AN ) £ W B R A file 0 252 A
2 P A M ) D T R ) o MR B At B
L5 SOM & i AL AR A AR — S5 T AE A 2 Ak PELY]
(], W B £ 338 PR e L i FR 7 ) B vl
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B A R, A RO e A Ay e TR P TR BE 2 ) A
Ve IR [ ARE 7% BHAH T R 22 BRI 5.

232 EKERIMK I EAHABL B 5 A
DL H,7E S-EF R FE (U RT 24h P, Y8 SRR B 2R 1T 7k
JIAE M B TF 4R 1) 72.65mN/m- [ A% 3 f K (E
31.33mN/m, 2 J& FR 101 5K JJ A 8 20 B8 K71 e Y. 45 R
Iy 2T K ) SR B AKX Ui 7E S-EF i 2
e AR T R TG IR i S 20 R v
W) 5 A AR ASE B8 AR 25 T A i R BB AH v 3 v
TR B AR Ak R ) I 28 R T A R SR A i
Bi-OH AR A AR . EEAE Ve JR 1 AH 5 e B H 1) 43
We 2R 38 K, Wit I TR) AR A A7 900t m] LA3E Y S—EF i 1F B8
ML AH 2 (0 3 7% o T B () B A K, B &
300L/kg ZiA7, FEARFFIZ A 48h 4R )5, 1% A N 48h TR
SURIHE I AR M B U 3% A v () B B2 BREAR, T
VeI WA e FE RS 0, SR F5 B4 S—EF i R4k
SEIEAT I B A PR b, 1K LE PR 2 AT B+ S-EF i 72
TR 2B
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Fig.5 Partitioning coefficients of pyrene in solid-water
interface of slurry and the surface tension
e 73 25 Kp e o B EE IR (Cs, m/ke) S5 AR AR WBUAR P LI
JE(Cw, mg/L) I HL AR, B K,=Cs/Cwh!!

2.3.3 HIEERIfRRE 7R 3 o kAR A
WE 53 B RIS 73 R0k R T 0.002~ 0.05mm
Ki % (51.24%) 96 [ A, H Ik 2 <0.002mm K 2%
(36.48%)~ 0.05~0.1mm }72(6.89%)F1 0.1~0.25mm
Fi2(5.38%). VF 2 W LN 0L I, A HLFI TEHLYS G4 )
A LLAE kLA b BN By A 4 A AL an ik
(<0.05mm) o (HEEAR ) 85% LA L, IR B T A

i T 90% 1S G, ok HARTS G B AR A
25t S-EF A4b#E 72h Ji5, LIRATRAR AT LUK H bRvs
YW RAA I LR A A2 T AR AR 3 R, Al K2
53 7 EERHAE 59 0, 2R B O 40.58% . 48.68%

6.45% 4.29%, tEAk B 1 ek /b W I8 VR o BEAR A
38.00,44.18,5.85,4.21mg/kg #ik/M 3] 7.58, 7.71,0.99 Al
0.41mg/kg. Tk 420/ LR TR, W) B4R 2

HEERS SR AH AR T LU H,S— EF (2 R Rexy
AR _E 5 RN L SRR AR R A RN X I D 4 L
S ORI B M S U8 AR - AR A8 ),
JRE R 5,8 00-OH 55 G Kt 2. [ I,
AT P ) 2B ke A R A PR RIS I,
2T QR RSB ,-OH BERS i LBk
RO 3 B EK) b e, DR 0, B AR 1) 25 B R
N, SEBLEET S e IR R B R

*3 LTENESHRERE

Table 3 Particle—size distribution and concentration of pyrene

~ . Fi 4% (mm
b LR (tmm)
<0.002  0.002~0.05  0.05~0.1  0.1~0.25
. REPERT 36.48 51.24 6.89 5.38
B i)
WP 40.58 48.68 6.45 429
WWE  AFET 8.00 44.18 5.85 42
(mg/kg) AbFIE 758 7.71 0.99 0.41
3 it

3.1 FEVRAH IS S R, OH 1 AR Gk i
MRS R pH {EAI R L IR 5 ma, b T
(1) 2B, fEdeft N 40T (A& 500mL/min,
VIR pH AE R 3.0, LR BE &0 2V/em), tE P ff R
h 81.83%, 20k H HH ALK R 36.65 pmol/L.

3.2 VR HAH L ZF R N S ,pH AH R n LA A
HoO, ¥k 2 3 B0 23 5 3 23 1 1Y) e 7 2 A 3%,
M0 T 3 DO TR K 58 pH {H 220 g )1, 4b 78
HoO, ¥R 55 ZE L 1 1Y pH BRI RF i A 803 T 5 BEL
3.3 LRI B R i W R e T 3B A LT ) 7 A
k.- OH A iG FEEA P& =ik T 0.48%, 1
A LT LR RN RO 1 i O ) k> T
0.48%Fl1 0.37%, LA W 12 184 . [ I, 28 2 11 3% 124 77
(1) A= B, A8l A3 e 3 3 T 7k g o (R TR ) S AR E A
£ 31.33mN/m), & 3E T EEARIR, H 1) B A 1 i
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