V. WS TIESFIR % 14% % 3% 200% 3 A

Eco-Environmental Chinese Journal of Vol. 14, No.3 Mar. 2020
Knowledge Web Environmental Engineering

@ http://www.cjee.ac.cn E-mail: cjee@rcees.ac.cn S (010) 62941074
Choide XE=i2E . TIESEE
EaaEs DOI  10.12030/.cjee.201812180 RS XS3 SCHRPR RS A

XBEHE, ERE, R, 4. LIERSh B E P IR R RO BERLTI)]. PR TR A4, 2020, 14(3): 798-806.
DENG Zhiqun, REN Dajun, KANG Chen, et al. Simulation on phenanthrene migration in electrokinetic remediation of soil[J].
Chinese Journal of Environmental Engineering, 2020, 14(3): 798-806.

T B RE T SRR M BUE

REB L AARE RR, AL, FRE X, Reergh, ki k2,
1R IURE K2 IR 538 TR 24 B, #IL 430081

2AREW PR IR AN S el b s R g E, I 430081

3.V AW R 2E TR 2 Befb 2 TR AR, TR KA 6009

H—VEF . XER (1994—), &, WERRAE, R m . HIEAVISRESE . E-mail: 1163909723@qq.com
SEEES: (R (1978—), B, Wi+, #&E. MRmm. HEAVIFEEE . E-mail: dj_ren@163.com

W F R AR Y T R, SE A X L Bl ) 2R R R RS e R R LR I = N, B
SE TR MART AR BT . BT . STRMIRE 4 S BT, S TR A E R R RS R R T R
A 5 32 Hl COMSOL Multiphysics 5.3 {4 45 4 1T B B Y Y 45 700 J R A0 36k B Y 2 806 3E 193 B R R AT T A48T
B ZEREE . ML N 033, 038, 0.43 F1 048 I, FEAY A KIT BRI N 31.89% . 34.78%. 37.97%
1 41.74%; MHEHEMN 0.5 Veem MM E 2 Veem ' (i fd, B REEN K, BRRKEBRTEE 435%; BRE
X o A4 e B 2 S MR A0 A, SRR B A B P ) S AT PH AR IX 8k A4 3E A v B R B 4 /ME 2.14 mol-m”, BB F iy
KK 38%. BEAUTF S T B 40 A 45 R 5 S 90 A5 25 AR 4, IEZAE R H T i sh 8 B 2 I 05 1805 Y - 5 1
Sripaikc

KBEIR AE; HHESh B A BRI BUERT

Bl T A AR = A PR R, & RS Y BiE i 2 AR A R, T
B EEEYy, K2R R R FEMIE Yz —. B4R, ZHFREARATAH AR R HE
B, FEABR RO A e E Ty, Wik, JFRX S+ s 2 G Bt A
WEEL, HA, KT HEZSAFRNBEEHE AR FEAMT 5 PR 5. THIHSE | f3)
Ji2E L AsEke . OB E DR E &N, Hirh, #3h J12#2 8 & (electrokinetic repair, EKR) Ji il
ot —E B AR, I —RA R shiz g (hBiE . BE . k) DRTE R IER R A
IR TGRS i B 8 Z R A H B E AR, 2R AL X BB R
PAHs V5 44 1Y) - 3047 TR D RS, Wikl T HEBEHCR, T EKR # R 1B K PAHs iT #
i, AEED A

TEE 2/ 25 A, O6 T EKR MU BRI HF 9T — AR IT . KIM 20 il WANG S0 JF &k T
KT A2 P B — 4ERC A R, 7R R rh 25 R T ALK th i e, WAk O, §T ORI S i
ik DA ) B TR R RS SE I 2K . JACOBS A58 38 2k VN I EC 286 5 S 7 o W B R T90 36 /5 ik 2o 7 o e
Wi BE: 2018-12-27; A HHA: 2019-12-12

EEWE: ERALRBSELWE LW H (41571306); #1dbA R HEEAATH 2018CFA067); BIILE #E T RHF=H AR I E
AT H (D20181101)


mailto:1163909723@qq.com
mailto:1163909723@qq.com

3 XBREMERE: L X BB A PR RS ) B AU 799

PEZBOR , IFR AR N — RSP R B 4l . LOPEZ-VIZCAINO 251V 48y 7 — A TAS i1 d 8 3
FErf pH 4 A 1 —4ERE A . MASIE %0 2 T —Fp 3L T Poisson-Nernst-Planck R4t izt A, M+
VA LB - FUK A 225 . PAZ-GARCIA %50 2 T — B 28 (0L 59 25 bR 4% 9 B 74 I i OTTOSEN
SEHErT, XAERALE T2 2R 4 BTG Y £ . RIBEIRO % & T —ANiE T R BRA LI
ey bR A A RS SE ], IR R T — AN TR IE A A SRR T - B A R sl B e (R
il o FEL AR R ] - 498 v ) L R IS AL K IR ) A AR

SRS SEF BKR H AR A L E 4 8RR 245 2805 e Wy i B A AR R L 8 T R I A9 A0 B LA )
N, (HCF 25 A BRI A /D48 . PRI, XL S50 R AR Ty 2 1) EKR H R 7 56
MISEIRE Y S 2 2. AMRMWE T AR R D IR BARR, I8 T RZXHE Z AR
5 LA B 3 HEAE S 0 AL, PP T AR T T AR R BRI AT, hE B E R
THA NG R YRS
1 ¥FEHERELWTE
1.1 HEHER

M4EKR i3 (Multiphysics for EKR) /& —F i & F 3 FF & H- 7 COMSOL Multiphysics H15Z 8L £
YIS BRI T REAUAE 32 B A0S R B AR T, AR RN A A v i B 0 B I M A e A ot
Fho AT AR BIRE S, BRI BE A5 1 TR (298.15 K), UMK ) (GP) IRFFAAEIF 45 T RAE
ZAE R I RAR R BAE B AR TS e £ 3 EKR i 2

KB B T s an = (1) P .

om,,

ot
e [AKBGER, kg(m®s) s VIKEE T m, WERASEBUKEE, kgm™. m, it
B (2).

+VI, =0 (D

My, =¢-S; Py ()
K: o HEIERSLBRS; S EIEMWAE; p, HKWERE, kgm™; [, WK EMEE, K
Jril B R, kg (m?s) ' I, MR T AL (3).

Lo=I+ 10 = py-(dh+q5) )
¢ =-K"-(VP.+g-p,-Vz2) (4)
qy =-K-VE ©)

K: = Ksk'lat . klr]el = Ksk'l'dt . ST3 (6)
KP =K kg =K -S,° (7
Sy =1+ (ayg-s)™e)y™e ®)

Ar: oM TR 78 8 A A2 & W 1115 1off ] Helmholtz-Smoluchowski Y 2 28 45 24 201 fil
B @K R, m(m’s)!; g NHBEE, mm V) VAMEMSE T g HE IS
B, mes?y oz N AR POONMIRARSLBR R S, Pa; ENHLHE, V; KM EIERROK B IBEER,
mes; KONHBER, m (V)5 KABEAKIBER, ms'; KOVBAEBER, m*(sV)';
Oy~ Ny B myg H VG LGS s HEEFTR J1, 8 SO AR IR R T3 0 2248 (Pe—P,), i
P fH R RS

7E MAEKR B8 iU — e b sk A2 R gevh, 508 77BN T4A G WA RE S 7 £ 19 N Rk 7



800 ok L ® ¥ W 145

FHy j AL gy o O T RRE RS oY, I S AR Y B O R S T R N L B R, R
Ba X O) AT .

om;

Abe Lo T BB RGE B, mol-(m®s)™ s VAREEET 5 m, g BAAL SRR 21 3 i B RE JR S
B, molm s ROWALSY j BO/E P SO FER , mol-(m sy o H T AT L3 i i A2 A R B o R 4
A B, I L (D) SRR T . Bk, T RUAR SRR R TR, R
XF BT AR BEAT SR AL 3 s (10) FrR .
L=0+ I+ 1"+ 15" (10)
K 1o peMEm il K1 . B A A E R R R, 1 Fickian §7 O O -
IRSHGE R A R SR AR T R RS VR O AR B XA R A Y
H 2 AR
LT AR R R G0 A M T B RN AR AE i o SRR A R, R U AT AR S (1) AT
T
V-i=0 (11)
AP VR T i R TERE, Am?, RS R A I Sk g Oy kU g
fRH .
TEAREFE T, BB AL 2 AW o B = MBI, T rh vk R U 5 e
TR B S B A= (12) Fros oy R, RASE A 415 1 T BT
oM

J _ ayingx *rout,* *
W_Mj _Mj +Rj (12)

s ROMA M AR PSR EFE T A, mol-sT'y MIMRING 43 S Ay 4 43 A U S AR B T
o ORHRGEME Y Rl AR =R, I B H Bk sh i m R gl

M4EKR £ B 58 4 78 3L TR B9 B e 509 A BR o 75 75 (1) COMSOL Multiphysics [ il 43 77 2 5K
fift 25 S B . COMSOL Multiphysics H AL 1) H sh e HEAR , 46T FHF @ SGEARE R4 5 Rk
K, AT DAk R AU S, I L RE TE DR ARr A DR T 2 2803 1Y ) B 8 v IR R ) &2 2 1) ik Tk
& HLER AL 2E S P e WL iR Hod— 260 W PHREEQC 27, (i iz B4 -7 24 7 Jyr )
SRS, DL R W AR RS . AR O, A B A B )25 KR A R O LR
Gl R K EREE R, &g, N T EHEEM TR E AR, A gk sk A
Za R,

1.2 XWERE

LY S . C/K 2B (CH,CH,0H), A (CH,COCH,). P& fLhk (CCl,). & b (NH,CI).
HEE MM (K,Cr,0,). L% (CH,COONH,). JC/K iR 1 (Na,SO,) #1284 4l JE (C,Hy,) I
afi; HIEE (CH,OH) N {63 2% .

AR WG4 R BE I (UV-2550, H AR B U S A IR TTAE A A, KR H IR IR &% (SHY-2,
SIET R A SRALES )Y B O HL (80-2 M, VT IR 4 iR — RN AY); KRR EUEE (XMTD-
4000, i HE A g A RS 7)) BERE 25 & 4% (RE-2000A, [0 o8 AR AR ) ) AR (DN-
24A, IS AT PR T TR (KSW B, i dee il B Sy s b ihl s A IRA | ik
WAH 535 A (UltiMate 3000, 35 E#ZARAF); pHIT (ZD-18 8, F& 2 R Bl 2= (& A BRA W) );
¥ 45 3 7 Y (GDP-8000CM, 7 [ FL 7Y =y AU PR/ 7l EL AR FL R (FA-376 PROMAX, i



%3 XBRMERE: LM BB AT PR RS ) B EA AU 801

PR (R HRAF); BEEhE (BT100-2), 248 1H A R A A,

K 4% R B A A VA D RS A LT & i >R A NH,CL-C,H;OH 72 I 5 PH 2§ + 52 4t 45 i
(CEC); LB AR 25 5 M L SR W s SRR DIk + 38 s R L Sk s 38 He
#H; R 448 pH 1 (ZD-18) I + 48 pH.  FL 8l 7 2% 5250 AT I A5 4 48 B 28 7 28 4 i 2F 12.1 emolkg ™',
FHEEIKE R 30.0%, HHLT N 11.0gkeg !, HHEBE R 1.640 kgm®, T3 pH Hy 8.02, HIHEFLBIR
4 0.380, SRR IR BUL SR I i HE s R FHH = OB 3 A0 2 JE 19 & i (C-18 Il A,
250 mmx4.6 mm, 5pum), sk HEEAIK (90:10), W BE N 1.0 mL-min”', RN 30 °C, &
WK N 254 nm; R ASTM D-2435 #iik i) — 4k [ 2505 B AG BK J1BIERKE s KRB S ML

HAbiit ke,
FAH K FIKCFHATHIA A, B2 2 B EREREA, Wl a3) M=t 14) .
K;‘m:3.329><10’911—2.151><10’9 (13)
K® =6.101x10°7-3.615%x10° (14)

K B iR s A ER S 2 AR B £k, MR ¥E Van Genuchten #1725 & 2 (8) #474U

A WA (15) s, RIS RG] ayg . ng M myg BIGE, HASE B8 14,7, 1.38 $10.206.,
A SE 6, AN BB K E10.010 0 T 1.00,

S, = (1+(1.475)"38)70206 (15)

M ah 2 B B WA 1 iR . K IRA FLBEES 2 A (K > %8 x5 8 13.0 emx5.00 cmx5.00 cm),
FIBHA % (5.00 cmx5.00 cm>5.00 cm) DA 28 94 Iy [ 22 09 A7 55 B R S i BRI 2, F S ol B
VAR 433 55 PR R L A RN B R 3 O R AT AR A LB R B A S R 2 Ta) TR AR RN 2 A R O
FFBH AR 25 43 3 A 0.104 mol- L") i 15 1 I R A 1 Sy ¥ A 8 P, 3 3 0 3 P 060t i L 67
JE (0.500, 1.00 F12.00 V-cm™),

ZAX IR L, A 25.0em DL ERZ L, AR AR, SXTEHE
1 2.00 mm G J5 66 A7 FH o SR SEFC A BE R 100 mg L' 0 BRI 459, T URARARAT o MR SCRik
A S, AR S W T SV U, TR R AN [R) v B A SE IRV . A SR R T ARV R
200 mg-kg ' AYRLHLTG gL 18, SCHS AT E IR AEMAIAS S . pH MK A, BB BTSN,
D R[] X AE Y o & . 3 pH K&

IR A SR AR . FLERER N 0380, 1B XK JE K 13.0cm, JE /1M 100 kPa,
pH=8.02, FH#LHL LN 13.0 V. B ER 0. KB EE R 0. FEAMRE N 200 mg-kg ™o KK R # 5L

A IEE R Tl i b )
— — e / . .
@ m= _/ :
O O v/ /!
|1

BHAR 222 01 FLI A
o@%
L. COC 8
o 0

El1 BmhFEXBERE

Fig. 1 Schematic diagram of electrokinetic experimental device
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Simulation on phenanthrene migration in electrokinetic remediation of soil
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Abstract In order to address the problem of repairing phenanthrene-contaminated soil, both laboratory
simulation and experiments were conducted to study the phenanthrene migration in soil under electrodynamics.
Electroosmotic flow, electromigration, convection, and dispersion were determined to be the four main
processes to affect phenanthrene migration. A phenanthrene migration model in contaminated soil under
electrodynamics was established. The phenanthrene migration process was simulated using COMSOL
Multiphysics 5.3 software, the migration equations and the selected parameters. Results showed that at the
porosities of 0.330, 0.380, 0.430, and 0.480, the maximum mobility of phenanthrene were 31.9%, 34.8%, 38.0%
and 41.7%, respectively. As the voltage increased from 0.500 V-cm™ to 2.00 V-cm™, the electroosmotic flux
increased accordingly, resulting in a maximum mobility of 44.4%. In the remediation area, a bowl-shaped
distribution occurred for the phenanthrene concentration. The simulation calculation determined that
phenanthrene concentration reached a minimum value of 2.14 mol-m ™ in the middle region close to the anode,
and the maximum mobility was 38.0% accordingly. The simulated results for phenanthrene migration and
distribution were in a good agreement with the experimental results, which verified that the applicability of the
developed model in the electrokinetic remediation of soil contaminated by polycyclic aromatic hydrocarbon.
Keywords phenanthrene; soil electrokinetic remediation; migration model; numerical simulation
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