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W OE A YEE M T KPS LK (tetrachloroethylene, PCE) J& K At 7] 8T, 38 i s i A 188 56 i i £k
MAEDBEEEARURSBEER, DGR A RAGEE IRV ARIE, RARS 515 4T PCE /AL
9% fifk T BF B DN AR RN 075 26, X A W A % PCE IR . 90 4 pH RN PCE 7 4 vk & 3 Az il IR b 4T T 44k
IR EE., QB WA, BEHEE D RFLRRNE IR B T, BT T AS R A 2 T A 1 T S A M R R X
PCE M [ KA, JF 8N T N3 12 il S5 R 3_ W . fERKF b, BOWRZFHFF I Clostridium sp. FCB45 J&{
HBE R PCEMIUREBE N 1 mg L™, pHAEHR M, RN 30 C, ARET N EEEHZ BT, WA Y RIS ) B AR 3L
RB U, PCE [l 3801 53K 96.75%, [ fifk 7 28 BUdRc = 3k 0.327 d 15 o A5 3 5T iR 1 10 B 2 W o e o
IR G — G B 7 AR S I A B A IR A ) S A R R Y, S A R BT TT DA A R AR )
BERE, MiEEMmTRAEMEYBEE A —ENSEMmH.
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Bl TRy kR, SR A WL AE R A 7 D ORE RS SR B SIS0z b v AE Tk A
7L ARG TURMBEST AT, T — RANAEE R, SAREERE TREE WK . RIS
UEE| - rp R g R B E B I R M R EOKE, BT KIS R, Horh iR KR &
M =R M B AR A TS Y O R O A B AR b e B — A M B S AR PCE MRS XS 42
ZY R RAEERT 5K . A6 B E TR K% A A (dense non-aqueous phase liquids, DNAPLSs),
2k ke, HAMREMAEY) S Ery B B, JF AR BorE . BoRAs
HmrE . BURMSERE, CHERZEES AR SNE Y. — B PCE i £ Fik 2 3 A LT
W, S B2 T KERZ, MEIGYH T KRG, XA PR AR ™ 2 iR g i
1999 4FEJL 5t T o B /KA HLTG Je i A 25 R R BT, bt M XA 2 b SR T G DX v AR 5 10 km?,
FEI5 YY)y TCE Ml PCE, i W 70 91 g 487.6 ng' L™ 1 63.74 ug'L™', i PCE A it R &P,
R TR A IR R AR AT R R e, MR K R G AR T Y ) R R A e, T K K BT DR AP RS
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P AEMBREEAREAE S FIRABE . ABEAAAL . JC Wk TE Y 5T LLSE B0 3 AL SR
R, TR BRI W VR AT PCE WY R AR o e 2200 SEARSE, EINAMITSE N Do AR B AR
YIREM AT T R EIR R FERESAET , S 18 T LUAE S B 8 40 187 Y 2 o L 152 44,
W RAA A M E R AR E IR, ARG Y, RZRBTFEANBEE B, mmA—L&H
BILTT E A7 3 AR 3 AT LB oo L e A 2 021 G R U R B, K DR AT Y ST AR FAT R TR A bk
P. pseudocalcaligenes KF,,-Ds #2551z HI AT LUK M A= W) B i 1Y) PCE 58 250 o SEPR b, B — A R4
oY b 4 TR AR XE DS B R A PCEUY, 124 R 1k, A& B Dehalococcoides mecartyi J& ) TR Bk BE fit
PCE 5¢ 4 ", H % Jm W bk A e IR SR By, — s SEME MR Sh MR o 1Y, A= K SR B W
Z0 o SR, Z PR WA Y W AR SR TR, AR A A AT LA P RS VR PCE i i B S

HRl, Xk w e 2 | AR R I 5T 32 B4 rp A BA— 4 S bR LA S RS AR s . R, A
B ST R K IR BT R A R O S AR R DA i — 2D PR R B v AR A W R i R
IRIAT I3 v . R AR L 75 08 528 I B 45 0 T AR W i b2 AR s g ) D i &, (HAR D
A 2R WU T A AN T A R T SR A I SEURE T R SR AE DGR SRR, IR, AR S R B
AMNRB LR AR, APTFEE R —F AR PCE, B 7EIPAS B T /K 3R 58T K ik 11 7F
AR SRR ) o ASHIF IR F R 7 3 77 1 P SR i 3 01 88 22 1Y PCE L35 WA AT F , X R 85 R R T
JR LB X H AT T AR AL, R R T AR LA L 4 4~ PCE R R, s TR sh
SRR, AT N [ A B T A R AR W L RE T
1 #MRl5RE*%

1.1 XBEER

PO 2 i (C,CLy) At H B (CH,OH) Oy (& 1 200, o B B R4 7k 3 By, B o), & B¢
(CH,CH,0H), =7K& B2 & — 4 (K,HPO,3H,0). L/KA& BRIk (FeSO, 7TH,0). — /K& iR — &
fh (NaH,PO, H,0). 5 ft# (NH,CI), LKA Bk EE MgSO, 7H,0). LK & Bk (MnSO, 7H,0). L
KA B R BE (ZnSO, TH,0). FLWR & (dI-C,H,O,Na). i % i (C,H,,0.) . 757K & & k4 (CoCly6H,0),
— KA WA FE = 2R =41 (N(CH,CO,Na),-H,0) ¥ K 5 b4l .

1.2 XBRE

SO R BRI A THIRR A (MQL-621R, L& R ABRA ). RAR F4
(YQX- 178, - ifg s iy B 7 s i il 15 A PR /)L 7 R ) Z8 KRR (YM30 Y, i — HI BT 4%
AT BN ). AT UL 43 6t B 3 (TU-1810, Jb 503 Al A AL %8 A BR 5T AR A D). AL 3%

(ANPEL DCI12, I ¥ %2 3% 52 3 B 5 e 0 A7 FR 2 T —
). SOHI I (Agilent7820A, 2 HE {6 BHE 7 R —
2 #). Tllumina Mi Seq 7 & (35 £ 9 BHE: (1 L BRI Z A
i) AT PR T Yo Ik S B SR FH PR AR 2 4 1 e
SR LI L, TS O PV SRR A ///',Emmﬁﬁ
13 SBHE /{/7
PCE [ fift T BF 1A 94K 075 0 . LA 7 5 5% 7K A ..4£ﬂ%ﬁw
B R AR T R VS Rl RO IR, SR 1R e (1000 =L
05 e BT IR EE Vs e AT WAL B SR, AL B ke 5% o 5
B R K ARG IR A b e il SEE O TC AL L Fig. 1 Schematic diagram of experimental device

B FRFERAAU I T K™, A o . K HPO, for culture enrichment
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3H,0 1.05 gL', NaH,PO,H,0 025 gL', NH,CI 049 gL'  N(CH,CO,Na);H,0 0.03 gL', dI-
C,H,O,Na 0.112 gL', MgSO,7H,0 0.05 gL', FeSO,7H,0 3 mgL"'., MnSO,7H,0 0.74 mgL™",
ZnSO,7H,0 0.74 mg'L™'. CoCl,-6H,0 0.25 mg:L™"'. 44 % B,, 0.05 mg-L '™, PCE [% fi# i #f i 9l fk %
FHAS BE 94k PY, 4% PCE Wk FE AR B my 647, 5644 200 mL 3 P 5 Y 270 2 700 mL Bk 40 K 1 5 /Y
TCHLER S R L (BR AR IR, pH ¥I7E 6.80~7.25), B 5 >R FH 58 DU SR 2 4 i 2 F0 8 3 il o5 2 3 1l
T, IR HITCHTE S48 A PCE W . PCE I MK W1 E N 0.5 mg L™, SRJGHE T 30 C .
B3l 30 rmin ! A E IR AR B SR AE T BT R SR UIME 7 d, S SRR IR A TR MR B AR B G 1.
2. 3. 4, 5mgL "™ BB 7 d.

PCE [ A tERESE . FF 100 mL JCHLER BE 7R 588 T My i, BT B 38 3L 76 i ar 3 A AU
WA 30 min, 2R R K EHLE 121 °C F K@ 30 min, ARG FZM PR M. Kt
T B Ak I A5 B0 TR 5% BOM 32 A& 100 mL JoHLER 1% 32 L 0 i b, Bl % 4 ke
P AR P S (T [ e HE AR 2N W) AR 6 il 35 25 BHL v i, PCE Ml BUmME % E N 1 mgL', BE/FE
T30 °C. 30rmin”' &M FHIRIRG &b G FR . LB DRI 24 h RAE LR, W@ K5 sk &
PCE Y B LA S WGBS, 43 AT B4R I 45 TR (1) PCE [ A e Pk M TR RE A= Kt 26

I DR 3R 6 S A W R 5 [ £ PCE M SE I o 7E PR 5 5 88 il AR 0k S 30 A N S5 E AN B T R, 43
WIS AR (10, 20, 30 °C). AR pH(6. 7. 8). AR PCE #IHIRE (0.5, 1. 1.5, 2. 2.5mgL™)
S X R RERE A PCE 1520 o TEAHIRI Y SCI0 250 T, ANEM R W AERT ], R S0 H A2 i 3 4
EATHE, BOFIME . R 24 h RAE 1R, ME SRR B PCE BYMREE , RAFESS o 5 8 F Ak i I
e B e 1B N A ERFLLABH 1R PCE # % o

AN TR) AR 83 35 I X Tl A W B E 5 B PCE W2 o Ry T R 2R 45 o M A0 L o XoF o2 fie o7 A B 1)
SO, OBERG R T AR R 5% BRI 100 mL () EHLERRE F2 1, PCE WIHIRH N #BEE N 1 mg L,
TR BE . CBE. WA, BT . FLRREN™ ., b, FAR L R R 1 gL'
HEEHR N 0.6 gL' LBEMREE N 20 mg L', FLAREAVREEH 0.77 gL', 7E 30 °C. 30 rmin”' 5514 T
PG 3G, B 24 h RAEKDI, JFRIFH 5290 45 S 57 8l J) 2 A
14 DH7EE

SEIG Y PCE W B SR T 25 AR 0 351 27 (Agilent 7820A, 3£ [ Agilent 23 7)) K DB-624 (a4 & .

S Hh R VR B SR T 0 OB EE R P I, BGE S SCIAE ACA Tem B LL AL, R TS A1
FEEEE T A 600 nm A (W (Agp,)o

Sty v PCE [ fiff T R RRE T8 45 40 40 BT % ] 16S tDNAPY S 4347, 42 A =X 40 77 226 A1 2H it i ) &
(i P B 6 I, YR A % % R B TR VR R 19 DNA R AT 3R B, O 4l Ak )5 B9 #E 5 A Tlumina Mi
Seq V- 5 #4738 Y
2 #HRE51TE
2.1 HEEEXT PCE P& MR

YL 5 PCE R fife i 2k S sl BE A K iR WL Il 2. #h 8] 2(a) RTHT, PCE REAS 21 o 2B e 9 1. 22
B E BB & T 90%. & 2(b) AT AL BRI (0~2 d), BFHETE PCE f7 78 2518 T fig DL Dol A=
K A RFERT R HER, T (2~4 d) BB EIE, ODEZEE T 5 (4~5d), HF PCE®
AR, WRETERAE, ODE TR, i R4S 51 (Y T8 B RE 9% = L% A PCE, W] LAEAT A 2
T DL R R 255 i) S 3
2.2 PCE [EREBSEEMN

FhK SR B REAS T Vs 25 00 20 18 50 A UL IR] 3, T b 36 0 445 SR 3R W PCE 1Y) e il 181 FHE 95 45 40 52 %
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Fig.2 PCE degradation efficiency and the growth curve of acclimated microbial consortium

ZH. BT ILA 16 & F 0.50% RN, 239~ Clostridium sp. FCB45, Methylotrophic bacterium
RS-X3. Rhodocyclales bacterium TP139. Bacterium B3C1-6. Clostridium sp. 6-44. Desulfovibrio sp.
Mlhm. Sinorhodobacter ferrireducens. Veillonellaceae bacterium 6-15. Bacteroidetes bacterium 4F6B .
Geobacter lovleyi, Treponema sp. HM ., Paracoccus kocurii. Thermomarinilinea lacunifontana. Riemerella
sp. Lo3. Chlorobi bacterium feline oral taxon 101 }2 Rhizobium selenitireducens., ¥, #2 1K 28 /64T 1
(Clostridium sp. FCB45) & e i, i MR 44.49%, MM RE R . X —45 UESE T DAVID! 78
AR S W5 TR eI Clostridium Ja& 33 3% P4 55 e B9 MR T 1T LLR O % A% PCE A ¥ 7R U I R 2538

SR, PR Sk 3k 2 ph 3l TS K T I IR TS e Wik - I Others (<0.5%)
r Longilinea arvoryzae
ik, 5 LOFFLER %P 7 4 PCE K #1175 [ Desulfovibrio sp. An30H-mm
4 4 nizobium selenitireducens
, . identified eub lone BSV40
Y 1 T AL W R BT W4 B 1Y Desulfuromonas i 80 Gl e el ol ason 101
lemere asp._ 0. .
Dehalococcoides f& PCE ffy {1 35 W 4 B 41 FE K % e
N ei .
W . Methylotrophic b um RS-X3 4 & K i s Ceacter lovieyt
o et y otr opnic acterium o E = a0k D]]]]Zpiacltlermﬂetes bt})cter/um 4£6]12_
Ny s i s ¢ o ter -
17.34%, {ER BB REAUTEE L = L Sorhodbacte ondicon
N\ Desulfovi rio sp. Mlum
AP, I LI S A I, ] (i o 6
Ny . . acterium -
W, AIHENEAFSGE R Methylotrophic bacterium 0 %?Z;ﬁ;y[%‘gﬁ?;h§§£f£§7LZ1T§sl.35?3
RS-X3 A LA {2 ik PCE B 2 Py e Mt o 10 7 B RESHG M Gl p SE848
- o I
. N Sl 3 gﬂ: g >
7.39% W) Rhodocyclales bacterium TP139 1 & fig B3 RRORY T A RAFRE 7 2 AL
. S Fig. 3 Composition of acclimated microbial
I R A DAL A 4 A K 1 2 T RE AR B 0 1% s g

consortium at species level

R, B IRTE PCE i BRE gk A ST A 21

BUREW, BRIKEE (Desulfovibrio sp. Mlhm) 7] LA 5 JURD & A5 G ¥ it i S50 FN A7 iR 36 18
B, G, 2- A OKEPY, 1-=A P FEARY, Treponema J& (Treponema sp. HM) GE %38 1 Us il
fils R 6K A K By AR AR . A AL R A1 R £h BT, Bacteroides J& (Bacteroidetes bacterium
AF6B) 1 [ fif H R RUT JEmE Y, Sinorhodobacter ferrireducens GEA| LIS . L-TN &R . 4-F2 5L K H iR
A L-fli & R AE MR IR, Thermomarinilinea J& (Thermomarinilinea lacunifontana) GE1E 2 Fh A WL AF1E
BFAERK (IR . Hoe®R . SRS, X 50 0 bkt 76 i o B rh pl kil 21, K 1 4 5o
2.61%. 0.85%. 0.97%. 1.99% #10.80%, " Desulfovibrio. Treponema J& }¥&1E PCE &t 14 .
23 EEEXTPERRF N

P55 PR A PCE R Mg ROCR (32 i WL IRT 4. H (] 4(a) W] NTRLEE XS PCE R R 2 AN i 2 . 4K
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P Won 3RS E T LR E T 80%, £UXEFFEMAMME RS, BARENIRELES
MR, 3 A [ B Y PR BE D B o FESE IR (0~3 d), WEHELE 10 °C LA K 20 °C T Xf PCE 1Y fig
HORAHEL 30 C 8018 fEJa 1 @ dJ5), BEHRETE 10 °C F1 20 °C B X} PCE 1 B A % 5 HAE 30 °C T BRE
ff R A2 . ZHANG 259 145 1 TCE 25 Bk R Bl IR B A9 T+ (A 20 °C _EFH3 30 °C) i 38 i i) 28 Bl &5
. SHARMA ")k, IR F Y 20 Z 0 nt e fbsi ke i, Bk, A5k
SN AR A IR AR, T TR 2 T EUE YRR I . — B T K SR EE 2k 15 c(Fk E
PUb b X A 3 R KK IRAS AR T 10 °C ZEA40) ), AT LGS 132 0 R AR 1 9 38 B B Ve T

H1 1] 4(b) T A1 B T 7E B M PCE 19 3 B2 o 52 JE W 3t pH A9 52 WA B 35 . 72 90 4 pH 6~8 i,
PCE ) % fift o 5 i 5 01 4f pH (AR AL 2B — 2 I sl ik, (7 B R R &R P i B W TR 38 e g
SCHL PCE (94 54K . 9146 pH 7.0 Jy PCE &M I foad (B, PR Ry 55 R LA B 55 B 1k 1) 2% 17 AR 2 6 o
BRI P P A ], BT LAZE AR O pH A M R KRB, B AR T AR FEE R

H1 ] 4(c) W1 : T BELE 5 A% PCE (1943 B2 rh 52 PCE ) IE Vi B2 (1 5% W AN b 225, (L G B it SR A7 1
—EW B . FE PCE W AR B Bl , K58 R UG MR A 2 B W B B0, vk BE R A9 PCE 21 1%
A IR R A N IO . A% R DL . DNA S5 454, 9T DATE RERE I % (A 7B AR 1R, (24 PCE wI R vk
FERL R, SRS A R W B R, & M W B TE PR AR, T 53X PCE B fiff 3 3 T B 1,

- 100 - 100 -
00r e 00 00
80 80 |
s s 60f s 60f
¥ 340 40
4 Wo20¢ N20t
0r ok
L L L L L ) -20 L L L L L ) -20 L L L L )
0 1 2 3 4 5 0 1 2 3 4 5 o 1 2 3 4 5
R/ AN [)/d KA ]/d
(a) REE (b) pH () FHifihm i

Bl 4 IRBEHFE XS PCE R fif 3 1) 5% )
Fig. 4 Effect of environmental factors on degradation efficiency of PCE

2.4 AN[EIFARHE B AR A R0
AN [R) S A JE BT XF PCE [ Al A8 R i 2 e WL I 5, JFCv BR324 Dy LA 3 i ik 3% A 280CR

BP9 T MR (R I T A B o AT L
IR, T B ST B ) O AT LR, — Sm::ﬁﬁ—FWME
TOLR . OB Eh J07 B W (1), X R — 2K —o— JILARHILI
B 1R R L (2), L OfvHE ;

de/dt = —ke? ) I owf

¢ = coe ) ol %_ ¥
K ifr oy PCEWE, mgL s p oy IS8 s o /
kNN EFRFR, A WRBIEE, ds oo N PN , . .

Wit PCEWRIZ, mgL''s & AWM, d.
PCE J v 3fj Jy 2 A R DL IR 6, AR — 20 R

A TR FI A S HOLE 1. I 6 b {1

il %:z LR, AR T AL 1 0 90 I A i 72 Fig. 5 PCE Degradation efficiency by acclimated

MG — PR N 1%, RPIAE 0928 LU L, microbial consortium using different co-substrates
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%: BMHIRE

MR RO 032747,
BN AR LT, X RN MR ESA FENYEE R
S, AT DIME R A A KA RS R,

WRUR/N /N T B I AR F T A0 A R

PCE#Z/(mg- L™

PCE¥¢ & /(mg - L)

PCEi/(mg - L)

0.8

0.6

0.4

0.2

0.8

0.6

0.4

0.2

0.8

0.6

0.4

0.2

PCE#¢J#/(mg - L")

SRR [i)/d
(a) HIpE

PCEvk/(mg - L)

KL [E)/d
(c) HAHE

PCE¥#¢f/(mg- L")

R H)/d

(e) FLERHN
Ko AFIACHEL BT 0L T PCE (Y S 1

Fig. 6 Kinetic models for PCE degradation using different co-substrates
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F1 FEFRGFERN N PCE RN NFEESEREXSH

Table 1 Reaction kinetics equations and parameters of PCE degradation using different co-substrates

LA T Bl ) AR R IS T 3 Rk ! W ,/d
il ¢ =1.397 7 —0.682 0.972 0.142 1.665
Z =438 75 367 0.928 0.037 2.296

i ¢ = 16267575 —0.792 0.963 0.145 2.095
i B c=1.11e"0% - 0223 0.988 0.327 1.571
FLERN ¢ =1.895¢”%9% — 1.106 0.955 0.112 2.161
TAAC L c = 1.746e” 075 — 1061 0.884 0.098 2.409

TR R Ry LR IR () R AP B, S b 7 BV AT B v %) A0 M 28 AT A B R L O R A R Y B A
RORBEARS, 2 Wi 2 ol 2% 2L AT P A0 i J5E ) 308 25 1 DA T 5 i o7 4 7 AR 0E 0 PRk, mT A
A A8 24 [CBHMERY TG Clostridium sp. FCBAS(HRIARFN) 2 AL IEHESIH], M52 PCE RffEi,
3 4%Hig

1) IS B 9 Ak 7 4R A5 AT Ks PCE 2 RN i 0 GRS, TR P AAE PCE KIE B R ) T AR
FH. WAMEEERER: FEFKE L, WARZEMAT R Clostridium sp. FCB45 & ey, WM+
MR FD . X BEVE ZREvE R, IR 2%, BESRENES, 5 T,

2) MR 30 °C. pH M. PCE WIURRE R 1 mg- L' AILAR 3 o BRI 1, PCE f#
R B T IR 96.75% 0 BLHEYE T LLFEAS R IR 500 T (pH. T 45) RBLIH B S R R, %
YIRS RIS AR AR, R AR I PR A RIS Y RE R AEE A

3) WS AR 3 R AR B S W SR R A SRR, ORI RR A — R N sh 1, AR
U, R ST IO S S 0 rR R BN AR O s+ TR R T > A = > L IR A>T AR i 3 >
OB o % TR B R R 5 A R AR JE T, B A R B K Tk 0.327 7. AR T P R
128 o KRR B 4L v 1 U G 2 0 ) P A R
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Abstract Aiming at the long remediation timeframe associated with bioremediation of tetrachloroethylene
(PCE)-contaminated groundwater, the addition of co-substrates has been explored to improve the biodegradation
rate and reduce the remediation duration. In this study, an acclimated microbial consortium for PCE
biodegradation was enriched by the shaking cultivation method with a microbial source from anaerobic sludge
collected from a wastewater treatment plant. PCE degradation efficiency was determined and the impacts of
different environmental factors such as temperature, initial pH and initial concentration of tetrachloroethylene
were optimized. In addition, the enhanced biodegradation efficiencies of PCE using different co-substrates,
including methanol, ethanol, glucose, yeast extract and sodium lactate, were investigated, and the corresponding
biodegradation kinetic models were also developed. Experimental results showed that Clostridium sp. FCB45
played a significant role in PCE biodegradation. The best PCE biodegradation effect occurred with the efficiency
up to 96.75% at PCE initial concentration of 1 mg-L', neutral pH, 30 °C, and co-substrate of yeast extract, and
the highest biodegradation rate constant was 0.327 d”'. The enhanced biodegradation using different co-
substrates can all be described by the first-order reaction kinetics. It was concluded that the addition of co-
substrates can effectively shorten the remediation timeframe, which provides a theoretical and experimental
basis for in situ enhanced bioremediation of PCE-contaminated groundwater.
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