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Abstract: 1,2,3-trichloropropane (TCP) is an industrially synthesized aliphatic chlorinated hydrocarbon and an intermediate
product in the industrial production of epichlorohydrin, which can be used as a precursor for the manufacture of soil fumigant
and organic solvents. Due to its biological toxicity, environmental persistence and strong environmental migration ability,
1,2,3-TCP is listed as an emerging organochlorine pollutant in the environment and regulated by many international
organizations. Currently, the degradation of 1,2,3-TCP and the remediation of 1,2,3-TCP-contaminated sites receive great
attention, but the degradation mechanism of 1,2,3-TCP has not been summarized in depth. This article discussed the origin of
1,2,3-TCP, its environmental impact and ecological effects, and the physical and chemical degradation techniques. This was
followed by summarizing the degradation mechanisms of 1,2,3-TCP (e.g., aerobic co-biodegradation, anaerobic
biodegradation). Specially, the pathways and mechanisms of microbial biodegradation and transformation of 1,2,3-TCP in
anoxic environments (e.g., groundwater) were thoroughly reviewed. The feasibility of using 1,2,3-TCP as an electron acceptor
by organohalide-respiring bacteria under anoxic conditions was predicted based on thermodynamic analysis. Last but not least,
in situ bioremediation of 1,2,3-TCP contaminated sites was summarized, and prospects for future research were discussed.

Keywords: 1,2,3-trichloropropane, remediation, biodegradation, organohalide-respiring bacteria
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RO O, ST, 1,2,3-TCP BE3E [ 4 # 4 B
Y B0 Js (Agency for Toxic Substances and
Disease Registry, ATSDR)%I A {5615 Y ¥y 4 B4
(Substance priority list, SPL) (https://www.atsdr.
cde.gov/spl). %% A 857 FifEl A B A H
&, T 1,2,3-TCP WIALFIES 275 fii. SR
£ P& (Environmental Protection Agency,
EPA, https://www.epa.gov) K% 1k 48 3 R
(European Chemicals Agency, ECHA, https://echa.
europa.eu) % [E FRALA AL LI H b 2 K
H 1,2,3-TCP WY& gEAT 1745, 1,2,3-TCP if
5 1A 41 21 1 B i i B 52 LA (International
Agency for Research on Cancer, IARC) 1+ [E &
i 24 R E A BE A LA AN — A R EBE U BUE )
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A 28 PR SR BT A DR e T A A b - 39 T e XU
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ZCWJ6738/sthjjwj/202012/t20201209 4728633.ht
ml).
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Table 1 Pros and cons of the currently available technologies for 1,2,3-TCP remediation

Methods Advantages

Limitations

Physical remediation
suitable for ex-situ
Chemical remediation Efficient; easy to implement
Bioremediation
easy to prepare and manufacture

Low remediation cost; easy to operate;

Environmentally friendly; sustainable;

Weak adsorption capacity; low efficiency

May cause secondary pollution; short-lived;
influencing the environmental conditions
Extended degradation period
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Fig. 1 Schematic diagram of abiotic degradation of 1,2,3-TCP™!,
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kel Xifi (Haloalkane dehalogenase, DhaA)
A 35 A 7 TR e - Tl ) AR 1 AR
ke K B Monincova 28 3, Sphingobium
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961 Sphingopyxis ferrae strain NBRC 15098 (NR 113727.1)
1001 L sphingopyxis sp. AX-A (JQ 418293.1)
100 Sphingopyxis macrogoltabida strain IFO 15033 (NR 043392.1)

100 ——— Sphingobium japonicum strain UT26S (NR 102886.2)
Agrobacterium fabrum strain C58 (NR 074266.1)
67 EI__inamhobacter autotrophicus strain 7¢ (NR 026308.1)
96 Methylosinus trichosporium OB3b (NR 044947.1)
100 Sulfurospirillum multivorans DSM 12446 (NR 044868.1)

LSzeg“urospiriHum halorespirans strain PCE-M2 (AF 218076.1)
30 —— Methylophilus leisingeri strain DSM 6813 (NR 041258.1)

| 100 _I:Nitrosamonas europaea strain C-31 (NR 040879.1)
63 Comamonas testosteroni strain KS 0043 (NR 029161.2)
4]00: Desulfovibrion salexigens DSM 2638 (NR 102801.1)
Desulfovibrio magneticus RS-1 (NR 027575.1)
Desulfuromonas acetoxidans strain DSM 684 (NR 121678.1)
96 _|:Geobacter sulfurreducens PCA (NR 075009.1)
100

Geobacter lovleyi SZ. (NR 074979.1)
ﬂEDequimbacterium hafniense DCB-2 (NR 027603.1)
Desulfitobacterium dehalogenans ATCC 51507 (NR 044641.2)
Dehalobacter restrictus DSM 9455 (NR 121722.2)
99— Dehalogenimonas formicexedens strain NSZ-14 (NR 156917.1)
1001 L Dehalogenimonas alkenigignens strain 1P3-3 (NR 109657.1)

Dehalogenimonas lykanthroporepellens BL-DC-9 (NC 014314.1)
Dehalococcoides mecartyi 195 (NR 074116.1)
Rhodococcus ruber strain DSM 43338 (NR 026185.1)
Rhodococcus rhodochrous strain 372 (NR 037023.1)
Rhodococcus jostii strain IFO 16295 (NR 024765.1)
Mycolicibacterium goodii strain M069 (NR 029341.1)
98| Mycolicibacterium tuberculosis H37Rv (NR 102810.2)
Mycobacterium tuberculosis strain CIP 105234 (NR 114677.1)
100|y Mycobacterium kansasii ATCC 12478 (NR 121712.2)

ool Myeobacterium vulneris strain NLA0O00700772 (NR 116466.1)
0.05 99t Mycobacterium avium subsp. paratuberculosis strain 5617 (NR 026082.1)

95

100

38l 100

97

100

2 ET 1,2,3-TCP FERRHE 4 16S rRNA 751 1y 1k
Fig. 2 16S rRNA phylogeny of 1,2,3-TCP-degrading bacteria.
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Fig. 3 Schematic diagram of aerobic degradation of 1,2,3-TCPM.
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RESCELIS W) 1,2,3-TCP By M Akt . BE5 %53
ot R 32 Bk fiF 2B 4E 1K (Cross-linked enzyme
aggregates, CLEAS) [ fbH AR A ik iy p AR
St S I 1 B R A8 K DhaA31 ., B A= 72 pi 5 Ay <
HheC FlEF A= BUIRSE AL YK iR i EchA 1T E 1k,
ADHE 1,2,3-TCP 58 4 B M Am A 10 b H- i Y, B gk
FEIN TR E YRR 1,2,3-TCP SEXERE AR A AL
TG Y B AL T O vk s AR (B IR il
K T WETE AU BN o 1 o BE PR TR el J A R
PR 5 | AR IR 5 BT 1T I 1) A 2 I 5% i R XU N 25
ZM. W, FEGIA R MRS Y i1 7
BE R HZHE, 7 1% BREOR 5T 221 K
B PAT , DASKE SR A A PR KU B A= 2 4l
32 WEMXEERE
3.2.1 I E BN AT REM IR E R R R

IR 7221 ff1 B U, ek SR O 1,2,3-TCP

#AL o CO,. Ho0 Ml HCL AT AT HH2, A5 4175 U
Wi A W) R A R A W ) — 2R A AR
Bk 2 N o A AR R R f A AL i AR e
A IR S5 i ) A Sy AR, 2 — R A1
Hh ] R TR B T AR A AL
MR ICRE SR fiE 4 F B AE K R ZAE . T AR A
J1 23R TN 3 A= 0 i 15 38 1 SRR A D Ry AR
BB RS A R R 2 2 5 T e A Ak dR
WA (BRiERSUE 1.01x10° Pa, pH 7.0, &
B 1 mmol/L, HAWYFIKE 1 mol/L),
1,2,3-TCP JH ™12 5 13 I i 01 S i 1
HE AR AE T AT F B AE (AG”) S R AL S
(E%). MAEITEEHEM, 1,2,3-TCP KHF=Hiik
JE 8 S 49 S TR o DRI, AABEIE T DA
E 1,2,3-TCP K H =435 ] LIAE by o F- 32 (R IR AR
PRI P A AL B AR T A

£2 HWMHAUAWSEMITRERFE 25 C. pH 7.0 B89 E 57 B M REFNFR AT IR s i *°
Table 2 Gibbs free energy changes and standard reduction potentials of selected organic and inorganic redox
couples at 25 °C and pH 7 *°

Electron accepter Half-reaction of reductive dehalogenation AG® (kJle) E” (mV)

1,2,3-TCP 1,2,3-TCP+H*+2e” —1,2-DCP+CI” -87.9 911.0
1,2,3-TCP 1,2,3-TCP+H*+2e” —1,3-DCP+CI” -88.5 917.2
1,2,3-TCP 1,2,3-TCP+2e” —Allyl chloride+2CI™ -158.5 1642.7
1,2-DCP 1,2-DCP+H*+2e™ —1-CP+CI” -73.3 759.7
1,3-DCP 1,3-DCP+H*+2e™ —1-CP+CI” -72.8 754.5
1,2-DCP 1,2-DCP+2e~ —Propene+2CI~ -151.1 1 566.0
1,3-DCP 1,3-DCP+2e~ —Propene+2CI~ -150.6 1560.9
Allyl chloride Allyl chloride +H*+2e” —Propene+CI~ -80.5 834.3
1-CP 1-CP+H*+2e” —C3Hg+CI™ -71.2 737.9
SO, SO, +9H*+8e” —HS+4H,0 +20.9 -217.0
NO3~ NOz +2H"+2e” —NO, +H,0 -41.7 432.0
0, O, +4H"+4e” —2H,0 -78.7 816.0
HCO3~ HCO; +9H"+8e” —CH4+3H,0 +23.0 -238.0
Fe?* Fe?"+2e —Fe(0) +42.5 -440.0
Fe* Fe¥'+e —Fe?* -74.4 771.0
Zn** Zn*+2e” —Zn(0) +73.6 —763.0
AP AP +3e” —AIl(0) +160.4 -1 662.0
Proton (pH 7) 2H"+2e’ —H, +40.5 —420.0

Note: thermodynamic data were obtained from eQuilibrator (http://equilibrator.weizmann.ac.il/) and references'***, and
calculated assuming [CI7]=1 mmol/L according to Dolfing’s Method™"!. b: E”=AG"/nF, n is the number of electrons involved,
and F is the Faraday constant (96.485 kJ/V).
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322 123-=ZRRLMREAEFEBEYIIR
ETC AT P — 2RI EMAY, eflhe
i DL AN T A LR O T A, DI ALK
Yl 2Rty A Srae R, XA
SRR N A DLk IEI 40 (Organohalide-respiring
bacteria, OHRB). A3 #L i - 4 BRI A 141 5 JL R
T A5 B AL A i U ER Ak 2 fg B 8 2 by g 18490
HTFETCT5 e 1 B SR IRBE 22 AR5 ()15 Y 3
Woh ¥R, EESMA T AR E
(Proteobacteria) . JEREH ] (Firmicutes) FI4kZ5 R
[T (Chloroflexi)®™ (& 2). © %1894 HL 1k 0% 44
B AT 43 R ASOR A B g PR A F S j L i 1t A
(1) PR AL 1 I I 440 B RN A 2 R A X
0 e AL i IR 240 T 5 LR T 1D A A
)& (Dehalobacter) . Z#25 B 14 JBd o< $U1EK 157 I
(Dehalococcoides)  F1 il < A Ml H JE
(Dehalogenimonas) 353145 341 Sk % 1 A5 HL 1 1% 240
W o 52 AL, FEEAE LR A 5 o] A 2
220k (n, =Mk, BRBRAR . AERARSE) AN
R (i, &R, 2. LR . INEIRRAE) fit
K, BN R B (Geobacter) . BiAi AT &
(Desulfuromonas) ., A 5K & (Desulfovibrio) i

JRERATE B (Desulfitobacterium) 2515657

A AL b W 20 R A HIL < AR 1 = AL
A4 A P 5 AR TP A s P i i g 590,
BT, AU AIUER S A L W 20 5 AT A I D 1
UG8 1l A Ak — B B S K 1,2,3-TCP R fif
3-GA-1- I TS A R AR A W 5 A A W AR
fi# 1,2,3-TCP pyHLl AT —Se W54l (& 4).
2009 4F, Yan FFHGE, M EE K S Wil A
RIL 25 Y T oK E R E 2 RS
PRAAFEAR 1,2,3-TCP 21| 3-5-1-PN M RO Ak , 70931 iy
4,4 Dehalogenimonas lykanthropropepellens i #k
BL-DC-8 Flj&#tk BL-DC-9™M. 2016 4, XAHFH
i T 1 ¥4~ Dehalogenimonas alkenigignens
IP3-3 [T HU A HLIx PP 20 B, & [RAE oT AR Ha
L TUEA, 1,2,3-TCP 1 M F 2 kA k109,

2017 4F, Key % M [a]— i 0 EE 415 e b
XAyt T Iy 1 bR AT SR 2 ol ok R ABE AR
HEYHIRAMNE, ME/HKELaaH R
Dehalogenimonas formicexedens NSZ-14., #fF55#
WY, TR PR A AT 3 ek U S 0 A3 A 1,2- R
Zht . 1L2- AN RE L 1,1,2- = L ke 1,2,3-TCP
Wi M. Wi . | Om MmN EESE (3-

2H*+2e~ 2HCI
QS’\ CI/Y Dihaloelimination ~F
AQ Ao Cl '?6\?\ HCI
& ’\)@*\ Bt
v 2 Q@ (SIS
. @cso ‘?o,;.\
Qé‘b’ CEN
Cl 2H+2¢ 2HCI
Cl\/]\/CI \ /‘ - Cl/\/
Dihaloelimination
5
’7‘6/6’_ C‘)\*'\c:j{
s

/\/\ 2H+2e
HCI Cl Cl

E4 123-TCP REEYEBTREE

e g
‘& N .
. L%,

) .:9(}}- @b”‘ (\\I_{Cl

Fig. 4 Schematic diagram of anaerobic degradation of 1,2,3-TCP.
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-1 T, BT st 2 R E R R
A TR 1,2,3-TCP (A LG FFIR A=) (i
Dehalogenimonas lykanthroporepellens BL-DC-9 #11
Dehalogenimonas alkenigignens I1P3-3 §), {H]H]
XA AL FF IR AR P JE R 1,2,3-TCP i5 Y37t
G SR T it — 20 TF R S ik FIAIL ) 1 B 52

4 123-ZRARTEIMELENEE
HARE

1,2,3- N biJe — K HAT = A W B M O HE
VEfAa LY, T R R K 2 4 B R AR AS ER
i I 0 S S 1 PUK. /B b NI 1 L= R R SIS
AR AR L W T VR BRI TR Y 1,2,3-TCP,
A=Y 5 1k W] A e )R] N A Bk 1,2,3-TCP,
{H AT g 2% I AR S IR BE 7 A N AT 52 T i
DA B S AR WL ELAT AT R58E | IRBE AU S
JEYF RS B E AR — F R T Y
Y A R I BRI K v A TR 2 iR R
P ], B IE S IR R ) 52 B g R i T E G
W, RSB E HARE LA AR TS
TEAE B, T, E ey 2 5 g A 3 1 A AR
[FREE S5 0F T ke e Ml Wl o & U E W A HeoR
GFBTAL . R, T 1,2,3-TCP AL
S5 iE R AR i A R T K R IR
AR, DRI 75 A8 BT X M s i 53 T & DR A8 A
B PRI E A, Blin, afasaEs
B IR E R 1,2,3-TCP (IR A ML W bR
] {58 3 6 [ At BT A 005 7 D07 S MR R B AR A
AR WM I & 3 DR AEAG HIL i I A A= 9
fi#% 1,2,3-TCP 2N L EALBER A, 1Ah,
FE - 3 5 R K R RE AT A A [ R AL A S E 7
2, SE A MY S IR A W AN R A 2500
TS AW B E H AR A ATk

S5 S A E NS ARB I T
TR S5 0 A A AL TS Y1 Bl 5 BT
oo B, HORZEMEB (mZVI) 5 4P
(Biostimulation) # 2% & 7l 4 &4 B fift b T 7K Hp R
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[RSNGB 45 Y%, TR T 240k
BRAL B T OK IR, AR A A AL IR I i S
Bl F A R AR R SR LTS I A A, TR
IR AEYIRECE TR YT (RIR . LRRIFLIRSF
NG TR R B R AR AR RN ) SRR
PR K RN REM A I A K BB L, ARAR
WIEE A 5 PRARA AL el I AR A e A 1 R B B
AORERIEE 1,2,3-TCP 15 e bR (I 72 1 1%
SRR
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