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Advancesin biotic and abiotic mutual promoting mechanism
for chlorinated aliphatic hydrocar bons degradation

Shuai Liut, Tiantao Zhao™?, Zhilin Xing™?, Xu Yang', and Eryu Wang*

1 College of Chemistry and Chemical Engineering, Chongging University of Technology, Chongging 400050, China
2 College of Urban Construction and Environmental Engineering, Chongging University, Chongging 400045, China

Abstract: Chlorinated aliphatic hydrocarbons (CAHs) with characteristics of high toxicity, biological accumulation and
recalcitrance to degradation as well as carcinogenicity, teratogenesis and mutagenicity, are seriously harmful to human health
and ecological environment. CAHs degradation depends on biotic and abiotic responses that exist diversified interactive
effects, so it is important to clarify the mechanism of CAHs degradation via biotic and abiotic mutual promoting to
significantly enhance the CAHs-contaminated site restoration. In this work, a series of pathways for CAHs degradation was
first introduced and summarized as three means on reductive dechlorination, aerobic cometabolism and direct oxidation, and
biotic and abiotic typical factors affecting CAHs degradation were concluded from these. Then, mechanisms of induced
degradation and synergistic degradation were indicated from the perspective of mutual promoting degradation both with biotic
and abiotic responses, and furthermore, the application and technical limitations of CAHs degradation enhanced via biotic and
abiotic mutual promoting were reviewed and analyzed. Finally, the development of CAHs degradation technology in future
was prospected.

Keywords: chlorinated aliphatic hydrocarbons, mutual promoting degradation, induced degradation mechanism, synergistic
degradation mechanism
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Burkholderia Escherichia
Ralstonia Nitrosomonas
7 Pseudomonas
[18]
CAHs
Acinetobacter
Bacillus Achromobacter

Klebsiella Pseudomonas 5
Dehal ogenimonas
Dehalospirillum Dehalobacter Geobacter

Enterobacter Desulfitobacterium

&1 #E CAHsEARREMMEERTT N TR~

Dehalococcoides 7 Dehado-
Maymé6-Gatell PCE
Dehalococcoides
ethenogenes strain 195 tceA
VC
( pceA tceA vcrA
bvcA) [21]
H, HCIH, HCLH, HClIH, HCI
PC E\-/TCE\/DCE\—/ \7e Ethene
1 PCERWREZTEMRAKRMBREEREE

Fig. 1 Completely reductive dechlorination degradation
of PCE™,

Table 1l Degradation products of typical CAHs under different biodegradation manners

Aerobic cometabolism degradation Direct oxidation Reductive dechlorination
Types of degradation degradation
CAHs  Intermediate products Final Intermediate  Final Intermediate Final
products products products products products
CM M ethanol>! CO,*  Noreport CO,*  Noreport CH®
DCM CO, formaldehyde!* Cco,”  Noreport co®  cmi@ CH/®
CF Trichloromethanol, dichloroformaldehyde’®®, cO,”®  No report No pcM, cMi® cH,®@
formic acid®” report
CT No report No No report No CF, DCM, CH, %8
report report ~ CM®
CA Ethanol, acetic acid @ COo®  Noreport COo®  Noreport Ethane®®
1,2-DCA  2-Chloroacetaldehyde, 2-chloroethanol, CO®  No report co®  ca,vc Ethylend®”,
2-Chloroacetic acid, glycolic acid? ethand®
1,1,1-TCA 2, 2, 2-Trichloroethanol!*¥ Cco,”  Noreport No 1,1-DCA, Ethane!?®
report CA®
1,1-DCE, vCi*®
vC No report co®  Epoxyvinyl CO*?  Noreport Ethyleng®
chloride 1%
cisDCE  No report Cco  No report cot®  yci Ethyleng’®
TCE Epoxy trichlorethylene®®, co,™  Noreport No cis-DCE, VC!?  Ethyleng’®
trichloroacetaldehyde™®®, dichloroacetic acid, report
glyoxylic acid, formic acid!*®, trichloroacetic
acid, trichloromethane!®
PCE No report No No report No TCE, cisDCE, Ethylend
report report  vC®
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Table2 Common biotic degradation factors

Types of biodegradation Biotic degradation factors (microorgani sms) References

Aerabic cometabolism degradation Rhodococcus aetherovorans BCP1 [34]
Pseudomonas cepacia G4 [35]
Methyl osinus trichosporium OB3b [36]
Pseudomonas putida F1 [37]
Burkholderia cepacia G4 [38]
Recombinant Escherichia coli [33]
Pseudmonas mendocina KR1 [36]
Pseudomonas putida W619 [39]
Ralstonia pickettii PKO1 [40]
Nitrosomonas europaea [41]

Direct oxidation degradation Acinetobacter species [42]
Bacillus subtilis [42]
Bacillus cereus [42]
Achromobacter xylosoxidans [42]
Klebsiella [42]
Pseudomonas aeruginosa [42]

Reductive dechlorination degradation Dehal ogenimonas lykanthroporepellens [43]
Dehalospirillum multivorans [44]
Dehalobacter restrictus [45]
Geobacter lovleyi [46]
Enterobacter agglomerans [47]
Desulfitobacterium sp. strain PCE1 [48]
Dehal ococcoides ethenogenes strain 195 [20]

1.2 CAHsByIEE &R cis-DCE 113.15-835.85d™"
CAHs 11-DCE  500.05 d*
CAHs
(4] CAHs (5051 Fes CAHs
3 ( PCE TCE CT ) Lee
Fe’ Batchelor!®? PCE DCE VC
zn° Ferrey 4 (FeS,)
(FesOy) CAHs
cis-DCE 1,1-DCE
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Table3 Common abiotic degradation factors

Abiotic degradation factors Chemical formula Redox properties References
Zero-valent iron Fe° Reducing agent [53]
Zero-valent zinc zn° Reducing agent [54]
FeF OO (9
Mackinawite FeS Reducing agent [50]
Magnetite FesO, Reducing agent [49]
Pyrite FeS, Reducing agent [52]
Vivianite Fe3(POy)2:(H20)g Reducing agent [56]
Potassium permanganate KMnO, Oxidizing agent [57]
Fenton’s reagent Fe**, H,0, Oxidizing agent [58]
Persulfate N&a,S,05 Oxidizing agent [59]

CAHs
Orth  Gillham™ — TCE ) Femmgmm
Fe’ TCE
80% DCE CAHs FeS Fe;0,  FeS
VC TCE 3% CAHs Fe°
(C1-C4) (Sulfate-reducing bacteria SRB)
1- Gillhan  Hanesin'®® FeS
Fe’ 12 CAHs [60] SRB
S© Fe” FeS SRB H.S
>CT>1,1,1,2- >1,1,2,2- FeS Fes0,
>1,1,1-TCA>PCE>TCE>CF>1,1-DCE>VC>cCis- CAHSs
DCE> -1,2-DCE CAHs Fe;0,
CAHs Blakemore ~ [®
Aquaspirillum magnetotacticum Fes0,
(
Fes04 )
FesO4
2 CAHs 45 4 & Y o9 LR EARALH Lovley [
GS-15
FesO, GS-15
CAHs Fe;03 Fes0q4
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3
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/
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Fig. 2 The schematic of CAHs degradation via induced mechanism.
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Fig. 3 The schematic of CAHs degradation via synergistic mechanism.
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(O Water phase
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Zero balent
! iron particle

(O Oil phase

E 4 EzVI HBAREREEEOC

Fig. 4 The schematic and photograph of EZV4,

CAHs
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[66]
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1) Fe° CAHs
2 F  Fe* H, H,

3 FETFHEMMEN CAHS 7Ll H B
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CAHs

Kennedy
(Biogeochemical reductive dechlorination BiRD)
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(H29) FeS
H,S
Fe(Ill) Fe(I) / (
a-FeOOH) FeS FeS
FeS, (1)—5)
2CH,0+S0,* —2HCO; +H,S (g) (1)
2FeOOH (s) +3H,S (aq) —2FeS (s) +S° +4H,0 (2)
Fe (OH),+H,S—FeS+2H,0 (3)
2FeS+S’—FeS,+FeS (4)
AFeS+9C,HCl3+28H,0—4Fe (OH)s+
4S0,” +9C,H+27CI +35H" (5)
Kennedy BiRD
PCE TCE DCE
950 &9
Peale EHC® KB-1° (
Dehal ococcoides ethenogenes)
TCE TCE
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90d 6 4 TCE
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Fe° CT CF
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FeS & Geobacter metallireducens 0> >Mn (IV) >
Fe;0, CAHSs Dehalococcoides ~ Fe(IlT) >CAHs> >CO,/ 1727 o,
spp. Dehalococcoides ethenogenes  Dehal obacter CAHs
Methanosarcina barkeri Methanosarcina Fe(IIT)
thermophila Methanosaeta concilliis (7. 74-75)
( 4 Paul [ Fe(ITT) TCE
CAHs Fe(II)
(5) CAHs
CAHs Fe(Ill) BiRD
CAHs [69] Fe(I1D)
CAHs
CAHs CAHs
(77
CAHs CAHs
( 5 (78 CAHs
[70]
[70-71]

®4 HEEVMSIEEYIIERN CAHS ERHR

Table4 Study on degradation of CAHs by the combination of biotic and abiotic processes

Technology Abictic factors Microorganism Typesof  Types Result References
or reagent degradation  of
mechanism CAHs

BiRD FeS (SRB induced SRB Induced PCE, Lessthanayear, PCE, TCE and [68]
production) TCE, DCE degradation rate of up to

DCE 95% or more.

NTR Fe;0,4 (Geobacter Geobacter Induced CT The mineral-mediated (abiotic) [79]
metallireducensinduced metallireducens reaction was estimated to be
production) 60-260-fold faster than the biotic

reaction throughout the incubation
period.

NTR Carboxymethylcellulose Dehalococcoides  Synergistic  PCE, The abundance of [80]
(stabilizer), nanoscale Spp. TCE, Dehalococcoides spp.

Fe° CF  immediately increased by 1 order
of magnitude, distinctly higher
CAHs degradation occurred when
compared to control wells.

EHC® Controlled-release KB-1% Synergistic TCE  Lessthan ayear, TCE [11]

carbon, Fe’, nutrients (Dehalococcoides
ethenogenes)

concentration decreased from
11 000 pg/L to lessthan 5 pg/ L.

http://journals.im.ac.cn/cjbcn



X FISRIEEEN SIEEM T EEBNIHATHRE

EZVI

NTR

Surfactant, Fe°,
vegetable oil, water

Indigenous
microorganism

Synergistic TCE
concentrations (>80%) were
observed at four of the six soil
sampling locations within 90 days
of EZVI injection. Significant
reductions in TCE groundwater
concentrations (57% to 100%)
were observed at all depths
targeted with EZV1.

Fe° Dehalobacter Synergistic CF
formation was up to 8-fold faster
and 14 times higher, respectively,
when a Dehal obacter-containing
enrichment culture was combined

with Fe” compared with Fe” alone.

Significant reductionsin TCE soil  [64]

CF transformation and DCM [81]

519

|solated from the
landfill of Dover
Air Force Base

NTR Fe®, H, Synergistic TCE

NTR Fe° Methanosarcina ~ Synergistic  CT,
barkeri, CF
Methanosarcina
thermophila,
Methanosaeta
concillii

Rapid formation and degradation
of cis-DCE was observed in
reactors containing cells plus Fe°
or H, as a bulk reducing agent.
High levels of VC were formed
and very similar profiles were
obtained in the Fe° plus cell and
H, plus cell reactors, but not in
Fe’-only reactors.

The rate and extent of carbon CT
and CF dechlorination were
enhanced when a methanogenic
enrichment culture and Fe® were
incubated together.

(82]

[66]

Notes: NTR represent non-technology or reagent.

[nhibit reductive dechlorination

CAHs .

Compete for electron donors
Poorly crystalline Fe (111} minerals
CAlls Compete for electron donors
Sulfate

degrade CAHs

Oxidisc organic matter in preference to CAHs
(result in a lack of carbon source)

Restrict the aclivity of bacleria and cause
changes in microbial population structure

degrade CAHs

Chemical oxidation G Inhibit biodegrade CAHs

Inhibit reductive dechlorination

5 CAHsHIHIERREE
Fig. 5 The schematic of the inhibition of CAHs degradation.
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4 ‘ﬁé é;é[: "‘3 %é NTR Non-technology or reagents
PCE Perchloroethylene
CAHs SRB Sulfate-reducing bacteria
CAHs TCA Trichloroethane
TCE Trichloroethylene
VC Vinyl chloride
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