Membrane and Water Treatment, Vol. 13, No. 2 (2022) 85-95
https://doi.org/10.12989/mwt.2022.13.2.085

Estimating anaerobic reductive dechlorination of chlorinated
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Abstract.  Tetrachloroethylene (PCE) and trichloroethylene (TCE), critical pollutants to human health and groundwater
ecosystems, are managed by groundwater quality standards (GQS) in South Korea. However, there are no GQSs for their
by-products, such as cis-dichloroethylene (DCE) and vinyl chloride (VC) produced through the dechlorination process of PCE
and TCE. Therefore, in this study, we monitored PCE, TCE, cis-DCE, and VC in 111 national groundwater wells for three
years (2016 to 2018) to evaluate their distributions, a biological dechlorination possibility, and human risk assessment. The
detection frequency of them was 30.2% for PCE, 45.1% for TCE, 43.9% for cis-DCE and 13.4% for VVC. The four chlorinated
compounds were commonly detected in 21 out of 111 wells. In the results of statistical analysis with 21 wells data, DO and
ORP also had a negative correlation with four organic chlorinated compounds, while EC and sulfate has a positive correlation
with the compounds. This indicates that the 21 wells were relatively met with suitable environments for a biological
dechlorination reaction compared to the other wells. Finally, cis-DCE had a non-carcinogenic risk of 10" and the carcinogenic
risk of VC was 107 or higher. Through this study, the distribution status of the four chlorinated compounds in groundwater in
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South Korea and the necessity of preparing plans to manage cis-DCE and VVC were confirmed.
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1. Introduction

In recent years, the quality of the groundwater inside
industrial complexes has become a critical issue as the
advancement of industries results in using more
tetrachloroethylene (PCE) and trichloroethylene (TCE) (Kim
et al. 2019). The existence of chlorinated aliphatic
hydrocarbons (CAHs) such as TCE, PCE, DCE (cis-
dichloroethylene), and VC (vinyl chloride) causes
groundwater contamination within industrial complexes
(Kim et al. 2019). For non-drinking groundwater in South
Korea, TCE and PCE are included in the criteria of
groundwater quality guidelines under environmental quality
regulations (Ministry of Environment 2019). The Ministry of
Environment has started a program called ‘Plans for the
Installation of a Groundwater Quality Monitoring Network
(GQMN) and Measurement of Water Pollution’ to monitor
domestic groundwater quality domestically. In the program,
TCE and PCE levels are of major interest. Internationally,
the World Health Organization is also interested in CAHs
(e.g., TCE, PCE, DCE, VC) because they are major
contaminants in water. In addition, PCE and TCE can be
completely degraded into DCE and VC (carcinogenic
compound) through a reductive dechlorination process (Xiao
et al. 2020, Holliger et al. 1998), possibly by bacteria
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(Dehalococcoides ethenogens) with complete dichlorination
ability (Nijenhuis et al. 2016). There are two isomers of
DCE: cis-DCE and trans-DCE. The isomer form of the DCE
is usually cis-isomer in the water-related environment. VC
could be created in the course of PVC production and it can
exist as a metabolite from the dechlorination of TCE and
PCE in groundwater (WHO 2017).

TCE and PCE are usually discharged from industrial
complexes or ground storage facilities and flow into
groundwater (Park et al. 2013). They move through the flow
direction of groundwater at earlier stages. TCE is an example
of the substance called DNAPL (dense non-aqueous phase
liquid), of which specific gravity is higher than that of water.
Therefore, TCE can move to lower positions in the
groundwater due to its gravity. During its movement, it is
transformed into other forms such as DCE and VVC due to the
generation of DNAPL pools (Kim 1998). If TCE goes into
fractured rocks in particular, it is not easy to remove TCE
from water (Kavanaugh et al. 2003, Kim et al. 2019,
McCarty 2010). To remove chlorinated organic compounds
(e.g.,, TCE) from groundwater, many water purifying
methods have been developed (Kavanaugh et al. 2003) such
as thermal process, oxidation/reduction reaction, and
biological processes. Anaerobic organisms used for
reductive dechlorination methods are reported as the most
economical method compared to other purification methods
(Yu et al. 2012), which eliminates highly concentrated TCE
effectively (Park et al. 2012). This method with electron
acceptor gradually transforms PCE into TCE, cis-DCE, and
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VC and the final product is ethylene. Reductive
dichlorination preferentially takes place under anaerobic
condition.

Anaerobic reductive dechlorination in groundwater
contaminated with TCE, South Korea, was confirmed in
earlier studies. Jeen et al. (2016) reported that once TCE
increase, both increase of the cis-DCE and the detection of
VC by following groundwater direction were monitored
because of the anaerobic dechlorination. Lee et al. (2014)
also suggested the need for the management of DCE and VC
in groundwater, South Korea, because the by-products were
detected in wells contaminated with TCE by the biological
dechlorination process. Therefore, we evaluated an existing
pattern of the four chlorinated compounds and the
occurrence possibility of reductive dechlorination process to
obtain management need of DCE and VC with PCE and TCE
as groundwater standards, South Korea.

To confirm ideal groundwater condition for reductive
dichlorination, we analyzed variation characteristics of four
CAHs (TCE, PCE, cis-DCE, VC) compared with field
components such as dissolved oxygen (DO), oxidation-
reduction potential (ORP), and electric conductivity (EC),
possibly related to anaerobic biological dechlorination in
non-drinking groundwater wells. In addition, microbial
dynamic analysis was performed to prove a biological
reductive dechlorination process, and a risk assessment was
conducted to determine whether the concentrations of the
four chlorinated organic compounds were abnormally high.

2. Materials and methods
2.1 Groundwater collection

This study selects about 77 - 111 research points in areas
with concerns about the contamination for non-drinking
water in South Korea according to the GQMN while
considering hydraulic and geological characteristics as well
as contaminants. Through monitoring for three years
between 2016 and 2018, the study focuses on the analysis of
580 samples. Items for analysis include field items for
measurement (e.g., pH, ORP, DO, EC, Temp., HCOy),
cation & anion (e.g., Ca?*, Mg?*, Na*, K*, CI', NOs, HCOgs’,
S04%) and chlorinated organic compounds (e.g., PCE, TCE,
cis-DCE, VC). Based on such analysis, this study seeks the
possibilities of natural attenuation of TCE in groundwater.
Table 1, as shown below, indicates the information on the
selected well:

In order to find more details of the various characteristics
of chlorinated organic substances in each aquifer, there was
monitoring for three years. By selecting monitoring wells
with accumulated data for three halves or more (21 wells and
94 samples, except the wells with no detection of data), the
survey tried to elicit variation characteristics.

Groundwater samples were taken by the guidelines of
ISO 5667-11 and treated and stored by the guidelines of ISO
5667-3. Additional water was sampled in glass vials (40 mL)
that were coated with polytetrafluoethylene (PTFE) with
septum attached without headspace for chlorinated organic
compound analysis. For water samples, on-well chemical
analysis was conducted at the study well using a mobile

Table 1 Environment and contamination sources around
groundwater monitoring wells

Classification Sources
Far(r;)mg Agricultural water use area (2)
Water Pollution concern river area (5)

(56) Industrial area (51)

Regional General waste landfill area (9)
groundwater Waste  Designated waste landfill area (2)
near various (18)  The area near the manure treatment

contaminant
sources (114)

plant (7)

Resident health survey area (4)
Amusement Park & Park area (3)
Golf course area (3)

Urban residential area (21)
Storage tank area (7)

% The number of monitoring wells are indicated parenthesis

Etc.
(38)

water quality device (ProPlus Multiparameter, YSI, USA)
with elements of temperature, pH, the electrodes of DO,
ORP and EC installed. In addition, real-time field monitoring
by using a flow cell was utilized in order to secure the
background groundwater that flows into the actual aquifer
during pumping. Water samples were stored in coolers after
being wrapped in plastic bags to prevent breakage and the
samples were stored in refrigeration at a temperature of 4°C.

2.2 Sample analysis

Cation’s analysis was performed based on the guidelines
suggested by Standard method 3120 (ASTM, USA).
ICP-OES (Perkin Elmer, Optima 8300, USA) was used for
cation analysis. Anions were analyzed based on the Standard
for the Qualities of Drinking Water (ES05357.1c) of the
South Korea with IC (Metrohm, 850 Professional,
Switzerland). HCOs was measured through titration by
using 0.05 N-HCI, while samples were taken on time at the
same time (Carranzo 2012). Chlorinated Organic
compounds analysis was performed using Purge and Trap-
gas chromatograph/mass (GC/MS), adopted by the Standard
for the Qualities of Drinking Water (ES05601.1c) of the
South Korea. A purge was carried out for 11 minutes after
injecting 25 mL of samples. The absorbed sample was then
desorbed for 2 minutes at 250°C before injection. The
DB-VRX column was used on the GC/MS. The mass
spectrum of each of the four volatile types of chlorinated
organic compounds and internal standard substances was
checked at the scan mode. After selecting characterized ions
by substance, the selected ion monitoring was used for
analysis. For sample doses, the internal standard method was
applied. The initial rising-temperature conditions for the
analysis device were set at 40°C so that the items for analysis
could be erupted at a lower temperature and flow into the
column.

2.3 Statistics analysis
With 580 sample data from the three years study, the

Pearson’s correlation analysis was performed by using
SPSS21.0 to identify a linear correlation among four
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Table 2 Risk assessment equation for groundwater exposure pathways (ingestion, dermal contact, and inhalation)

(EPA 2004, Means 1989, Ministry of Environment 2007)

Exposure Equation Cancer risk Non-cancer risk
pathway
Ingestion ADD = Cw X CRw X EF X ED
B BW x AT Excess Cancer Risk HI (Hazard Index)
Dermal ADD = DAgyent X EVXSA X EF X ED X CF = ADD (Average Daily = Z HQs (Hazard Quotients)
contact N BW X AT Dose) x SF (Slope ADD (AverageDailyDose)
Inhalation  ADD — Cw X IR X ET x EF x ED x CF x VF Factor) = RED (Reference Dose)
BW X AT

% ADD (average daily dose), C,, (chemical concentration in groundwater), Cg,, (intakes from ingestion of groundwater used as drinking water), EF
(exposure frequency), ED (Exposure duration), BW (body weight), AT (averaging time), DAeent (absorbed dose per event), EV (event frequency),
SA (skin surface area), CF (unit conversion factor), IR (ingestion rate), ET (exposure time), VF (volatilization factor)

Table 3 Toxicity and carcinogenicity of VC, cis-DCE, TCE and PCE

Inhalation Exposure

Oral Exposure

Substance for survey

Unit Risk RfC SF RfD
(ng/im®)* (mg/m?) (mg/kg-day)™* (mg/kg-day)
VC 4.4x10 1x10 7.2x10' 3x10°
cis-DCE - - - 2.1x10°
TCE 4.1x10 2x10°3 4.6x102 5x10
PCE 2.6x107 4x10?2 2.1x10° 6x10°3

% (1): Proposed Guidelines for Carcinogen Risk Assessment (USEPA 1996)

(2): Guidelines for Carcinogen Risk Assessment (USEPA 2005)

chlorinated organic compounds (PCE, TCE, cis-DCE, and
VC), well items (DO, pH, EC, ORP, temperature) and anions
(NOz, SOg4, CI). In particular, the principal component
analysis (PCA) was implemented to find factors that can
affect concentration changes and the distribution of
chlorinated organic compounds at every groundwater well.

For the analysis of the main components and factors of
groundwater quality parameters, the rotation method called
Varimax was applied: it was necessary to allow the
correlation between factors so that water quality parameters
can be precisely allocated to the relevant factors. Among the
orthogonal rotation methods that enable researchers to find
out meanings of factors and freely interpret the analysis
results, the Varimax method can simplify and interpret
results by maximizing the sum of distribution in order to
reduce the number of parameters. To confirm the data
validity before carrying out factor analysis, results of the
Kaiser Meyer Okkin (KMO) test and Bartlett’s test were
used. The number of the extracted factors is limited to two
while considering the total variance explained as well as the
values of which the eigenvalue is larger than 1. The Varimax
method was applied to analyze factor rotation. If the absolute
value of loaded factors is 0.4 or higher, it is regarded as
meaningful. Moreover, it is regarded as meaningful only if
the P-value is 0.05 or lower.

2.4 Stable isotopes (6*3C, 6°’Cl) analysis
This study requested the Environmental Isotope Lab,

University of Waterloo, to carry out some tests: by applying
the continuous flow isotope ratio mass spectrometry, the

analysis found out the isotope ratio of 8*3C and &°'Cl by type
of four chlorinated organic compounds that are included in
the same sample. In order to implement the online analysis of
the isotope of §'°C and &% Cl, the GC-IRMS system was
used. Here, the device for mass spectrometry was made by
Thermo, while the 7890 model (Agilent Technologies Inc,
Santa Clara, CA, U.S.A.) was used for GC-IR.

2.5 Groundwater quality type assessment

The piper diagram was applied by using cations and
anions: The piper diagram has the categories of Na* type
(Na* and K* are dominant) and Ca?* type (Ca?>* and Mg?*
are dominant) for cations, and HCOs type (HCOs is
dominant) and CI- type (SO4%, CI- and NOs™ are dominant)
for anions. The final types of water quality are divided into
four types: Ca?*-(CI'+NOj3), Ca?*-HCOs3, Na*-(Cl'+NOs),
and Na*-HCOjs". Ca?*-HCOjs indicates shallow groundwater
conditions, Ca?*-(CI+NO3) for artificial contamination,
Na*-HCOjs for the reaction when shallow groundwater
meets an underground structure, and Na*-(CI'+NOg) for the
influence of seawater (Cho and Sung 2013, Jeon et al. 2002,
Ministry of Environment 2013, Na and Son 2005).

2.6 Risk assessment by considering exposure
passages of groundwater

The risk assessment was conducted to see whether the
four CAHs are carcinogenic risk or not for human bodies.
Table 2 suggests the relevant equations and factors. Among
pollutants in groundwater, the concentration that is 95
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percentiles following EPA risk assessment process (EPA
1992, EPA 2001) of the analysis results of each pollutant on
this study by extracting through crystal ball; ver. 11.1.2.4
(Oracle Crystal ball, Oracle, Redwood City, CA, U.S.A.)
was applied as Cy, (chemical concentration in groundwater).
The concentration of non-detect samples was selected by
applying the half-value of each item’s limit of quantification
(LOQ). Toxicity information was collected for the risk
assessment of chlorinated organic substances from US EPA
IRIS (see Table 3) (EPA 2016). As per cis 1,2-DCE, this
study could not conduct the risk assessment for exposure
passage of intake and carcinogenic risk as there was no value
for reference concentration (RfC) and cancer slope factor
(SF). The risk assessment considers the following exposure
passages of groundwater: intake by drinking, intake by
non-drinking (unintentional intake), skin contact, and indoor
inhalation of steam. For the passage of skin contact and
intake by drinking/non-drinking, the study complies with the
guidelines of the US EPA risk assessment. This study
follows the guidelines of the US EPA for an indoor inhaling
of steam through dishwashing, and it complies with the
guidelines of MCP GW-1 Standards for the indoor inhaling
of steam through showering (Massachusetts 2016).

2.7 Microorganism analysis

The program called Miseq made by Illumina was
utilized for microorganism analysis. PCR amplification and
Illumina sequencing were performed. First, PCR
amplification was performed using primers targeting from
the V3 to V4 regions of the 16S rRNA gene with extracted
DNA. For bacterial amplification, primers of 341F
(5’-TCGTCGGCAGCGTC-AGATGTGTATAAGAGACA
G-CCTACGGGNGGCWGCAG-3’; underlining sequence
indicates the target region primer) and 805R (5°-GTCTCG
TGGGCTCGG-AGATGTGTATAAGAGACAG-GACTAC
HVGGGTATCTAATCC-3’) were used. The amplifications
were carried out under the following conditions: initial
denaturation at 95°C for 3 minutes, followed by 25 cycles
of denaturation at 95°C for 30 seconds, primer annealing at
55°C for 30 seconds, and extension at 72°C for 30 seconds,
with a final elongation at 72°C for 5 minutes. Then,
secondary amplification for attaching the lllumina NexTera
barcode was performed with an i5 forward primer
(5>-AATGATACGGCGACCACCGAGATCTACAC-XXX
XXXXX-TCGTCGGCAGCGTC-3’;X indicates the barcode
region) and i7 reverse primer (5’-CAAGCAGAAGACGGC
ATACGAGAT-XXXXXXXX-AGTCTCGTGGGCTCGG-
3”). The condition of secondary amplification was equal to
the former one, except the amplification cycle was set to 8.

The PCR product was confirmed by using 2% agarose
gel electrophoresis and visualized under a Gel Doc system
(BioRad, Hercules, CA, U.S.A.). The amplified products
were purified with the QIAquick PCR purification kit
(Qiagen, Valencia, CA, U.S.A.). Equal concentrations of
purified products were pooled together and removed short
fragments (non-target products) with the Ampure beads kit
(Agencourt Bioscience, MA, U.S.A)). The quality and
product size were assessed on a Bioanalyzer 2100 (Agilent,
Palo Alto, CA, U.S.A)) using a DNA 7500 chip. Mixed

amplicons were pooled and the sequencing was carried out
at Chunlab, Inc. (Seoul, South Korea), with an Illumina
MiSeq Sequencing system (lllumina, U.S.A.) according to
the manufacturer’s instructions. For the Miseq pipeline
method, raw processing reads start with a quality check and
filtering of low quality (<Q25) reads by trimmomatic 0.321.
After a QC pass, paired-end sequence data were merged
using PandaSeg2. Primers were then trimmed with
ChunLab’s in-house program at a similarity cut-off of 0.8.
Sequences are denoised using Mothur’s 3 pre-clustering
program, which merges sequences and extracts unique
sequences allowing up to 2 differences between sequences.
The EzTaxon database is used for Taxonomic Assignment
using BLAST 2.2.224 and a pair-wise alignment of 5 is
used to calculate similarity. Uchime 6 and the non-chimeric
16S rRNA database from EzTaxon are used to detect
chimera on reads that contain a less than 97% best-hit
similarity rate. Sequence data is then clustered using
CD-Hit 7 and UCLUST 8, and an alpha diversity analysis is
carried out.

3. Results and discussion

3.1 General information of on-well groundwater
sample analysis across 3 years

As a result of field measurements for all wells (111
wells, 580 samples), the median values are 515.8 puS/cm
(minimum 14.5 ~ maximum 2,584 uS/cm) for EC, 190.5
mV (minimum -153 ~ maximum 2,166 mV) for ORP
showing reductive conditions where ORP is less than 200
mV, and 4.1 mg/L (0.2 ~ 11.4 mg/L) for DO (Song et al.
2017).

Meanwhile, the median values for each item in walls (21
wells, 94 samples) with detection of four compounds show:
590 puS/cm (109.8 ~ 1,747 uS/cm) for EC, 141.3 mV (-153
~ 396.7 mV) for ORP, and 2.7 mg/L (0.2 ~ 11.4 mg/L) for
DO. In comparison with the two groups, wells in 21 wells
showed a relatively high tendency for EC, and relatively
low values for DO and ORP. This shows that aquifers in 21
wells were relatively equipped with suitable environments,
such as having a low oxidation state (reductive condition)
for the biological reductive dechlorination of CAHs by
microorganisms compared to the other wells (L6ffler et al.
1999, WDNR 2014).

3.2 Piper diagram

Piper diagrams are used to evaluate groundwater type
(Walter et al. 2017). As a result, a total of 580 groundwater
samples are divided into four types: Ca?*-(CI'+NOs) type
(45%) indicates artificial contamination, Ca?*-HCOs type
(50%) indicates shallow groundwater  condition,
Na*-(CI'+NOs’) type (2%) indicates reaction when shallow
groundwater meets an underground structure, and
Na*-HCOs type (3%) indicates the influence of seawater,
respectively (Cho and Sung 2013, Jeon et al. 2002, Ministry
of Environment 2013, Na and Son 2005).
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Table 4 Summary of chlorinated organic compounds in groundwater during the study (n = 580, 2016~2018)

Parameters PCE TCE cis-DCE VC

Detection frequency (%) 30.2 451 439 134

Minimum Limit of Quantitation (LOQ) (ug/L) 0.17 0.156 0.115 0.17

Average 13.6 18.8 19.1 0.4

Maximum 20794 1088.6 727.9 30.7

Standard exceeding rate (%)" 5.4 10.8 8 5.3

Annual average concentration increase/decrease value (g /L/year) 6.9 -5.3 -12 0.2
Annual average concentration increase/decrease rate (%/year) +230.1 -21.9 -6.2 +168.5

* Standard exceeding the rate

- PCE, TCE : Korean groundwater quality standard concentration (PCE : 10 ug/L, TCE : 30 pg/L).
- cis-DCE : US EPA drinking water standards and health advisories tables (conc. : 70 ug/L).

- VC : Korean drinking water monitoring criteria (conc. : 2 pg/L).
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Fig. 2 Concentration and rate of monitored chlorinated
organic compounds (All wells)

3.3 Distribution of chlorinated organic substances in
groundwater

Detection frequency, average and maximum detection
values, each of the four CAHs for three years (2016~2018)
were listed in Table 4. Individual values for four CAHs
monitored in 580 samples at 111 wells for three years are
displayed in Fig. 1.

The concentration ranges of four CAHSs are between ND
(non-detection) and 2,079 pg/L for PCE, between ND and
1,088 pg/L for TCE, between ND and 727 ug/L for
cis-DCE, and between ND and 30 upg/L for VC. The
detection frequency is: 45.1% for TCE, 43.9% for cis-DCE,
30.2 % for PCE, and 13.4% for VVC.

Trends in concentrations of four CAHs for about three
years are shown in Fig. 2. Among the four CAHs, the
fraction of PCE was 29.4% in 2018, above five fold higher
than 5.1% in 2016. On the other hand, cis-DCE, a biological
reduction by-product of PCE and TCE, were detected
relatively constant (47.7% ~ 43.5%).

In particular, the detection level and frequency of
cis-DCE confirm to be relatively higher than that of VC.
Ahn et al. (2006) reported that intermediate products with
low chlorine volumes such as cis-DCE or VC may have
issues of degradation, in general, depending on field
conditions, which may result in accumulation. The more
chlorine water that is substituted from intermediate products
in the course of dechlorination, the slower the dechlorination
speed, which may result in the accumulation of intermediate
products such as DCE and VC (Ministry of Environment
2009, Vogel et al. 1987). Based on the study results, it is
regarded that the dechlorination turning PCE and TCE in
groundwater into cis-DCE goes relatively smoothly as there
are several substituted chlorines. In contrast, the complete
dechlorination of PCE and TCE to ethylene gets delayed or
suspended due to a lack of electron donors, nutrients, and
microorganisms such as Dehalococcoides spp. The
accumulation of cis-DCE, one of the intermediate product
elements of dechlorination, was confirmed in monitored
aquifers and the pattern was also monitored in previous
studies (Aeppli et al. 2010, Dolinova et al. 2017, Gafni et
al. 2020, Hunkeler et al. 2011), showing that dechlorination
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Table 5 Simultaneous detection of two chlorinated organic
compounds (n = 269)

Compounds PCE TCE  cisDCE  VC
(n=179) (n=269) (n=260) (n=80)
PCE 100%  62.1%  59.6%  68.8%
TCE 93.3%  100%  86.9%  97.5%
cis-DCE 86.6% 84% 100%  97.5%
vVC 30.7% 29% 30% 100%

Table 6 The result of VOCs distribution percentage for six
wells

nl}/r\r/g;rs n* PCE (%) TCE (%) cis-DCE (%) VC (%)
v S E Am o
AN
-
Weld 7 5% has  1aee oss
Wes 1 AEE  272x  E752: 103
wis w2 o

n*: The number of samples used

from cis-DCE to VC was slow.

The simultaneous detection pattern of four CAHs is shown
in Table 5. TCE was detected in all wells (n = 269) as shown,
but the detection rate of their by-products was sequentially
decreased (TCE > cis-DCE > VC). Notably, the simultaneous
detection rate of TCE and DCE in wells where VVC was detected
is 97.5%, respectively. That is, most of the TCE and cis-DCE
were detected simultaneously in the VC detection wells. This
seems to be the basis for the possibility of progression of
dechlorination reactions in the field, considering the above-
mentioned changes in the average concentration for each
compound (VC increase, cis-DCE and TCE decrease trend) over
time.

3.4 Monthly monitoring of chlorinated organic
substances

To draw the variation characteristics by period from the
aquifer in natural flow status, six wells with a relatively
high concentration of PCE and TCE were selected for
monthly monitoring (see Table 6).

As a result of the monthly monitoring, there are three
degradation characteristics found that depend on biogeo-
chemical characteristics in the aquifer: PCE, TCE —
cis-DCE; well 1, PCE, TCE — VC; well 2, 3, 4, 5, and
no-degradation; well 6. In most aquifers in this survey, it
confirmed that there has been degradation up to the stage of
cis-DCE. As per the seasonal variation characteristics of
chlorinated organic substances, there was no obvious
change of the substances by period. As time went on and
the process went by TCE — cis-DCE — VC, dechlorination
continued. However, the degradation rate varied. According
to Fennel et al. (2001) and Hendrickson et al. (2002), there
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Fig. 3 Factor loading plot (PC1 vs PC2) by principal
components analysis

is an accumulation in ethylene or intermediate products
(e.g. cis-DCE, VC) by the complete dechlorination of TCE
depending on the organisms within the underground
aquifer. At well 1, chlorinated organic pollutant amounts
decreased as there was intensive rainfall in July and August
2017 (37.27a MMoOlL — 18.9tota Mmol/L). The
composition rate of chlorinated organic substances was
almost the same after inputting PCE (3.5% — 42.0%) into
the aquifer since 2017. That suggests that dilution due to
rainfall or inflow differences may cause some changes, but
it does not make huge differences for the composition rate.
Here, it is confirmed that the decrease in the concentration
of chlorinated organic substances is highly influenced by
dichlorination.

3.5 Correlation characteristics analysis of groundwater
quality

In over 50% of the entire number samples, the
chlorinated organic compounds were not detected from the
monitoring of this study. If the number is ignored or
deleted, the total average value could have a great error.
That is why this study replaced the concentration volume of
ND samples with half of LOQ by Method 2 as mentioned
by Hornung and Reed (Hornung and Reed 1990). After the
replacement, all the concentration data logs became
transformed. Other data logs of factors that did not go
through normalization also became transformed.

The correlation characteristics analysis among
parameters of groundwater quality was listed in Table 7. In
particular, DO and ORP have a negative correlation with
the four chlorinated organic compounds, while they react to
complete anaerobic conditions (Aulenta et al. 2006). EC
showed a positive correlation with the four compounds. In
general, EC is an indicator of the inflow of pollutants in
groundwater. Sulfate ions showed a positive correlation
with chlorinated organic compounds, which is regarded to
be related to sulfate reduction (Saiyari et al. 2018).

3.6 Principle components analysis for groundwater
quality parameters

Table 8 and Fig. 3 indicate what the analysis results
showed. PC1 can be used to accurately check the negative
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Table 8 Rotated factor matrix extracted from principal omponents analysis

Variable PC1 PC2

cis-DCE 0.91 0.13

TCE 0.88 0.04

PCE 0.82 0.04

VvC 0.69 0.02

DO -0.44 -0.25

ORP(Eh) -0.24 -0.23

EC 0.26 0.85

S04 0.29 0.81

CI 0.33 0.72

pH -0.18 0.48

NOs 0.11 -0.36

Temp. 0.09 0.16

Eigenvalue 39 1.8

Variance explained (%) 27 20
Table 9 Risk assessment of organic chloride compounds for the 3-year study periods
Cancer risk
Compounds _ Yes .
Ingestion Ni%ggg?nry Dermal Inhalation Non-drinking N%ﬁn:rllm?(:% g
VvC ° o ° o ° °
cis-DCE - - - - - -
TCE ° ® ° o ° °
PCE ® o ® o ® ®
No
Compounds Ingestion Ni%ggﬁﬁy Dermal Inhalation Non-drinking lerr:n;rllr:]?(f:g

VC O a O O m] [m]
cis-DCE [ m] [ - [ [
TCE | (m] | | [ [ ]
PCE O] O O] O] [ [ ]

% Cancer Risk: e (Cancer Risk > 10), ® (107 < Cancer Risk <10®), o (Cancer Risk < 107)
Non-Cancer Risk(HI) : m (HI > 0.1), m] (0.01 <HI<0.1), o (HI<0.01).

correlation between chlorinated organic compounds and
items to indicate the redox degrees (DO, Eh). In particular,
positive correlations among three of the chlorinated organic
compounds except for VC (> 0.6) allowed this study to
confirm the consecutive microbiological dechlorinating and
cis-DCE accumulation (Ministry of Environment 2009,
Vogel et al. 1987).

3.7 Risk assessment of
substances

chlorinated  organic

Table 9 indicates the results of the risk assessment
analysis for chlorinated organic substances. As a result of
the risk assessment for chlorinated organic substances
including TCE, the carcinogenic and the non-carcinogenic
risk of compounds is calculated as in 10 (carcinogenic)

and 1 or more (non-carcinogenic). This suggests that there
is a chance of overestimation for the 95th percentile
concentration of some substances, as some wells are
detected with high concentrations of such substances. In the
end, however, all VC (by-product of dechlorination of TCE
and PCE that are not included in the criteria of the current
groundwater quality standards) and cis-DCE showed a
certain level of risks to humans. Accordingly, there is a
need for management measures. The carcinogenic risk of
VC is at the level of 10, while the non-carcinogenic risk of
cis-DCE is at the level of 101,

3.8 Microorganisms in groundwater

This study selected five wells where the four chlorinated
organic substances (PCE, TCE, cis-DCE and VC) were
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Pseudomonas mandelii group(17.95%)
HQ403201_s(17.15%)
JF429284_s(7.15%)
Agitococcus_uc(6.87%)
Coxiellaceae_uc_s(3.4%)

Pseudomonas azotoformans group(3.13%)
Simplicispira limi(2.69%)
Janthinobacterium lividum group(2.1%)
Rhodoferax saidenbachensis(1.92%)
Albidiferax ferrireducens(1.89%)

(b) Species of microorganisms in groundwater well 1
Fig. 4 Microorganism cluster in groundwater samples

detected to see microorganisms that are related to the
dechlorination process in groundwater (see Fig. 4 (a)).
In-situ bioremediation (ISB) is a technique that uses
reductive chlorination under the sulfate reducing conditions
at a well where soil and groundwater are contaminated by
TCE, which is known as an economical way of purification
(Marco-Urrea et al. 2015, Saiyari et al. 2018). The
reductive chlorination under the sulfate reducing conditions
can happen along with denitrification, sulfuric acid, and
steel reduction. In this case, nitrate, manganese, and CO;
can replace hydrogen as electron acceptors (EPA 2006). In
particular, nitrate is preferred for use over other electron
acceptors for replacement compared to oxygen, manganese,
and iron (Leeson et al. 2004). Taking all these into
consideration, the ecosystem analysis of microorganisms
checked whether those microorganisms have functions of
denitrification and reduction of chlorinated organic
compounds. As a result of the analysis, all five wells
showed high distribution rates of 10 species including the

Pseudomonas veronii and Pseudomonas mandelii groups as
well as 10 families such as Sterolibaterium.f and
Comamonadaceae (see Fig. 4(b)). It turned out that micro-
organisms that belong to groups such as Comamonadaceae,
Pseudomonas veronii and Rhodoferax saidenbachensis are
related to  denitrification, and Comamonadaceae,
Pseudomonadaceae, and Pseudomonas mandelii are related
to the degradation of organic compounds (Coleman et al.
2002, Elsner et al. 2005, Khan et al. 2002, KEMB 2020, Li
et al. 2014). Also, Geobacter, Desulfitobacterium,
Desulfuromonas, Dehalobacter, and Dehalococcoides were
found from some wells that help dechlorination of TCE and
PCE (Saiyari et al. 2018).

The isotopic analysis of 8*3C and 8% Cl for TCE and
DCE was conducted to see whether cis-DCE is created as a
metabolite during the dechlorination process of TCE. As a
result, the isotopic rate (%o) of 8**C for cis-DCE increased
compared to that of 3*3C for TCE, while the isotopic rate
(%o0) of 3°'Cl decreased (see Table 10).
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Table 10 Comparison for stable isotopes of carbon and
chloride between TCE and cis-DCE

TCE cis-DCE
WELL d13C §¥Cl d13C 5¥Cl
Ouu
GW1 -27.2 3.1 -22.8 1.6
GW4 -26.5 2.7 -24.6 0.9
GW10 -24 05 -22.1 -0.3
Gw11 -27.7 11 -27.8 0

This was in line with previous findings that the TCE
concentration decreased while the concentration of
intermediate products (e.g., DCE) increased when TCE
biodegradation occurred, and &%C rate (%0) of DCE
increased while the rate (%o) of 8%Cl (subject of bond
cleavage, isotope of chlorine) decreased (Elsner et al. 2005,
Park et al. 2013). Based on the results of the mentioned
isotopic rate and precise survey, it is confirmed that
cis-DCE and VC may be created as metabolites in the
course of dechlorination of TCE.

4., Conclusions

This study was conducted to understand the distribution
of chlorinated organic contaminants and to prepare
groundwater management plans in South Korea. For three
years (2016 to 2018), groundwater monitoring, risk
assessment, and isotope analysis were conducted, and the
followings are the conclusions:

* In the result of Pearson’s correlation analysis and
principal component analysis with data from wells
commonly contaminated with PCE, TCE, DCE and VC, EC
and sulfate have a positive correlation with four chlorinated
organic compounds, while DO and ORP have a negative
correlation with such four compounds. It is confirmed that
21 wells were relatively suitable with their environmental
conditions for the dechlorination of chlorine compounds by
microorganisms compared to all the wells.

« In evaluation of mass balance for chlorinated organic
compounds at the 21 wells, the PCE distribution rate was
relatively low (-19.3%) and the VC and cis-DCE rates were
relatively high (+15.6%) at the wells where TCE
degradation was confirmed. This suggests that PCE remains
for a short period time at the wells where there was
dechlorination progresses from the stage of the underground
aquifer in a natural flow status to the VC stage. It also
suggests that there is a chance of a complete dechlorination
process. However, it was confirmed that cis-DCE was
detected more than VC, which means the dechlorination of
PCE and TCE towards the stage of cis-DCE relatively went
smoothly although the dechlorination from cis-DCE to the
VC and ethylene stage failed to reach the full dechlorination
due to the shortage of electron donors, nutrients, and
microorganisms at the wells. Therefore, DCE and VC
concentrations can rapidly increase if the electron donors
and nutrients are sufficiently provided for the
dechlorination process. In fact, VC has continuously been

detected at six major points, and the VC concentration
seems to drastically increase at some wells.

* Finally, as the result of human risk assessment of
chlorine-based organic compounds in groundwater, TCE
was found with the highest carcinogenic and non-
carcinogenic risk. Furthermore, cis-DCE had a non-
carcinogenic risk of 107, and the carcinogenic risk of VC
was 10 or higher. These results confirmed with a high
possibility that cis-DCE and VC can no longer be neglected
in South Korea. Therefore, it is necessary to establish
Korean groundwater quality standards to manage DCE and
VC in groundwater.

Acknowledgement

This paper is written with financial support from the
Ministry of Environment of the Republic of Korea and

general support from the National Institute of
Environmental Research (NIER-RP2016-323, NIER-
RP2017-363, NIER-RP2018-221).

References

Aeppli, C., Hofstetter, T.B., Amaral, H.l, Kipfer, R,

Schwarzenbach, R.P. and Berg, M. (2010), “Quantifying in situ
transformation rates of chlorinated ethenes by combining
compound-specific stable isotope analysis, groundwater dating,
and carbon isotope mass balances”, Environ. Sci. Technol.,
44(10), 3705-3711. https://doi.org/10.1021/es903895b.

Ahn, Y.H., Choi, J.D., Kim, Y., Kwon, S.Y. and Park, H.W.
(2006), “Anaerobic reductive dechlorination of tetrachloro-
ethylene (PCE) in two-in-series semi-continuous soil columns”,
J. Soil Groundwater Environ., 11(2), 68-76.

An, C.Y., Kim, H.S., Baek, G.H., Kim, B.H., Joe, D.H. (2009),
“Development of biocatalyst for dechlorination from
metagenome”, Research Report No. 052-071-061; Ministry of
environment, South Korea.

Aulenta, F., Majone, M. and Tandoi, V. (2006), “Enhanced
anaerobic bioremediation of chlorinated solvents: Environmental
factors influencing microbial activity and their relevance under
field conditions”, J. Chem. Technol. Biot., 81(9), 1463-1474.
https://doi.org/10.1002/jcth.1567.

Baker, C.D., Beaton, M.A., Polito, K.E., Suuberg, M. (2016),
MCP numerical standards, Commonwealth of massachusetts
executive office of energy & environmental affairs; Department
of environmental protection, Boston, Maimi, U.S.A.

Carranzo, 1.V. (2012), Standard Methods for the Examination of
Water and Wastewater, American Public Health Association,
Washington D.C., U.S.A.

Cho, C.H. and Sung, K.J. (2013), “The characteristics of shallow
groundwater in petroleum contaminated site and the assessment
of efficiency of biopile by off-gas analysis”, J. Soil
Groundwater Environ., 18(2), 36-44.
https://doi.org/10.7857/JSGE.2013.18.2.036.

Coleman, N.V., Mattes, T.E., Gossett, J.M. and Spain, J.C. (2002),
“Biodegradation of cis-dichloroethene as the sole carbon source
by a p-proteobacterium”, Appl. Environ. Microb., 68(6), 2726-
2730. https://doi.org/10.1128/AEM.68.6.2726-2730.2002.

Dolinova, 1., Strojsova, M., Cernik, M., Némegek, J.,
Machackovd, J. and Sevet, A. (2017), “Microbial degradation
of chloroethenes: A review”, Environ. Sci. Pollut. R., 24(15),
13262-13283. https://doi.org/10.1007/s11356-017-8867-y.

Elsner, M., Zwank, L., Hunkeler, D. and Schwarzenbach, R.P.



94 Sunhwa Park et al.

(2005), “A new concept linking observable stable isotope
fractionation to transformation pathways of organic pollutants”,
Environ. Sci. Technol., 39(18), 6896-6916.
https://doi.org/10.1021/es0504587.

EPA (1992), “Guidelines for exposure assessment”, Research
Report No. EPA/600/Z-92/001; US Environmental Protection
Agency, Office of Health and Environmental Assessment,
Washington D.C., U.S.A.

EPA (1996), “Proposed guidelines for carcinogen risk assessment”,
Research Report No. EPA/600/P-92/003C; US Environmental
Protection Agency, Office of Health and Environmental
Assessment, Washington D.C., U.S.A.

EPA (2001), “Risk assessment guidance for superfund volume III
Part A, process for conducting probabilistic risk assessment)”,
US Environmental Protection Agency, Washington, D.C.,
US.A.

EPA (2004), “Risk assessment guidance for superfund Volume I:
Human health evaluation manual Part E, Supplemental guidance
for dermal risk assessment”, US Environmental Protection
Agency, Washington, D.C., U.S.A.

EPA (2005), “Guidelines for carcinogen risk assessment”,
Research Report No. EPA/630/P-03/001F; US Environmental
Protection Agency, Office of Health and Environmental
Assessment, Washington D.C., U.S.A.

EPA (2006), “Engineering forum issue paper : In situ treatment
technologies for contaminated soil”, Research Report No.
542/F-06/013; US Environmental Protection Agency, Office of
Health and Environmental Assessment, Washington D.C.,
US.A.

Fennell, D.E., Carroll, A.B., Gossett, J.M. and Zinder, S.H.
(2001), “Assessment of indigenous reductive dechlorinating
potential at a TCE-contaminated site using microcosms,
polymerase chain reaction analysis, and site data”, Environ. Sci.
Technol., 35(9), 1830-1839. https://doi.org/10.1021/es0016203.

Gafni, A., Siebner, H. and Bernstein, A. (2020), “Potential for
co-metabolic oxidation of TCE and evidence for its occurrence
in a large-scale aquifer survey”, Water Res., 171, 115431.
https://doi.org/10.1016/j.watres.2019.115431.

Ham, S.Y., Kim, G.G., Oh, Y.Y., Lee, C.M. (2013),
“Development of estimation and modeling techniques of
groundwater-derived pollution load in stream”, Research Report
No. 172- 112-013; Ministry of environment, South Korea.

Hendrickson, E.R., Payne, J.A., Young, R.M., Starr, M.G., Perry,
M.P., Fahnestock, S., Ellis, D.E. and Ebersole, R.C. (2002),
“Molecular analysis of dehalococcoides 16S ribosomal DNA
from chloroethene-contaminated sites throughout north america
and europe”, Appl. Environ. Microb., 68(2), 485-495.
https://doi.org/10.1128/AEM.68.2.485-495.2002.

Holliger, C., Wohlfarth, G. and Diekert, G. (1998), “Reductive
dechlorination in the energy metabolism of anaerobic bacteria”,
FEMS Microbiol. Rev., 22(5), 383-398.
https://doi.org/10.1111/j.1574-6976.1998.th00377 ..

Hornung, R.W. and Reed, L.D. (1990), “Estimation of average
concentration in the presence of nondetectable values”, Appl.
Occup. Environ. Hyg., 5(1), 46-51.
https://doi.org/10.1080/1047322X.1990.10389587.

Hunkeler, D., Abe, Y., Broholm, M.M., Jeannottat, S.,
Westergaard, C., Jacobsen, C.S., Aravena, R. and Bjerg, P.L.
(2011), “Assessing chlorinated ethene degradation in a large
scale contaminant plume by dual carbon-chlorine isotope
analysis and quantitative PCR”, J. Contam. Hydrol., 119(1-4),
69-79. https://doi.org/10.1016/j.jconhyd.2010.09.009.

IRIS (2016), IRIS Program; EPA, Washington D.C., U.S.A.
http://www.epa.gov/iris.

Jang, J.Y., Jo, S.N., Kim, S.Y., Kim S.J., Cheong, H.K. (2007),
Korean Exposure Factors Handbook, Ministry of environment,
South Korea.

Jeen, SW., Jun, S.C., Kim, R.H. and Hwang, H.T. (2016),
“Assessment of natural attenuation processes in the
groundwater contaminated with trichloroethylene (TCE) using
multi-species reactive transport modeling”, J. Soil Groundwater
Environ., 21(6), 101-113.
https://doi.org/10.7857/JSGE.2016.21.6.101.

Jeon, S.R., Chung, J.I. and Kim, D.H. (2002), “Environmental
effects from natural waters contaminated with acid mine
drainage in the abandoned backun mine area”, Econ. Environ.
Geol., 35(4), 325-337.

Kavanaugh, M.C., Suresh, P. and Rao, C. (2003), The DNAPL
Remediation Challenge: Is There A Case For Source Depletion?,
Environmental Protection Agency, Washington D.C., U.S.A.

Kawabe, Y. and Komai, T. (2019), “A case study of natural
attenuation of chlorinated solvents under unstable groundwater
conditions in Takahata, Japan”, Bull. Environ. Contam.
Toxicol., 102(2), 280-286.
https://doi.org/10.1007/s00128-019-02546-9.

Khan, S.T., Horiba, Y., Yamamoto, M. and Hiraishi, A. (2002),
“Members of the family comamonadaceae as primary poly
(3-hydroxybutyrate-co-3-hydroxyvalerate)-degrading  denitrifiers
in activated sludge as revealed by a polyphasic approach”, Appl.
Environ. Microb., 68(7), 3206-3214.
https://doi.org/10.1128/AEM.68.7.3206-3214.2002.

Kim, J.H. (1998), “Simulation of DNAPL and LNAPL transport
phenomena in unsaturated zone and saturated zone”, Korean
Chem. Eng. Res., 36(6), 846-843.

Kim, T.R., Kim, S. and Chung, J.D. (2019), “Characteristics of
TCE contamination distribution of groundwater around the
workplaces using chloride organic solvents, J. Korea
Soc”, Waste Manage, 36(1), 88-96.

Lee, J., Seo, M., Cho, H., Oh, S., Choi, 1., Park, J., Lee, S., Cha,
Y., Kim, G., Jeon, J. and Jung, K. (2014), “Contamination
properties of chlorinated organic solvents(TCE, PCE) and their
biodegraded products in groundwater in Seoul”, Research
Report No. 50. 237-247; Government research institute of
public health and environment, South Korea.

Leeson, A., Beevar, E., Henry, B., Fortenberry, J. and Coyle, C.
(2004), “Principles and practices of enhanced anaerobic
bioremediation of chlorinated solvents”, Research Report No.
ADA511850; Naval Facilities Engineering Service Center, Port
Hueneme, California, U.S.A.

Li, Y., Li, B.,, Wang, C.P., Fan, J.Z. and Sun, H.W. (2014),
“Aerobic degradation of trichloroethylene by co-metabolism
using phenol and gasoline as growth substrates”, Int. J. Mol.
Sci., 15(5), 9134-9148. https://doi.org/10.3390/ijms15059134.

Loffler, F.E., Tiedje, J.M. and Sanford, R.A. (1999), “Fraction of
electrons consumed in electron acceptor reduction and hydrogen
thresholds as indicators of halorespiratory physiology”, Appl.
Environ. Microb., 65(9), 4049-4056.
https://doi.org/10.1128/AEM.65.9.4049-4056.1999.

Marco-Urrea, E., Garcia-Romera, |. and Aranda, E. (2015),
“Potential of non-ligninolytic fungi in bioremediation of
chlorinated and polycyclic aromatic hydrocarbons”, New
Biotechnol., 32(6), 620-628.
https://doi.org/10.1016/j.nbt.2015.01.005.

McCarty, P.L. (2010), Groundwater Contamination by Chlorinated
Solvents: History, Remediation Technologies and Strategies
In In Situ Remediation of Chlorinated Solvent Plumes, Springer,
New York, U.S.A.

Means, B. (1989), “Risk-assessment guidance for superfund.
Volume 1. Human health evaluation manual. Part A. Interim
report”, Research Report No. PB-90-155581/XAB; EPA-540/
1-89/002; Environmental Protection Agency, Office of Solid
Waste and Emergency Response,Washington, D.C., U.S.A.

Na, C.K. and Son, C.I. (2005), “Groundwater quality and pollution
characteristics at Seomjin river basin: Pollution source and risk



Estimating anaerobic reductive dechlorination of chlorinated compounds ...

assessment”, Econ. Environ. Geol., 38(3), 261-272.

Korea Law Information Center (2019), Rules on Groundwater
Quality Conservation, etc. in article 11, Standards of
Groundwater Quality; Ministry of environment, South Korea.
https://www.law.go.kr.

Nijenhuis, L. and Kuntze, K. (2016), “Anaerobic microbial
dehalogenation of organohalides-state of the art and remediation
strategies”, Curr. Opin. Biotech., 38, 33-38.
https://doi.org/10.1016/j.copbio.2015.11.009.

Park, S., Han, K., Hong, U., Ahn, H., Kim, N., Kim, H., Kim, T.
and Kim, Y. (2012), “Monitoring anaerobic reductive
dechlorination of TCE by biofilm-type culture in continuous-
flow system”, J. Soil Groundwater Environ., 17(5), 49-55.
https://doi.org/10.7857/jsge.2012.17.5.049.

Park, Y., Lee, J.Y., Na, W.J., Kim, R.H., Choi, P.S. and Jun, S.C.
(2013), “A review on Identification methods for TCE
contamination sources using stable isotope compositions”, J.
Soil Groundwater Environ., 18(3), 1-10.
https://doi.org/10.7857/jsge.2013.18.3.001.

Saiyari, D.M., Chuang, H.P., Senoro, D.B., Lin, T.F., Whang,
L.M., Chiu, Y.T. and Chen, Y.H. (2018), “A review in the
current developments of genus dehalococcoides, its consortia
and kinetics for bioremediation options of contaminated
groundwater”, Sustain. Environ. Res., 28(4), 149-157.
https://doi.org/10.1016/j.serj.2018.01.006.

Song, D., Park, S., Jeon, S.H., Hwang, J.Y., Kim, M., Jo, H.J,,
Kim, D.H., Lee, G.M., Kim, K.I, Kim, H.J., Kim, T.S., Chung,
H.M. and Kim, H.K. (2017), “Evaluation on four volatile
organic compounds(VOCs) contents in the groundwater and
their human risk level”, Korean J. Soil Sci. Fert., 50(4), 235-
250. https://doi.org/10.7745/KJSSF.2017.50.4.235.

Vogel, T.M., Criddle, C.S. and McCarty, P.L. (1987), “ES&T
critical review: Transformations of halogenated aliphatic
compounds”, Environ. Sci. Technol., 21(8), 722-736.
https://doi.org/10.1021/es00162a001.

Walter, J., Chesnaux, R., Cloutier, V. and Gaboury, D. (2017),
“The influence of water/rock-water/clay interactions and mixing
in the salinization processess of groundwater”, J. Hydrol., 13,
168-188. https://doi.org/10.1016/j.ejrh.2017.07.004.

WGS (2020), Whole genome sequence; Korea environmental
microorganisms bank, Suwon, South Korea.
https://kemb.or.kr/07web02.php.

WDNR (2014), “Understanding chlorinated hydrocarbon behavior
in groundwater : Guidance on the investigation, assessment and
limitations of monitored natural attenuation”, Research Report
No. RR-699; Wisconsin department of natural resources, U.S.A.

WHO (2017), “Guidelines for drinking-water quality”, WHO
Chronicle, 38(4), 104-108.

Xiao, Z., Jiang, W., Chen, D. and Xu, Y. (2020), “Bioremediation
of typical chlorinated hydrocarbons by microbial reductive
dichlorination and its key players: A review”, Ecotoxicol.
Environ. Safe., 202, 110925.
https://doi.org/10.1016/j.ecoenv.2020.110925.

Yu, J., Park, Y., Seon, J., Hong, S., Cho, S. and Lee, T. (2012),
“Biological dechlorination of chlorinated ethylenes by using
bioelectrochemical system”, Korean Soc. Environ. Eng., 34(5),
304-311. https://doi.org/10.4491/KSEE.2012.34.5.304.

JK

95





