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Abstract Chlorinated solvents in groundwater pose threats to
human health and the environment due to their carcinogenesis
and bioaccumulation. These problems are often more severe
in developing countries such as China. Thus, methods for
chlorinated solvent-contaminated groundwater remediation
are urgently needed. This study presents a technique of in situ
remediation via the direct-push amendment injection that en-
hances the reductive dechlorination of chlorinated solvents in
groundwater in the low-permeability aquifer. A field-based
pilot test and a following real-world, full-scale application
were conducted at an active manufacturing facility in
Shanghai, China. The chlorinated solvents found at the clay
till site included 1,1,1-trichloroethane (1,1,1-TCA), 1,1-di-
chloroethane (1,1-DCA), 1,1-dichloroethylene (1,1-DCE), vi-
nyl chloride (VC), and chloroethane (CA). A commercially
available amendment (EHC®, Peroxychem, Philadelphia, PA)
combining zero-valent iron and organic carbon was used to
treat the above pollutants. Pilot test results showed that direct-
push EHC injection efficiently facilitated the in situ reductive
remediation of groundwater contaminated with chlorinated

solvents. The mean removal rates of 1,1,1-TCA, 1,1-DCA,
and 1,1-DCE at 270 days post-injection were 99.6, 99.3, and
73.3%, respectively, which were obviously higher than those
of VC and CA (42.3 and 37.1%, respectively). Clear decreases
in oxidation-reduction potential and dissolved oxygen con-
centration, and increases in Fe2+ and total organic carbon con-
centration, were also observed during the monitoring period.
These indicate that EHC promotes the anaerobic degradation
of chlorinated hydrocarbons primarily via long-term biologi-
cal reductive dechlorination, with instant chemical reductive
dechlorination acting as a secondary pathway. The optimal
effective time of EHC injection was 0–90 days, and its radius
of influence was 1.5 m. In full-scale application, the maximum
concentrations of 1,1,1-TCA and 1,1-DCA in the contaminate
plume fell below the relevant Dutch Intervention Values at
180 days post-injection. Moreover, the dynamics of the target
pollutant concentrations mirrored those of the pilot test. Thus,
we have demonstrated that the direct-push injection of EHC
successfully leads to the remediation of chlorinated solvent-
contaminated groundwater in a real-world scenario. The pa-
rameters determined by this study (e.g., effectiveness, injec-
tion amount, injection depth, injection pressures, and radius of
influence) are applicable to other low-permeability contami-
nated sites where in situ remediation by enhanced reductive
dechlorination is required.
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Introduction

Organic chlorinated solvents, such as 1,1,1-trichloroethane
(1,1,1-TCA), 1,1-dichloroethane (1,1-DCA), 1,1-
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dichloroethylene (1,1-DCE), vinyl chloride (VC), are widely
used in chemical, electronic, pharmaceutical, dyeing, and
other industries (Siemiatycki et al. 2004). They are the most
common organic pollutants in groundwater and can cause
serious harm to the ecological environment and human health
due to their volatile characteristics, carcinogenic effects, and
potential for bioaccumulation (Huang et al. 2014; Meng
et al. 2013). In China, a country with increasing levels of
industrialization, chlorinated solvent pollution of groundwater
has become increasingly serious and is in urgent need of
mitigation. At present, the remediation methods commonly
used for chlorinated solvent-contaminated groundwater in-
clude pump-and-treat, in situ chemical oxidation, chemical
reduction, bioremediation, etc. (Stroo et al. 2012). Among
them, the technique of in situ enhanced (biotic or abiotic)
reductive dechlorination (IERD) is widely used in developed
countries because of its simple procedure, low cost, and high
efficiency (Atashgahi et al. 2016; Nunez et al. 2016).
However, in China, most current research on this technique
has been laboratory-based, and few field applications have yet
been reported (Lien et al. 2016; Xie et al. 2016; Zhang et al.
2016; Zhao et al. 2013).

Recently, zero-valent iron (ZVI) combined with organic car-
bon amendment has been considered as a novel reactive mate-
rial that can be used to enhance the reductive dechlorination of
chlorinated solvents (Jeon et al. 2016). The major enhancement
mechanisms include (i) a process of neutralizing fatty acids by
organic carbon fermentation with hydroxyl ions produced from
ZVI corrosion, which promotes abiotic degradation via reduc-
ing groundwater pH; (ii) the reliable generation of very strongly
reducing conditions, which improves abiotic and biotic degra-
dation; and (iii) using organic carbon as growth andmetabolism
substrates for microbes, which enhances biotic degradation
(Baric et al. 2012; Patterson et al. 2016).

Amendment delivery approach is another important fact
affecting the efficiency of IERD. In the low-permeability aqui-
fer, the above granular amendment is typically delivered to the
sediment using hydraulic fracturing, which can effectively
distribute amendment around an injection zone by creating
new fractures (Christiansen et al. 2010). However, the limita-
tions of this approach include the inability to accurately con-
trol the final placement of amendments, risks in the geological
systems, and requirement of predrilled boreholes and addi-
tives (Swift et al. 2012; Arnason et al. 2014). Direct-push
injection, a delivery approach developed recently, is usually
carried out via direct-push apparatus (e.g., a GeoProbe®) with-
out above limitations (Zhao et al. 2016). This approach allows
for the rapid application of amendments but is typically ap-
plied in the aquifer with high permeability due to its relatively
moderate injection pressure (Christiansen et al. 2010; Arnason
et al. 2014).

Therefore, this article describes a pilot field test in which
the direct-push injection with increased injection pressures

and more injection locations was novelly used to deliver the
remediation amendment into the clay subsurface to remediate
groundwater contaminated by chlorinated solvents at an active
manufacturing facility in China. The commercial amendment
used, EHC® (Peroxychem, Philadelphia, PA), is a mixture of
ZVI and organic carbon, which can stimulate the reductive
dechlorination of chlorinated hydrocarbons (CHCs) through
a combination of biotic and abiotic pathways. Furthermore, a
full-scale injection was conducted based on the results of the
pilot test. To the best of our knowledge, this study is the first
field-scale application of direct-push EHC injection for
groundwater remediation in the low-permeability aquifer at
an active Chinese manufacturing facility. It provides operating
parameters and feasible baselines for the development of in
situ enhanced reductive dechlorination technique in China.

Materials and methods

Amendment

A granular form of EHC was selected as an electron donor to
enhance the degradation of chlorinated solvents at the site.
This amendment was comprised of 70% w/w controlled-re-
lease, hydrophilic organic carbon (irregular shape, size ca.
350 × 280 μm) and 30% w/w micro-scale ZVI (particle size
ca. 30μm), scanning electronmicroscopy (SEM), and energy-
dispersive spectroscopy (EDS) images of which are shown in
Fig. S1 (a, b). Its major treatment mechanism is to simulta-
neously promote the anaerobic microbial metabolism
(sequential dehalogenation) and chemical reductive dechlori-
nation (ZVI-induced beta-elimination and hydrogenolysis) of
pollutants (Peale et al. 2008). The controlled-release organic
carbon can stimulate the activity of dechlorinating bacteria,
and its fermentation can generate a stable low redox potential,
which favors continuous anaerobic microbial metabolism
(Seech et al. 2008). The degradation pathway of 1,1,1-TCA
after EHC addition is shown in Fig. 1.

Field site

The contaminated site was located at an active automobile
parts manufacturing factory in Shanghai Pudong New Area,
China. During production processes at this factory, chlorinat-
ed solvents had been used for degreasing metal parts between
approximately 1989 and 2008. The waste stream was directly
discharged to the subsurface, resulting in serious pollution of
the plant’s groundwater by chlorinated solvents. A previous
site assessment showed that the major pollutants in the
groundwater included 1,1,1-TCA, 1,1-DCE, and VC at max-
imum concentrations of 240.105, 15.936, and 10.517 mg/L,
respectively; meanwhile, 1,1-DCA and CA were also found.
According to the pollutant distribution, the whole plant area
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included six contaminant plumes: AOC1, AOC2, AOC3,
AOC4, AOC5, and the old boiler room (Fig. 2).

The groundwater table at the site ranges from approximate-
ly 0.4 to 1.8 m below ground surface (BGS), and the ground-
water flows stably from southwest to northeast. The hydraulic
conductivity is 5.73 × 10−6 m/s, based on pumping tests. The
mean hydraulic gradient and flow velocity of groundwater at
the site are 1.5‰ and 2.56 × 10−3 m/day, respectively. The
geology of the site consists of fill (0—2.6 m BGS), underlain
by silty clay (2.6—4.0 m BGS), muddy clay (5.5—19.5 m
BGS), silty clay (20.1—46.8 m BGS), and sandy silt
(46.8—60.0 m BGS), indicating that the aquifer there was

relatively low-permeability. The contaminated aquifer was
within the muddy clay at depths ranging from 6 to 8 m BGS.

Pilot test

A small pilot test injection was conducted in March 2012 to
evaluate the effectiveness of the EHC direct-push method for
pollutant reduction at the site and to provide key process pa-
rameters for the implementation of full-scale remediation. A
pilot test area was designated around monitoring well MW-18
in AOC1, where elevated concentrations of chlorinated hydro-
carbons had been recorded. The area requiring treatment was

Fig. 1 Biotic and abiotic
degradation pathways of 1,1,1-
TCA after EHC addition
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about 30 m2 and contained 172 t of sediments. The effect of
EHC emplacement was determined by periodically monitor-
ing the site over 270 days.

Design of monitoring wells and injection points

Pilot monitoring wells PMW1 (4 m BGS) and PMW2 (6 m
BGS) were installed near the chlorinated hydrocarbon plume
center (MW-18) at the pilot site. Regarding the dispersion and
dilution of EHC in the aquifer, another pilot monitoring well
(PMW3) was installed at 4 m BGS 4 m downstream from the
plume center to observe the remedial effect appearing at lon-
ger distances. Monitoring wells were screened in the bottom
1.5-m interval. Three injection points were set around the
plume center, forming an equilateral triangle with each point
1.5 m from the center. The detailed locations of pilot monitor-
ing wells and injection points are shown in Fig. 3.

Injection

A total of 0.34 t of EHC was needed for the pilot test based on
an application rate of 0.2% of soil mass, which was deter-
mined according to the pollutant concentrations and volumes

of sediments to be treated. The EHC was injected at three
points as a 30% solid slurry (with potable water) using stan-
dard Geoprobe equipment (6620DT, GEOPROBE, USA)
with a pressure-activated injection tip and a grout unit
(Fig. 4). The injection tip had four holes at the sides to direct
the slurry horizontally. The injection depth was specified as
7.0 m BGS, which was 1.0 m deeper than the pollution depth.
To facilitate the homogenization of EHC slurry in the aquifer,
the slurry was injected in equal amounts at 0.5-m intervals
between 1.5 and 7.0 m BGS throughout the entire vertical
zone. The injection was conducted in a top-down sequence
to ensure vertical distribution. Because the permeability of the
aquifer was relatively low, injection pressures were deliberate-
ly set at high levels (ranging from 100 to 400 psi) with an
injection flow rate of approximately 20 L/min, depending up-
on the injection depths and locations. Five soil cores were
collected, 0.5, 1, 1.5, 2, and 3 m, from the injection point at
1 day post-injection to assess the radius of influence (ROI) of
EHC for this field site. EHC bands could be found in soil cores
within 1.5 m of the injection point, indicating that the ROI of
EHC could be determined as 1.5 m. This was the rationale for
setting the distance from the injection point to the contaminant
plume center at 1.5 m. Moreover, EHC slurry overflow was
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reduced and its utilization was greatly improved during the
injection because the contaminated area was at an active fac-
tory where most surfaces were covered by asphalt pavement.

Field monitoring and sampling

A groundwater monitoring program was implemented prior to
the pilot injection (i.e., baseline sampling at 0 day) and period-
ically afterwards (5, 90, 180, and 270 day as the typical post-
sampling events), using the three pilot monitoring wells men-
tioned above, to evaluate the performance of the injection pro-
gram. Prior to sampling, monitoring wells were purged using a
peristaltic pump with a dedicated pipe and the water levels in
the monitoring wells were gauged with an electronic water-
level meter. Groundwater samples from the monitoring wells
were collected using a portable low-flow sampling pump
(MicroPurge™, QED, USA) to reflect the actual status of
groundwater. Field geochemical parameters, including dis-
solved oxygen (DO), oxidation-reduction potential (ORP),
pH, and electrical conductivity (EC), were measured during
sampling by a water quality analyzer (W-20XD, HORIBA,
Japan) connected to the sampling pump with an anaerobic cell.
The collected groundwater samples were analyzed by an
accredited laboratory (SGS-CSTC Standards Technical
Services Co., Ltd., Shanghai). The analytical schedule included
chlorinated hydrocarbons, total organic carbon (TOC), and fer-
rous iron. All analyses were done according to standard meth-
odologies and were generally performed in triplicate for each
sample to achieve relative differences less than 10%.
Specifically, chlorinated hydrocarbons were analyzed using
an Agilent 6890/5973 N gas chromatograph-mass spectrometer
(GC-MS) equipped with a DB-VRX 60m× 0.25mm× 1.4μm
column. Ultrapure helium was employed as the carrier gas with
a flow rate of 1.2mL/min. The temperature was programmed to
rise at 20 °C/min from 45 to 250 °C and held for 2 min. The
temperature of the injection port wasmaintained at 240 °C. One
microliter of sample was injected with a split ratio of 20:1.

Mass spectrometer conditions were as follows: ionization ener-
gy 70 eV, source temperature 230 °C, transfer line temperature
250 °C, and mass range scanned from 35 to 275 am.

Full-scale implementation

A full-scale EHC injection was implemented in AOC4 (the
plume-center concentration of 1,1,1-TCA was 18.104 mg/L)
in September 2013 to evaluate the feasibility of the key pro-
cess parameters of EHC injection learned from the pilot test.
The remediation scope in AOC4, covering an area of approx-
imately 1000 m2 (7312 m3), was calculated based on the most
recent baseline monitoring results and Dutch Intervention
Values (DIVs). The injection point layout was developed
using a 3 × 3 m grid according to the 1.5 m ROI used for
the pilot test. Additional injection points were set 1.5 m be-
yond the remediation boundary to ensure complete coverage
of EHC in AOC4. Thus, a total of 100 injection points were
set for full-scale injection based on the pollution area (except
warehouse and storage areas) and unit grid area (Fig. 5).
According to the pollution characteristics in AOC4, the injec-
tion depth was specified as 8.0 m BGS and a total of 13.13 t of
EHC were injected, resulting in a mean application rate of
0.15% of soil mass. The injection work was completed in
16 days. There were 13 monitoring wells in AOC4 for perfor-
mance monitoring which were installed during the previous
full-scale site monitoring (Fig. 5). Groundwater samples ana-
lyzed for chlorinated hydrocarbons, ethane, ethylene, and geo-
chemical parameters were collected from the monitoring wells
periodically (0, 30, 90, and 180 days as the typical sampling
events). The abundance of Dehalococcoides (Dhc), an
organohalide-respiring microorganism, in groundwater was
also measured at 180 days via a real-time PCR analysis re-
ported by Kocur et al. (2015). Other implementation parame-
ters and methods for full-scale remediation, such as slurry
concentration, injection equipment, injection interval/ap-
proach, injection pressures, flow rate, and sampling and

(a) (b)

(c)

Fig. 4 The EHC injection
system. a Standard Geoprobe
equipment. b Grout unit. c
Injection tip
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analysis methods, were in accordance with those used for the
pilot test.

Results and discussion

Performance evaluation of pilot test

Baseline condition in pilot test area

The concentrations of chlorinated hydrocarbons before injec-
tion (Table 1) showed that 1,1,1-TCA, 1,1-DCA, 1,1-DCE,
CA, and VC were all found in the groundwater of the pilot
area. Among them, the concentrations of 1,1,1-TCA, 1,1-
DCE, and VC exceeded their relevant DIVs (VROM 2000).
In addition, the concentration of each chlorinated hydrocarbon
in PMW3 was higher than that in PMW1 and PMW2, which
was inconsistent with the result from the previous site
monitoring. Clement et al. (2000) also found the similar result
from the study of natural attenuation of chlorinated com-
pounds. They demonstrated that it was caused by downstream
migration of the contaminant plume, or by faster natural deg-
radation near the original plume center.

Themonitoring of geochemical parameters before injection
(Table 2) showed that DO concentrations (1.38—1.49 mg/L)
and ORP (15.9—39.7 mV) in the groundwater were relatively
high. This indicates that the pilot aquifer condition was not
strictly anaerobic, which would inhibit the reductive degrada-
tion of chlorinated hydrocarbons. Therefore, it was necessary
to reduce the ORP level to ensure the feasibility of using in
situ reductive remediation for polluted groundwater.
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Table 1 Concentrations of chlorinated hydrocarbons in pilot test area
groundwater before EHC injection (0 day)

CHCs (mg/L) DIV (mg/L) Monitoring well

PMW1 PMW2 PMW3

1,1,1-TCA 0.300 4.411 4.121 5.527

1,1-DCA 0.900 0.352 0.297 0.578

1,1-DCE 0.010 0.473 0.408 0.715

CA –a 2.461 3.306 4.151

VC 0.005 0.058 0.051 0.087

aNot calculated
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Chlorinated solvent degradation by EHC injection

Figures 6 and S2 show changes in the concentrations and
removal rates of chlorinated hydrocarbons in the three pilot
monitoring wells during the pilot test period, respectively. On
the whole, 1,1,1-TCA concentration decreased obviously
within the first 90 days and then decreased more slowly. At
270 days, its mean removal rate was 99.6%. Meanwhile, the
concentrations of 1,1-DCA and 1,1-DCE increased rapidly
within the first 5 days, then decreased continuously. At
270 days, their mean removal rates were 99.3 and 73.3%,
respectively. The concentrations of CA and VC fluctuated
over time, and their final mean removal rates were 42.3 and
37.1%, respectively. The above results demonstrate that the
direct-push injection of EHC, a ZVI/organic carbon amend-
ment, can effectively enhance the in situ reductive remediation
of chlorinated solvent-contaminated groundwater in the low-
permeability aquifer. In general, 1,1,1-TCA can be degraded
into 1,1-DCA and CA mainly by biotic dechlorination, and
1,1-DCE and VC mainly by abiotic dechlorination (Scheutz
et al. 2011). Here, initial faster buildups and later higher re-
moval rates of 1,1-DCA and CA were observed, indicating
that the primary degradation pathway of chlorinated hydrocar-
bons (when enhanced by EHC) is organic carbon-induced
biological reductive dechlorination, while the secondary path-
way is ZVI-induced chemical reductive dechlorination (He
et al. 2015). Baric et al. (2014) simultaneously injected ZVI
and an organic substrate (polyhydroxybutyrate) into ground-
water and also found that the organic substrate was the key
material for promoting the reductive dechlorination of chlori-
nated hydrocarbons. Lower removal rates of CA and VCwere
observed in this pilot test because the two chlorinated hydro-
carbons are not prone to dechlorination, and as secondary
metabolites, their accumulation amounts would increase with
the degree of 1,1-DCA and 1,1-DCE degradation (Palau
et al. 2014). Moreover, chlorinated hydrocarbon concentra-
tions changed most markedly within the first 90 days, suggest-
ing that the EHC-enhanced degradation of chlorinated hydro-
carbons was optimal during this period. Especially, the rapid

degradation of 1,1,1-TCA into 1,1-DCE within 5 days after
injection further indicates that chemical reductive dechlorina-
tion occurred instantly, while 1,1-DCA concentration began to
decrease more significantly after 5 days, suggesting that bio-
logical pathwaymainly appeared in the later period of the pilot
test (5—270 days) (He et al. 2010; Kocur et al. 2015). In
addition, Table S1 showed that the abundance of Dhc (gene
copies/L) in groundwater samples from monitoring wells at
270 days were 2 to 3 orders of magnitude higher than those
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Table 2 Geochemical parameters in pilot test area groundwater before
EHC injection (0 day)

Parameter Monitoring well

PMW1 PMW2 PMW3

pH 6.92 7.03 6.89

EC (s/m) 0.15 0.13 0.18

ORP (mV) 35.2 15.9 39.7

DO (mg/L) 1.38 1.16 1.49

Fe2+ (mg/L) 0.02 0.03 0.03

TOC (mg/L) 2.11 2.36 3.53
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detected prior to the pilot test. This provides microbial
evidence of biotic degradation occurrence following EHC
injection.

There were definite differences in the degrees of degrada-
tion of chlorinated hydrocarbons in different pilot monitoring
wells. At the end of the pilot test, the removal rates of 1,1,1-
TCA and 1,1-DCA in the three monitoring wells were all
greater than 99.0%, while 1,1-DCE removal rates in PMW1
and PMW2 were 45.9 and 48.3% higher, respectively, than in
the farther well—PMW3 (P < 0.01) (Fig. S2). According to
the biotic and abiotic dechlorination pathways of 1,1,1-TCA
mentioned above, this result indicates that the influential range
of biological reduction was larger than that of chemical reduc-
tion in the presence of EHC. The reason was that the
controlled-release organic carbon could stably promote the
microbial metabolism of chlorinated hydrocarbons during its
diffusion in the groundwater, while the chemical promotion
effect of ZVI was weakened along the downstream flow
because of the striking consumption of ZVI after the initial
chemical reduction proceeded at the injection site’s center
(Wang et al. 2016). It can be further confirmed by the changes
in Fe2+ and TOC concentrations in different monitoring wells
during the pilot test period, which would be discussed in the
following section. In addition, the overall order of chlorinated
hydrocarbon removal rates in the three pilot monitoring wells
was PMW2 > PMW1 > PMW3, indicating that the treatment
effect of EHC was much better for the pollutants existing in
the deeper aquifer.

Geochemical effects of EHC injection

Changes in the geochemical parameters of groundwater dur-
ing the pilot monitoring period are shown in Table 3. The ORP
and DO concentration decreased significantly 5 days after
injection and were finally still significantly below baseline in
spite of rising again after 90 days. This indicates that the
amendment could rapidly induce a relatively anaerobic
condition in groundwater that persisted for a long time and
was beneficial to the reductive dechlorination of chlorinated
hydrocarbons. Swift et al. (2012) figured that this was because
the instant oxidation of ZVI and the long-term fermentation of
organic carbon resulted in a dramatic decline of oxygen con-
tent in groundwater. Patterson et al. (2016) also observed the
same phenomenon using a similar amendment to the present
study. Fe2+ and TOC concentrations both first increased dra-
matically and then decreased during the pilot test period; how-
ever, at 270 days, TOC concentrations were still higher than
those before injection, which was not observed for Fe2+. This
is the evidence for the initial rapid consumption of ZVI and
the later continuous fermentation of controlled-release organic
carbon and can further support the above explanation of
changes in the redox conditions of groundwater. The ground-
water pH increased slightly at the end of the pilot test. It is

likely due to the consumption of hydrogen ions during ZVI-
induced hydrogenolysis of chlorinated hydrocarbons in
groundwater (Moon et al. 2005); however, more research is
needed to confirm this explanation. In addition, no apparent
changes of EC in the three pilot monitoring wells were ob-
served during the pilot test, indicating that EHC did not sig-
nificantly affect ionic concentrations in groundwater.

During the optimal effective time of EHC (0–90 days), the
decreases in ORP and DO concentrations in PMW1 and
PMW2 were significantly higher than those in PMW3
(P < 0.01), so were the increases in Fe2+ and TOC concentra-
tions. These indicate that the effect of EHC on the enhance-
ment of anaerobic conditions in groundwater was stronger at
the center of the injection site than downstream. This was also
the reason for the high removal rates of chlorinated hydrocar-
bons in PMW1 and PMW2 as mentioned above. Moreover,
changes in the above parameters in PMW1 were greater than
those in PMW2, indicating that EHC more obviously en-
hanced anaerobic conditions in the shallow aquifer because
of easier utilization of rich-oxygen by ZVI and microorgan-
isms in the shallow groundwater (Scheutz et al. 2011).

Table 3 Geochemical parameters of groundwater in the pilot test area
after EHC injection

Sampling time (day) Parameter Monitoring well

PMW1 PMW2 PMW3

5 pH 7.17 6.67 6.96

EC (s/m) 0.14 0.18 0.16

ORP (mV) − 41.1 − 35.5 − 19.7

DO (mg/L) 0.61 0.56 0.83

Fe2+ (mg/L) 2.17 1.54 0.06

TOC (mg/L) 279.55 198.94 5.70

90 pH 7.10 6.86 6.91

EC (s/m) 0.15 0.16 0.15

ORP (mV) − 253.7 − 175.8 − 111.3

DO (mg/L) 0.46 0.50 0.72

Fe2+ (mg/L) 10.72 9.03 1.18

TOC (mg/L) 317.71 265.46 90.98

180 pH 7.42 7.56 7.44

EC (s/m) 0.17 0.15 0.15

ORP (mV) − 119.5 − 131.1 − 67.9

DO (mg/L) 0.75 0.81 0.89

Fe2+ (mg/L) 1.96 0.74 0.04

TOC (mg/L) 16.63 9.75 6.39

270 pH 7.56 7.74 7.42

EC (s/m) 0.16 0.17 0.17

ORP (mV) − 81.8 − 112.9 − 34.6

DO (mg/L) 0.85 0.81 0.94

Fe2+ (mg/L) ND ND ND

TOC (mg/L) 7.20 5.66 8.14
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Degradation of chlorinated hydrocarbons in full-scale
application

Table 4 shows the mean residual concentrations and removal
rates of chlorinated hydrocarbons in groundwater at various
times during the full-scale application. Overall, the concentra-
tions of chlorinated hydrocarbons in AOC4 decreased to dif-
ferent degrees over the 180-day monitoring period.
Specifically, the concentrations of 1,1,1-TCA, 1,1-DCA, and
1,1-DCE decreased significantly within the first 90 days.
Their mean removal rates at 180 days post-injection were
98.2, 98.9, and 76.8%, respectively. Residual concentrations
of CA and VC were both lowest at 90 days, and their mean
removal rates were 39.5 and 32.6%, respectively, 180 days
after injection. Furthermore, a fairly slight increase in concen-
trations of nonchlorinated daughter products (ethane and eth-
ylene) was observed (Table S2). It confirms that complete
dehalogenation was occurring during the full-scale application
but was not a major step of chlorinated hydrocarbon degrada-
tion due to difficult dechlorination of CA and VC (Palau
et al. 2014). The final mean removal rates of chlorinated
hydrocarbons in full-scale remediation were substantially
lower than those in the pilot test (except for 1,1-DCE,
P < 0.01). This was not only due to the higher initial
concentrations of chlorinated hydrocarbons in the full-scale
area but also due to the longer monitoring period and more

thorough degradation of pollutants in the pilot test. Similarly,
mean values of most geochemical parameters (Table S3) were
inferior to those observed in the pilot test at the same sampling
time, indicating that the reducing condition appeared to be
weaker in the full-scale area with EHC injection. However,
the patterns of chlorinated hydrocarbon concentration and
geochemical parameter changes in full-scale application were
consistent with the results of the pilot test, suggesting that the
effect of EHC injection had good reproducibility, and the pilot
operating parameters (e.g., ROI, injection system, injection
approach, injection pressures, and flow rate) were reasonable
and feasible for full-scale application.

The changes in distribution of 1,1,1-TCA (the main target
pollutant) in AOC4 at concentrations exceeding the relevant
DIV over time are profiled in Fig. 7. The initial 1,1,1-TCA
plume was centered atMW-30-6 (the plume-center concentra-
tion, 18.104mg/L). Over the first 30 days after EHC injection,
the 1,1,1-TCA concentration at the plume center (which
shifted to MW-30-4) decreased rapidly (5.131 mg/L), and
the whole plume area showed a significant shrinking trend.
By 90 days, 1,1,1-TCA concentrations in all monitoring wells
in AOC4 (up to 0.282 mg/L) had declined to below its DIV,
resulting in the disappearance of the plume. Concentrations
did not increase again during the remainder of the 180-day
monitoring period. This result indicates that 1,1,1-TCA was
largely removed within 90 days after EHC injection. Plume

Table 4 Mean concentrations
and removal rates of chlorinated
hydrocarbons in groundwater of
full-scale area over time

Sampling time (day) CHCs (mg/L) DIV (mg/L) Mean concentration (mg/L) Mean removal rate (%)

Baseline 1,1,1-TCA 0.300 7.631 –a

1,1-DCA 0.900 31.152 –

1,1-DCE 0.010 0.357 –

CA – 12.519 –

VC 0.005 0.012 –

30 1,1,1-TCA 0.300 1.556 79.5

1,1-DCA 0.900 4.139 85.2

1,1-DCE 0.010 0.140 60.8

CA – 14.895 − 19.0b

VC 0.005 0.013 − 8.3

90 1,1,1-TCA 0.300 0.195 97.4

1,1-DCA 0.900 0.371 98.7

1,1-DCE 0.010 0.096 73.1

CA – 7.167 42.7

VC 0.005 0.007 40.4

180 1,1,1-TCA 0.300 0.137 98.2

1,1-DCA 0.900 0.358 98.9

1,1-DCE 0.010 0.083 76.8

CA – 7.574 39.5

VC 0.005 0.008 32.6

a Not calculated
bNegative values indicate an increase
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areas of other chlorinated hydrocarbons also shrank evidently
at the end of the full-scale application (Fig. S3).

The full-scale remediation effect was evaluated according to
the DIV standard, and the results showed that 1,1,1-TCA (up to
0.195 mg/L) and 1,1-DCA (up to 0.763 mg/L) concentrations
in AOC4 groundwater were well below the relevant DIVs
180 days after injection. This indicates that EHC injection also
had a perfect removal efficiency of the above two pollutants in
full-scale application. Although final mean concentrations of
1,1-DCE and VC exceeded the relevant DIVs, real excesses
(up to 0.147 mg/L for 1,1-DCE and up to 0.021 mg/L for
VC) were only observed in 2 or 3 monitoring wells out of 13.
In addition, final concentrations of 1,1-DCE and VC in all
monitoring wells were well below their site-specific target
levels (SSTLs, 0.137 mg/L for 1,1-DCE and 0.009 mg/L for
VC), indicating that there were no potential risks to human
health and environment posed by the above two pollutants
180 days after injection. Thus, it can be considered that
direct-push EHC injection was largely successful in the full-
scale remediation of chlorinated solvent-contaminated ground-
water in the low-permeability aquifer. However, for the sake of
conservatism, longer-term monitoring is needed to determine
whether supplementary EHC injections are necessary to reduce
chlorinated hydrocarbon concentrations below DIV limits
(Lemming et al. 2012; Muegge and Hadley 2009).

Conclusions

This study reports a field-based pilot test for the remediation
of groundwater contaminated with chlorinated solvents in the

low-permeability aquifer by using direct-push EHC injection
that enhances the reductive dechlorination. The pilot test was
then validated by a successful full-scale application at an ac-
tive manufacturing facility in China. The data from this study
support the following conclusions:

Chlorinated solvent-contaminated groundwater in the aqui-
fer with low permeability can be effectively remediated in situ
using direct-push injection of amendments combining ZVI
and organic carbon such as EHC®.

In the pilot test, the mean final removal rates of 1,1,1-TCA
and 1,1-DCAwere both over 99%, which was higher than that
of 1,1-DCE (73.3%).Meanwhile, the mean final removal rates
of VC and CAwere relatively lower (42.3 and 37.1%, respec-
tively). These indicate that the EHC enhancement of anaero-
bic degradation of chlorinated hydrocarbons in groundwater
primarily acts via long-term biological reductive dechlorina-
tion induced by controlled-released organic carbons. The in-
stant chemical reductive dechlorination induced by ZVI acts
as a secondary pathway. The EHC enhancement effect was
considered to be optimal during the first 90 days after injec-
tion, and the ROI was set as 1.5 m. The ORP and DO concen-
trations decreased significantly while, in contrast, concentra-
tions of Fe2+ and TOC increased during this time, especially at
the center of the injection site and in the shallow aquifer. The
EHC slightly elevated the groundwater pH but did not signif-
icantly affect the groundwater EC at the end of the pilot test.

In full-scale application, the dynamics of chlorinated hydro-
carbon concentrations were consistent with those of the pilot test.
All 1,1,1-TCA and 1,1-DCA concentrations in groundwater de-
clined to levels below the relevant DIVs by the end of the appli-
cation. Similar results were also observed for 1,1-DCE andVC in

50 10 20m

Grassland

N

Legend
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Baseline 30 days post-injection

1,1,1-TCA plume (>DIV, 0.300 mg/L)

18.104
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of 1,1,1-TCA (mg/L)

5.131

18.104
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Fig. 7 Distribution of 1,1,1-TCA concentrations (at levels exceeding DIV, 0.300 mg/L) at 0 and 30 days post-injection in the full-scale area
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most monitoring wells. Furthermore, the contaminated plume of
1,1,1-TCA had disappeared by 90 days post-injection. These
results suggest that the use of direct-push EHC injection in the
full-scale remediation test was largely successful, and that the
operation parameters (such as injection volume, injection depth,
and injection pressure) derived from the pilot test were reason-
able and feasible.

This study provides a useful example of the design and ap-
plication of in situ enhanced reductive dechlorination technique
for large-scale remediation of similar low-permeability sites
contaminated with chlorinated solvents, especially in China.
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