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a  b  s  t  r  a  c  t

Nanoscale  zero-valent  iron  (NZVI)  stabilized  with  dispersants  is a promising  technology  for  the  remedi-
ation  of contaminated  groundwater.  In this  study,  we demonstrated  the  use  of  biodegradable  surfactant
stabilized  NZVI  slurry  for successful  treatment  of  vinyl  chloride  (VC)  and  1,2-dichloroethane  (1,2-DCA)
in a contaminated  site  in  Taiwan.  The  biodegradable  surfactant  stabilized  NZVI  was  coated  with  palla-
dium  and  synthesized  on-site.  From  monitoring  the  iron  concentration  breakthrough  and  distribution,
it was  found  that the  stabilized  NZVI  is  capable  of transporting  in  the  aquifer  at  the test  plot  (200  m2).
VC  was  effectively  degraded  by NZVI  while  the  1,2-DCA  degradation  was  relatively  sluggish during  the
iodegradable dispersant
onionic surfactant
inyl chloride monomer manufacturing
ichloroethane
roundwater pollution

3-month  field  test.  Nevertheless,  as 1,2-DCA  is  known  to resist  abiotic  reduction  by  NZVI,  the observation
of  1,2-DCA  degradation  and  hydrocarbon  production  suggested  a bioremediation  took  place.  ORP  and  pH
results  revealed  that  a reducing  condition  was  achieved  at the  testing  area  facilitating  the  biodegradation
of  chlorinated  organic  hydrocarbons.  The  bioremediation  may  be  attributed  to  the  production  of hydro-
gen  gas  as electron  donor  from  the  corrosion  of  NZVI  in  the  presence  of  water  or  the  added  biodegradable
surfactant  serving  as the  carbon  source  as  well  as  electron  donor  to stimulate  microbial  growth.
. Introduction

Using metallic or bimetallic nanoparticles for the remedia-
ion of chlorinated aliphatic hydrocarbons (CAHs) contaminated
roundwater is one of the most significant applications in the envi-
onmental nanotechnology. Among many metallic nanoparticles,
anoscale zero-valent iron (NZVI) can be readily produced by the
eduction of dissolved iron using sodium borohydride solutions or
y milling or grinding process [1,2]. Field and laboratory experi-
ents have demonstrated that NZVI with its high specific surface

reas is an effective reducing reagent for the dechlorination of CAHs
n aqueous systems such as tetrachloroethylene, trichloroethylene
TCE), 1,1,1-trichloroethane, carbon tetrachloride, and chloroform
3–7]. Additionally, NZVI coated with second catalytic metals such
s palladium (Pd) or nickel (Ni) has shown the ability to facilitate
he efficiency of dechlorination and to prevent the formation of
oxic byproducts (e.g. vinyl chloride (VC)) [6,7].

In the absence of dispersants, NZVI tends to aggregate, which

oses a challenge to deliver NZVI into the subsurface for the reme-
iation of groundwater contaminated with CAHs. To overcome this

imitation, a wide array of dispersants has been tested to disperse

∗ Corresponding author. Tel.: +886 7591 9221; fax: +886 7591 9376.
E-mail address: lien.sam@nuk.edu.tw (H.-L. Lien).

304-3894/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2011.11.018
© 2011 Elsevier B.V. All rights reserved.

NZVI including cationic, anionic and nonionic surfactants [8–11].
The stabilization of the surfactants has been attributed to their
surface-active properties, which can alter the electrostatic charges
to increase the repulsion between two  adjacent particles. In addi-
tion, particles covered with polymers [12,13] could also stay stably
in aqueous phase due to steric hindrance, which reduces the prob-
ability of successful collision and subsequent coagulation. Among
them, poly acrylic acid (PAA) is one of the most effective dispersants
widely used. Besides dispersibility, the affinity for the oil/water
interface is another significant factor influencing the remediation of
dense non-aqueous phase liquids (DNAPLs) source. Saleh et al. has
reported that triblock copolymers cannot only promote NZVI sta-
bility but also drive NZVI to the DNAPLs/water interface for directly
attacking and removing the source zone [14].

The concentrations of dispersants applied in the above stud-
ies varied in a wide range from mg/L to percentage. When the
NZVI slurry is injected in situ, a comparable amount of dispersants
is also added into the subsurface. Thus, the impacts on the envi-
ronment caused by the dispersants should be taken into account.
Extensive studies have applied biodegradable surfactant and poly-
mer  for the stabilization of NZVI [13,15]. Natural materials such

as starch and soy protein have also been reported capable of
stabilizing NZVI [16,17]. Besides the environment friendly char-
acteristic, biodegradable surfactants may  offer a synergistic effect
in NZVI treatment due to the enhanced bioactivity. It has been

dx.doi.org/10.1016/j.jhazmat.2011.11.018
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:lien.sam@nuk.edu.tw
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1000 L of the on-site synthesized NZVI stabilized with a nonionic
surfactant, industrial-grade coconut fatty acid diethanolamide
(C11H23CO–N(CH2CH2OH)2) were first injected into Well IW-3 by

Table 1
Summary of field chronology.

Round Days after injection Event

1

0 Commercial NZVI injection into IW-2
6  Performance monitoring

14 Performance monitoring
34 Performance monitoring
47 Performance monitoring
68 Performance monitoring

103 Performance monitoring

2

0 On-site synthesized NZVI injection into
IW-3

4  Performance monitoring
10 On-site synthesized NZVI injection into

IW-1, Breakthrough monitoring
11 Performance monitoring
74 Y.-T. Wei  et al. / Journal of Hazard

eported that the injection of NZVI into saturated porous media
reates a reducing condition, with an oxidation–reduction poten-
ial (ORP) at a low level (−300 to −500 mV)  [18,19]. While the
educing conditions are likely beneficial to an anaerobic bioreme-
iation, the additional biodegradable surfactants would provide
ufficient carbon sources to sustain bacteria growth. Several types
f surfactants have been found with high anaerobic biodegrad-
bility, such as sulphated anionic surfactants, alcohol ethoxylates,
lkylethanolamides, alkyldimethyl amine oxides, and amphoteric
urfactants [20]. Of which, alkylethanolamides were considered
doptable to use as the dispersant and biostimulation reagent for
he present study.

While the well-controlled laboratory studies have already
rovided many insights into the understanding of fundamental
hemistry and mechanisms of NZVI, the knowledge gained from
he field studies is valuable and of at least equal, if not greater
mportance, with regard to the application of NZVI. In our previ-
us report, we have shown the influence of NVZI on geochemical
roperties of groundwater and VC degradation in the testing site
19]; nevertheless, the influence of biodegradable surfactant on the
AHs degradation by NZVI has not yet been discussed. In this study,
n in situ treatment experiment using on-site synthesized NZVI
tabilized with the biodegrable surfactant was implemented at a
00 m2 pilot site. Palladized commercial NZVI dispersed by PAA was
lso conducted to perform the comparison of reactivity. In order
o compare the reactivity of abiotic and biotic degradation, a test
ite contaminated primarily with VC and 1,2-dichloroethane (1,2-
CA) was selected. While extensive studies have indicated that VC

s readily dechlorinated to ethylene using palladized NZVI [21–23],
,2-DCA with low reaction rates (∼5.0 × 10−5 1/h) resisted to be
educed under the same abiotic way [24]. Thus, the observation of
,2-DCA dechlorination at this site could serve as a supporting evi-
ence of enhanced biodegradation by surfactant stabilized NZVI.
o conduct a systematic study, thirteen nested multi-level moni-
oring wells were installed to analyze geochemical parameters and
ontaminant concentrations in groundwater. A breakthrough test
nd monitoring transport of NZVI were also conducted to evaluate
he mobility and distribution of modified NZVI.

. Experimental

.1. Site description

The potential pollution source in the pilot test site came from
 vinyl chloride monomer (VCM) manufacturing plant located in
outhern Taiwan. The NZVI pilot test was conducted in a small
lot (10 m × 20 m)  south of the VCM plant in the groundwater
ownstream direction. The primary contaminant inside the plant

s 1,2-DCA. However, high concentrations of VC (46.7 ± 4.16 �M),
,2-DCA (2.0 ± 0.51 �M),  1,1-dichloroethane (4.4 ± 0.41 �M),
,1-dichloroethylene (3.8 ± 1.1 �M),  cis-1,2-dichloroethylene
9.8 ± 3.5 �M)  and TCE (4.3 ± 1.5 �M)  in groundwater were
etected from the monitoring well nearby the plant and in ground-
ater downstream direction. At the test plot, the unconfined

quifer, composed of medium to coarse sand and few silt, lies
pproximately 4–18 m below ground surface (m bgs). The detailed
eohydraulic parameters can be found in our previous publication
19].

.2. NZVI test plot design
Three injection wells and thirteen nested multi-level monitor-
ng wells were installed within the 200 m2 plot. There was one
ested monitoring well located upstream for the purpose of back-
round monitoring. In the downstream direction of each injection
Fig. 1. Injection and monitoring locations within NZVI test plot.

well, four multi-level monitoring wells were installed. The posi-
tions of the four nested monitoring wells were approximately 1, 2,
3, and 5 m from the injection well. The injection wells were 18 m
deep with 15 m screens. Every nested monitoring well was embed-
ded with three separate wells, at approximately 6, 12 and 18 m
deep with 3 m screens (Fig. 1). The three separate wells at differ-
ent descending levels are referred to as upper, middle, and bottom
layers in this paper to indicate the position of each sample.

2.3. Field experiment setup

Two types of NZVI were applied in two  separate rounds (Fig. 2).
The field chronology is listed in Table 1. There was  a five-month
interval between two rounds to minimize cross interference. In
Round 1, commercial NZVI slurry purchased from Lehigh Nan-
otech LLC was  diluted to 2250 L at the NZVI concentration of 17.8 g
iron/L and injected into Well IW-2 via gravity. The commercial
NZVI was  dispersed by PAA and the total iron mass was 40 kg with
an additional 400 g of palladium catalyst (1% of total iron mass).
Prior to the start of Round 2, 1000 L of 5000 mg/L nonionic sur-
factant solution was  injected to condition the aquifer. In Round 2,
25 Performance monitoring
36 Performance monitoring
63 Performance monitoring
97 Performance monitoring
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ig. 2. (a) The TEM picture of on-site synthesized NZVI and (b) the SEM picture of
ommercial NZVI.

ravity. The detailed process of preparation of on-site synthesized
ZVI can be referred to our previous publication [19]. Due to a rapid
reakthrough to ground occurred around IW-3, another 7500 L of
ZVI suspension was injected into IW-1 via gravity after 10 days to

nvestigate the breakthrough of NZVI. The concentration of on-site
ynthesized NZVI was about 2.5 g iron/L, corresponding to 20 kg of
ron mass companioned with 100 g of palladium catalyst (0.5% of
otal iron mass) injected in Round 2. Groundwater (16,500 L) with-
rawn from the pumping well close to the nested well #5 m2 was

njected into IW-1 to circulate the injected NZVI for 29 h.

.4. Sample analytic methods

The groundwater samples were collected at various time inter-
als to monitor the performance of the field tests. ORP and pH
ere measured by a portable YSI 650 MDS-6600 V2-4 Sonde equip-
ent (YSI Inc.). A TOC analyzer (TOC 101, OI Corporation) was

sed to measure TOC. Total dissolved iron was  detected by UV
etector at 562 nm by adding ascorbic acid (1% w/v) and ferrozine
3-(2-pyridyl)-5,6-bis (4-phenylsulfonic acid)-1,2,4-triazine) to a
.45 �m-membrane-filtered sample. Total iron was  measured by
tomic absorption spectrophotometer (PerkinElmer Analyst 800)

fter acid digestion. TOC was measured to represent the concentra-
ion of the surfactant. Volatile organic compounds were measured
y GC/MS (Angilent 6890/5973 with a 60 m DB-624 capillary col-
mn) using a purge and trap sampling equipment (OI Analytical.
aterials 211– 212 (2012) 373– 380 375

Model 4560). Methane, ethane and ethylene were first equilibrated
at 25 ◦C in the headspace of 20 mL  serum vial containing 10 mL  of
the water sample, and were then analyzed by GC/FID (HP 5890
with a 60 m GS-GASPRO column). The concentrations of these tar-
get gases were calculated following the guidelines of US EPA report
[25].

2.5. Solid-phase characterization

Morphological and elemental analyses of NZVI were performed
by scanning and transmission electron microscope (SEM and TEM).
A Hitachi S-4300 SEM (Hitachi Science Systems, Ltd.) equipped
with energy-dispersive X-ray (EDX) analysis (at 10 kV) and a TEM
(JEOL JSM-1200EX II) were applied. Beckman Coulter SA3100 sur-
face area analyzer was used to measure surface areas with the
N2-adsorption-BET method. Fourier transform infrared spectrome-
ter (FTIR) (Nexus 470, Thermo Nicolet, USA) equipped with a DTGS
detector (wave number range 400–4000 cm−1) was used to inves-
tigate the interaction between surfactant and reductive reagent.
Sixteen scans per samples were recorded, averaged and corrected
against the spectrum of pure KBr as the background. The hydro-
dynamic diameter of synthesized NZVI was measured by ZetaSizer
instrument (3000HS, Malvern).

3. Results and discussion

3.1. Characterization of synthesized and commercial available
NZVI

Fig. 2 shows the TEM and SEM images of synthesized NZVI and
commercial NZVI, respectively. The on-site synthesized NZVI has
particle sizes in the range of 80–120 nm whereas the commercial
NZVI has particle sizes between 450 and 550 nm.  The elemental
analysis conducted by SEM-EDX revealed that the iron content
accounted for nearly 100 wt%  of commercial NZVI. The average
hydrodynamic diameter of synthesized NZVI measured by Zeta-
Sizer was  400 nm that reflected the size of the surfactant forming
aggregation of micelles [26]. The specific surface area of on-site
synthesized NZVI stabilized with the surfactant was  measured to
be about 29.3 m2/g, close to that dispersed by PAA at 20–30 m2/g
[12], but significantly lower than that dispersed by starch at 55 m2/g
[16]. However, the specific surface area of commercial NZVI was
considerably low (∼4.61 m2/g).

Fig. 3 illustrates the FTIR spectra of the surfactant with NaBH4
and the surfactant with stabilized NZVI. The peaks of the surfactant
with NaBH4 appeared at approximately 3404, 2936, and 1650 cm−1,
corresponding to OH, CH2 (long chain fatty acids), and amide C O
stretching vibration, respectively. This is consistent with the chem-
ical structure of coconut fatty acid diethanolamide. A small shift in
peaks such as amide C O stretching vibration from 1650 cm−1 to
1632 cm−1 observed in the surfactant stabilized NZVI indicating the
interaction between the surfactant and NZVI occurred.

Laboratory batch tests showed that the surfactant stabilized
NZVI with palladium had a rapid and complete dechlorination of
VC (40 �M)  within one hour. The addition of the surfactant did
not decrease the degradation rates of contaminants. Furthermore,
the surfactant applied in this study is biodegradable under aero-
bic conditions as Madsen et al. reported that it is fully degradable
in a 28-day standard test of biodegradability [27]. Previous stud-
ies had also depicted that the biodegradation of the surfactant

exhibits a lag phase under anaerobic conditions, which is depen-
dent on the concentration of surfactants [28]. The effect may  be
attributed to a selective inhibition in the methanogenic activity.
Long-chain fatty acids such as the hydrophobic group of surfactants
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ig. 3. The FTIR spectra of surfactants interacted with NaBH4 and NZVI. Inset shows
he molecular structure of the surfactant.

etabolized from the alkylethanolamide might be recognized as
eing inhibitory to methanogenic bacteria [29,30].

.2. Breakthrough of NZVI in the field

To evaluate the mobility of the surfactant stabilized NZVI, a
reakthrough test of NZVI was performed by monitoring the iron
nd TOC concentrations in the vicinity of the injection well. The
njection well IW-1 and the monitoring well #1 m2 were selected,
ith a distance of 1.67 m in-between. As shown in Fig. 4, it was
ound that the concentrations of TOC and iron in the middle and
ottom layers reached their peaks when the total volume of the

njection was at 19,000 L. However, the breakthrough of TOC or iron

ig. 4. Breakthrough concentrations of NZVI and TOC in accumulative Run in (a)
pper, (b) middle, and (c) bottom layers.
Fig. 5. Total iron concentrations in Round 1 (R1) and Round (R2) in (a) upper, (b)
middle, and (c) bottom layers.

was found in the upper layer at an earlier stage of the injection. The
early accumulation of NZVI may  be resulted from a large portion of
NZVI seeping through channels in the unsaturated zone [19]. Hence
the initial NZVI concentration declined in the middle and bottom
layers. Considering the initial TOC concentration of the surfactant
stabilized NZVI and measured concentration in the bottom layer
were at about 4000 and 456 mg/L, respectively, a dilution rate of 1:9
can be estimated. Therefore, it is reasonable to assume that the ini-
tial NZVI concentration at the injection well was  diluted at the same
rate of 1:9, from 2500 to 278 mg/L in the bottom layer. By applying
the classical colloid filtration theory [31], the NZVI concentration
at the monitoring well #1 m2 can be predicted by applying:

C = C0 × e−�L (1)

where C is the NZVI concentration, C0 is the initial concentra-
tion of NZVI, L is the transport length of soil and � is the filter
coefficient. Our previous study with similar NZVI suspension for
a breakthrough test suggested � is 0.828 m−1 using a 0.3 m soil
column [26]. Thus, the estimated NZVI concentration in the bot-
tom layer was calculated to be about 69.7 mg/L, which is close to
measured concentration of 83.9 mg/L.

3.3. Spatial distribution of iron

Fig. 5 shows the spatial distribution of total iron concentration
measured by sampling from monitored wells located down-
gradient from the injection well during Round 1 and Round 2.
As shown in Fig. 5, it is clear that the iron concentration found
in the upper layer was significantly higher than that found in
the middle and bottom layers. This suggested that NZVIs were
largely trapped in the upper layer and did not penetrate to the
lower layers. In comparing the upper layers between Round 1 and
Round 2, a higher iron concentration was  found in Round 2. This
may  be attributed to the low-volume injection method that could
cause a decrease in the mobility of the commercial NZVI. As illus-

trated in Fig. 5(a), the iron concentration showed a tendency of
decrease towards downstream. At the farthest down-gradient well
(5 m apart from the injection well), it was found that the iron con-
centration was  essentially no different from the background iron
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out that a pumping test was  conducted to determine the geohy-
ig. 6. ORP in Round 1 (left column) and Round 2 (right column) in (a) (b) upper, (c)
d)  middle, and (e) (f) bottom layers.

oncentration suggesting the travel distance of NZVI is no further
han 5 m.  Though this study is not aimed at exploring the change
f the morphology or composition of NZVI, the agglomeration of
ZVI observed in the SEM image of soil samples may  account for

he limitation of NZVI transport [19].

.4. Changes in ORP and pH

The Eh and pH profiles at given locations over time can be used as
onvenient indicators for NZVI reactivity [18,19,32].  As illustrated
n Fig. 6, ORP detected during Round 2 after injection was signifi-
antly lower than that during Round 1. The injection wells in both
ounds maintained at a lower level of ORP (<−400 mV)  indicating
hat strong-reducing conditions suitable for the reductive dehalo-
enation was established. The initial background ORP was  found at
etween −100 and −300 mV,  which indicated reducing conditions

n groundwater aquifer at this site prior to the field study.
During Round 1, ORP in the middle layer was found to be con-

istently below −200 mV,  while those in the upper and bottom
ayers fell somewhere above −200 mV.  Many factors may  have con-
ributed to these differences in ORP. Silt found in the middle layer

ay  have made it more vulnerable in accumulating plant debris

nd organic contents such as humic acids for biotic reactions [33]
r iron pyrite precipitates for abiotic reactions [34], which all may
ncourage an anaerobic condition.
Fig. 7. pH in Round 1 (left column) and Round 2 (right column) in (a) (b) upper, (c)
(d) middle, and (e) (f) bottom layers.

The pH value was expected to increase when the oxidation of
zero-valent iron took place and hydroxyl ions were produced [35].
As shown in Fig. 7, there was a slight increase in the pH value in the
upper layer as opposed to an unnoticeable increase in the pH value
in either the middle or bottom layer. In general, the pH value was
maintained in the range of 6–8 during the testing period, suggest-
ing that NZVI remained reactive in the testing site. The relatively
low pH condition is in agreement with the observation of a 1,2-
DCA contaminated site in natural attenuation conditions reported
by Nobre and Nobre [36]. Furthermore, the pH measured in this
field study is within the optimum range for the biodegradation of
chlorinated solvents [37].

3.5. Reduction of VC and 1,2-DCA

The concentrations of VC monitored at different time peri-
ods for the three layers at selected wells are summarized in
Fig. 8. The concentration distribution of VC at the testing site was
depth-dependent, where contaminant concentrations increased
with depth. For example, VC concentration at the upper layer
was in the range of 0.5–10 �M while VC at the bottom layer can
reach a concentration greater than 100 �M.  It should be pointed
draulic parameters during the break between Round 1 and Round
2. This may  change the flow conditions of the aquifer, which
may  further explain the substantial difference between initial VC
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ig. 8. VC concentrations in Round 1 (left column) and Round 2 (right column) in
a)  (b) upper, (c) (d) middle, and (e) (f) bottom layers.

oncentrations found in the two rounds. Nevertheless, VC con-
entrations showed a gradual decline in both rounds. Fig. 8 also
eveals that the on-site synthesized NZVI (Round 2) performed bet-
er than the commercially available NZVI (Round 1). This may  be
ttributed to the higher surface areas and relatively fresh surface for
he on-site synthesized NZVI. According to the study conducted by

aymo-Gatell et al. [38], anaerobic dihaloelimination of 1,2-DCA
s able to produce up to 1% of VC as an intermediate but mostly
s ethylene. The higher concentration of VC accumulated at the
own-gradient source of 1,2-DCA implied that the biodegradation
as already existed prior to the injection of NZVI.

Compared to VC, 1,2-DCA showed a relatively lower concen-
ration at the testing site, as shown in Fig. 9. The highest 1,2-DCA
oncentration was only measured at 3 �M in the bottom layer. The
ecline in 1,2-DCA concentration continued to be observed during
he testing period, though irregular fluctuation was  found in some

onitoring wells. Extensive studies have indicated that 1,2-DCA is
esistant to be reductively dechlorinated by palladized NZVI or con-
entional ZVI. The observation of the 1,2-DCA degradation, though
ot as effective as the VC degradation, suggested that a biodegra-

ation is involved onsite. Furthermore, as shown in Fig. 9(d) inset,
n increase in chloroethane concentrations indicated that 1,2-DCA
as reduced to chloroethane in the middle layer. This observation is

onsistent with the considerate increase in ethane shown in Fig. 10.
Fig. 9. 1,2-DCA concentrations in Round 1 (left column) and Round 2 (right column)
in  (a) (b) upper, (c) (d) middle, and (e) (f) bottom layers. Inset (d) shows chloroethane
concentration.

Because 1,2-DCA was reductively dechlorinated to chloroethane, it
implied that a cometabolic reaction occurred in the middle layer
[39]. The enhanced biodegradation may  be attributed to the mod-
ification of the redox condition in the aquifer. As shown in Fig. 7,
ORP values decreased from +200 mV  to −400 mV after the injec-
tion of NZVI. The strong reducing conditions are beneficial to the
anaerobic bioremediation while the surfactant further stimulates
microbial growth.

The evidence of NZVI-enhanced bioremediation is further
revealed in Fig. 10.  The concentrations of hydrocarbons and total
organic carbon were measured along the downstream direction in
the middle layer during Round 2. A high concentration of ethylene
was determined in the testing site. The observation is consistent
with the findings from Zemb et al. [40], suggesting that the appro-
priate bacteria such as Dehalobacter species are capable of reducing
1,2-DCA to ethylene when hydrogen gas was provided as electron
donors under near neutral pH conditions.

The gradual increase in TOC concentrations followed by a

subsequent leveling off suggested that the added biodegradable
surfactant serves as the carbon source to stimulate microbial
growth. Similar results have been documented in the literature
where the surfactant also stimulated microbial growth when it
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ig. 10. Concentrations of TOC, methane, ethane and ethylene measured in the mid

as used to flush contaminants [41]. Compared to the less effi-
ient degradation of 1,2-DCA by PAA-stabilized commercial NZVI in
ound 1 where the polymer is less biodegradable (Fig. 9), 1,2-DCA
oncentrations maintained at a relatively low level in Round 2 is
nother evidence of enhanced bioremediation occurring after the
njection of the biodegradable surfactant-stabilized NZVI. A syn-
rgistic effect coupling the biotic and abiotic processes may  be
nvolved in the in situ remediation of VC and 1,2-DCA using the
iodegradable surfactant stabilized NZVI.

. Conclusion

In this work, the surfactant stabilized NZVI was  shown capa-
le of remediating VC and 1,2-DCA through both biotic and abiotic
rocesses. It is evident that both iron-mediated and biological
rocesses exhibited significant effects on the degradation of con-
aminants using palladized NZVI stabilized with the biodegradable
urfactant. From monitoring the iron concentration breakthrough
nd its distribution at the testing site, it was found that most
ZVI had a tendency to stay in the upper layer with the gravity

njection. In addition, ORP and pH results revealed that the test
lot was in methanogenic conditions. The analysis of VC, 1,2-DCA

nd hydrocarbon concentrations indicated the transformation pro-
esses occurred in the test plot. The addition of the biodegradable
urfactant not only promoted NZVI stability but also provided sub-
trates to stimulate biological processes at this site.
yers in Round 2 (a) Day 4 (b) Day 11 (c) Day 25 (d) Day 36 (e) Day 63 (f) Day  97.
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